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Vol. 1960, page 29, line 1*. For C,,H,,0, read C,,H,,0,. 


Vol. 1960, page 477, top right-hand formula in Scheme B. For (XXIIIa) read (XXIIa). 


Vol. 1960, page 547, Tables 1 and 2. For Ac read Me, for Et*CO read Et, and for Bz read Ph. 


Vol. 1960, page 787. Formula (I) should be 


Vol. 1960, page 926. In formula (VIII) the four dots between C and Ph should be only one dot (a 
normal single bond). 


Vol. 1960, page 953, line 3*. For the sentence One compound (33) . . . band at 1681 cm.~. read One 
compound (34) which absorbed here had an additional strong band at 1684 cm.-. 


Vol. 1960, page 954, Table 1, Compound 14, Band IV. For 761¢br and 745, read 761 and 745¢br. 


* From bottom of main text. 
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Errata 


Vol. 1960, page 1088, lines 6, 16*. For nannlianialiiien we read quapliniinendinaitiets 





Vol. 1960, page 1089, lines 7*, 11*. For 6-0x0-3-epihemanthine read 6-ox0epi-3-hamanthine. 


Vol. 1960, page 1090, line 9 
page 1091, Table 1 >For 6-oxohemanthine read 6-oxohemanthamine. 
page 1091, line 5* 








Vol. “1960, page 1098, line 21*. For [a] oot ( (c lin EtOH) read [ap 22+ 0° (c 1 in EtOH). 











Vol. 1960, page 2 2979, formulz (B) and (C). For — vead ——>. 


Vol. 1960, page 2273, line 2. For (XVII) read xv I). 


vd Vol. 1960, page 2609, footnote 31. ForC siamo Manners, and Wright, ‘% 1960, 190, read Come 
ham, Manners, and Wright, unpublished work. 








Vol. 1960, page 2762, Fig. 1. The numbering of the curves is incorrect. For 1 read 2; for 2 read 1; 
for 5 read 9; for6read 5; for Tread6; for 8 read 7; and for 9vead 8. Curves labelled 3 and 4 are 
labelled correctly. 


Vol. 1960, page 3232, line 9*. For 0-64 read 0-99. 


Vol. 1960, page 3405, line 8. For eect vead [#4*C])mannose. 





Vol. 1960, page 3408, line 2. For hs -4C]mannose read [#*C]mannose. 


Vol. 1960, page 3461, Table 3. Footnotes g and & should be interchanged. 


Vol. 1960, page 3495, in column 5 of the Table. For 125 read 12-5. 


Vol. 1960, page cane line 13*. For 465 read 406. 











Vol. 1960, page 4321 and 4322. References 3 and 4 should be interchanged. 





Vol. 1960, page 4333. The right-hand half of the lowest formula should carry a negative sign above an 
oxygen atom. 





Vol. 1960, page 4467, Table 5. Ref. no. 703, add superscript e to second column. Ref. no 711, add 
superscript f to second column. 


Vol. 1960, page 4469, Table 6. Ref. no. 711, add superscript f to second column. 





* From bottom of main text. 
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1. Photochemical Transformations. Part VI.* Photochemical 
Cleavage of Cyclohexadienones. 


By D. H. R. Barton and G. QUINKERT. 


On irradiation with ultraviolet light in the presence of a suitable nucleo- 
phile all ortho-type cyclohexadienones undergo smooth fission to acids (or 
derivatives) in high yield. Depending on the substituents the products 
are either By: de-conjugated or af : 8e-conjugated. The structural factors 
influencing the nature of the product and the choice of nucleophile have been 
elucidated. In the case of the 6-acetoxycyclohexadienone from mesitol 
irradiation causes aromatisation rather than fission unless a strong nucleophile 
(cyclohexylamine) is added. Reaction schemes for these photochemical 
rearrangements have been advanced and shown to correlate the facts so far 
established. Irradiation of (—)-usnic acid affords the racemic isomer. 


CYCLOHEXADIENONES of the ortho-type (as I; R! and R? = blocking groups) are readily 
available from the acetoxylation ! or alkylation ? of ortho-substituted phenols. We have 
found that such cyclohexadienones are converted on irradiation with ultraviolet light in 
the presence of an appropriate nucleophilic reagent into acids or acid derivatives in high 
yield. The reaction sequence represents a new procedure for the fission of the phenolic 
nucleus and, because of the high yields obtainable, may have synthetic applications. 

Our first experiments were conducted with water as the nucleophilic reagent. 
Irradiation of 6-acetoxy-6-methylcyclohexa-2,4-dienone! (I; R'= OAc, R? = Me, 
R? = R* = H) gave in 79% yield (94% by ultraviolet determination on the total product) 
6-acetoxyhepta-3,5-dienoic acid (II; X = OH, R!= OAc, R? = Me, R? = R* = H), 
m. p. 86—87°. The constitution of this compound is based on the following evidence. 
The ultraviolet absorption spectrum showed 2max, 235 my (e 23,800) indicative of a diene 
system. In the infrared spectrum (see p. 5) the appropriate bands are present including, 
specifically, those for an enol-acetate grouping. Hydrogenation (two mols. uptake) 
afforded 6-acetoxyheptanoic acid (III) (characterised as the p-bromophenacy] ester), which 
on hydrolysis and oxidation by chromic acid gave 6-oxoheptanoic acid (IV; R = H) 
(identified as the methyl ester 2,4-dinitrophenylhydrazone). Treatment of the acetoxy- 
diene acid (II; X = OH, R! = OAc, R? = Me, R? = R4 = H) with methanolic 2,4-dinitro- 
phenylhydrazine gave slowly the 2,4-dinitrophenylhydrazone of methyl 6-oxohept-4-enoate, 
the ultraviolet absorption of which indicated the presence of the conjugated ethylenic 
linkage. 

Irradiation of 6,6-dimethylcyclohexa-2,4-dienone * (I; R! = R? = Me, R? = R* = H) 
in the same way gave 64° (86-5% by ultraviolet determination on the total product) of 
6-methylhepta-3,5-dienoic acid (II; X= OH, R! = R?= Me, R? = R*=H), m. p. 


* Part V, J., 1958, 3314. Fora ‘preliminary communication see Barton and Quinkert, Proc. Chem. 
Soc., 1958, 197. 
1 Wessely and Sinwel, Monatsh., 1950, 81, 1055. 
? Curtin, Crawford, and Wilhelm, J. Amer. Chem. Soc., 1958, 80, 1391. 
* Alder, Flock, and Lessenich, Chem. Ber., 1957, 90, 1709. / 
B 
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48—50°. This showed Amax. at 238 my (e 23,500) and the appropriate infrared bands 
(see p. 6). It was characterised as the p-bromophenacyl ester and gave acetone on 
ozonolysis. 

6,6 - Diacetoxy - 4 - methylcyclohexa -2,4-dienone! (I; R! = R? = OAc, R® = Me, 
R* = H), on irradiation, similarly gave 6,6-diacetoxy-4-methylhexa-3,5-dienoic acid (II; 
X = OH, R! = R*? = OAc, R*= Me, R* =H), m. p. 70—71°, showing the correct 
infrared, bands (see p. 6) and having ultraviolet absorption at 237 my (e 12,200). To 


re) (II) R'R?C=CH-CR?=CH-CHR*-COX QR on 
R4 R'R? (IIT) Me+CH(OAc)* [CH] ,-CO,H Me Me 
(IV) Me-CO-[CH)} ,-CO,R Jo 
R? (V) R'R?C=CH-CHR?-CH=CR*-COX Me 
(I) (VI) (VII) 


our knowledge, this is the first keten diacetate to be prepared. As would be expected, 
such a compound was sensitive to temperature, especially in polar solvents. 

Irradiating 6-acetoxy-2,6-dimethylcyclohexa-2,4-dienone (I; R! = OAc, R? = R* = Me, 
R* = H) gave an oily acid which contained, from its ultraviolet absorption spectrum, only 
about 50% of the expected conjugated diene (II; X = OH, R! = OAc, R? = R*4 = Me, 
R? = H). 6-Acetoxy-4,6-dimethylcyclohexa-2,4-dienone 1 (I; Rt = OAc, R? = R? = Me, 
R* = H) gave an oily acid whose spectroscopic properties indicated that it had structure 
(V; X = OH, R! = OAc, R? = R4 = Me, R*? = H) (see below). 

The addition of more powerful nucleophiles than water gave interesting results. 
Irradiation of the acetoxy-compound (I; R! = OAc, R? = Me, R? = R* = H) in the 
presence of aniline or cyclohexylamine afforded the corresponding crystalline amides 
(II; X = NHPh or NH-C,H,,, R'! = OAc, R? = Me, R® = R* = H) in high yield. Both 
showed the expected spectroscopic properties (see p. 6). The acetoxy-dimethyl 
analogue (I; R! = OAc, R? = R* = Me, R* = H) in the presence of cyclohexylamine 
gave in 82% yield the cyclohexylamide (II; X = NH-C,H,,, R! = OAc, R? = R* = Me, 
R*® = H), which showed Amax, 238 my (e 23,100) and had the expected infrared bands 
(see p. 6). However, the isomeric acetoxy-dimethyl-dienone (I; R!= OAc, R? = 
R? = Me, R* =H) furnished in 81% yield the «$-unsaturated cyclohexylamide (V; 
X = NH-C,H,,, R! = OAc, R? = R? = Me, R* = H); this showed ultraviolet absorption 
indicative of an «$-unsaturated amide and the correct infrared bands, specifically those 
for an enol-acetate grouping (see p. 7). The most simple explanation of the formation 
of compounds of this class (see below) is that the excess of cyclohexylamine used is 
sufficiently basic to isomerise the initially conjugated diene (II) into the isomer (V). 

Irradiation of 6-acetoxy-2,4,6-trimethylcyclohexa -2,4-dienone! (I; R!= OAc, 
R? = R* = R* = Me) gave results which justified more prolonged investigation. In the 
presence of cyclohexylamine ring fission occurred smoothly in the usual way to furnish in 
84% yield the cyclohexylamide (V; X = NH-C oH, R! = OAc, R* = R* = R* = Me), 
which showed ultraviolet and infrared absorption in agreement with this constitution, 
consumed two mols. of hydrogen on catalytic hydrogenation, and gave a nuclear magnetic 
resonance spectrum indicating the presence of six allylic protons in two methyl groups 
(line at 8-17 c/sec.).* In contrast, the ®By-unsaturated amides (II; X = NH-C,H,, 
R! = OAc, R? = Me, R* = H, R* = H or Me) showed only three allylic protons in a methyl 
group (lines at 8-01 and 8-03 c/sec. respectively). 

In dry ether, or in the presence of water or aniline, the trimethyl ketone (I; R! = OAc, 
R? = R® = R* = Me) did not undergo ring fission on irradiation. Instead, there was a 


* We are grateful to Dr. L. M. Jackman of this Department for the determination and interpretation 
of the nuclear magnetic resonance spectra mentioned in this paper. 


* Cf. Wasserman and Wharton, Tetrahedron, 1958, 3, 321. 
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relatively slow formation of aromatic substances. The main product was 3-acetoxy- 
mesitol (VI; R! = H, R? = Ac), identified by hydrolysis to the known diol (VI; R! = R? = 
H) and acetylation to the known diacetate (VI; R! = R? = Ac). By paper chromato- 
graphy the presence of mesitol itself (VII) was detected. 

The mechanism of this aromatisation is of interest. It is conceivable that the dienone 
(I; R! = OAc, R? = R* = R* = Me) could be cleaved into acetoxyl and mesitoyl radicals 
which, after many fruitless ortho- and para-combinations might eventually combine at 
the meta-position to give the observed product. However, acetoxy] radicals are generally 
conceded > to decompose rapidly to methyl and carbon dioxide. It was shown that 
about 25% of the theoretical amount of carbon dioxide was evolved in the irradiation 
both in the presence and in the absence of 10 molecular proportions of f-cresol, a com- 
pound known to be an efficient trap for acetoxyl radicals.6 The amount of carbon dioxide 
evolved corresponds to the amount of mesitol indicated by paper chromatography. We 
conclude that the radical mechanism of rearrangement can be excluded. 

The rearrangement also proceeds in a polystyrene film as well as in thoroughly dry 
ether. If we accept that the excited state of the dienone would show charge separation 
and that the above results do indeed exclude the participation of water (or of other solvent 
molecules), then the reaction can be represented as in Scheme A. This assigns to the 
acetate residue its well-known capacity to bear a positive charge during neighbouring- 
group participation and thus explains the failure of the analogous compound (I; R! = 
allyl, R? = R*? = R* = Me) to undergo any rearrangement (see below). 


Scheme A: 


- re) = 
2 Me a 4 " H 
e 
onl — Me Ac —_> Me St Me —_ Me 
+ o OAc 
Me e 


Me Me 


OAc 
Me 


The irradiation of the 6-acetoxy-6-methyl-dienone (I; R!= OAc, R? = Me, R? = 
R* = H) in anhydrous ether (no nucleophile) also caused aromatisation, but here the main 
product was o-cresol, and acyl migration was not observed. We consider the loss of the 
acetoxyl to involve homolysis, the solvent ether probably acting as the source of hydrogen 
for the o-tolyloxy-radical. 

Irradiation of 6-allyl-2,6-dimethylcyclohexa-2,4-dienone (I; R! = allyl, R? = R4 = 
Me, R? = H) in the presence of cyclohexylamine gave the #y-unsaturated amide (II; 
X = NH-C,H,,, R! = allyl, R? = R* = Me, R* = H), characterised by the appropriate 
spectroscopic measurements. 

Prolonged irradiation of the allyltrimethyl ketone? (I; R! = allyl, R? = R? = R* = 
Me) in the presence of water led to recovery unchanged. In contrast, irradiation in the 
presence of cyclohexylamine caused the usual smooth fission to furnish the «f-unsaturated 
amide (V; X= NH-C,H,,, R! = allyl, R* = R? = R*= Me) in 84% yield. The 
constitution assigned was fully supported by spectroscopic data. 

The results described in this paper can be most simply rationalised in terms of Scheme B. 
In this we have not attempted to depict the various excited states that must be assumed, 
but have concentrated on definite chemical species. The initial product of ring fission :s 
the cis-keten (VIII). This rearranges to the trans-keten (IX), which, on reaction with 


5 Rembaum and Szwarc, J. Amer. Chem. Soc., 1955, 77, 3486; Walling, ‘‘ Free Radicals in Solution,” 
John Wiley and Sons Inc., New York, 1957, pp. 491—493. ] 
6 Walling and Hodgdon, J. Amer. Chem. Soc., 1958, 80, 228. 
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the appropriate nucleophile, affords (II), and then (V), in the normal way. The érans- 
configuration of the diene system in (II) and thus in (IX) is established by the high intensity 
of ultraviolet absorption (¢ ~25,000) in all compounds where R* = H.? When R? = Me 
as in compounds (II; R! = R? = OAc, R* = Me, R* = H) the value of ¢ is only about 


Scheme B: 
Rr c® R! _R? fe) 
hv Z hv S 1 
=~ eo? oR? ow OH) — (V) 
hv | Slow 
R? 
(VI) (VIID (1x) 


HX = nucleophile, 


half this value.6 One has to explain the special behaviour of the mesitol derivative 
(I; R!= OAc, R? = R?= R*= Me). For this compound the desired trans-keten 
(IX; R! = OAc, R? = R? = R* = Me) f has unfavourable 1,3-interactions between the 
three methyl groups R?, R*, and R*. These must destabilise the tvans-form (IX) 
relatively to the cis-keten (VIII) and thus increase the rate of the back-reaction to give the 
cyclohexadienone (I). Eventually the cyclic ketone (I) undergoes the much slower 
photochemical rearrangement to the acetoxymesitol (VI; R! = H, R* = Ac), or when 
R! = allyl instead of acetyl merely remains unchanged. 

For 6-acetoxy-compounds where the trans-keten has only one unfavourable 1,3-inter- 
action fission is faster than aromatisation. Thus the dienone (I; R! = OAc, R? = R? = 
Me, R* = H) gave, or irradiation in the presence of water, about 90% of fission and 10% 
of rearrangement. All other dienones studied which lacked the 4-methyl substituent 
(i.e., where R* = H) gave no indication of aromatisation. 


X OH HO xX 
Scheme C: R 
R4 R'R? R47 
(I) Sees . PR’ —> etc. 
R? R? 


We have also considered a further reaction scheme C. Apart from the improbability 
of nucleophile addition at the carbonyl-carbon atom, especially in the mesitol derivatives, 
such a scheme would not explain the paramount importance of the R* substituent and 
would not rationalise the marked difference between the behaviour of the trimethyl ketone 
(I; R! = OAc, R? = R® = R* = Me) and the dimethyl analogue (I; R! = OAc, R? = 
R* = Me, R? =H). Also it is possible to choose a filter such that ergosterol, containing 


Ac oO Ac 6 
HO 7 oH HO SH 
HO Me & HO Me g~ 
(X) (x1) 


a cyclohexadiene system, is unaffected by irradiation under conditions which transform 
the ketone (I; R! = OAc, R? = R* = Me, R* = H) in the presence of cyclohexylamine 
smoothly into the amide (II; X = NH-C,H,,, R! = OAc, R? = R4= Me, R* = H) 
obtained earlier. 


+ The orientations (R' = OAc, R* = Me) and (R! = Me, R* = OAc) are not differentiated in any 
of the compounds discussed in this paper, although they must, of course, have one or other of the two 
possible configurations. 


7 See Braude and Waight in “ Progress in Stereochemistry,”’ Vol. I, Ed. by W. Klyne, Butterworths, 
London, 1954. 


8 Braude and Coles, J., 1952, 1425; Braude and Evans, J., 1954, 607. 
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The thermal racemisation of usnic acid (X) has also been postulated ® as proceeding 
through a keten intermediate (XI). We have now shown that usnic acid, in agreement 
with Stork’s mechanism, is smoothly racemised by ultraviolet light in dioxan solution.* 


EXPERIMENTAL 

Ultraviolet absorption spectra were obtained for ethanol solutions on the Unicam S$.P. 500 
spectrophotometer. Unless stated to the contrary, the light petroleum used was of b. p. 
40—60°. M. p.s were determined on the Kofler block. Unless otherwise stated, B.D.H. silica 
gel and alumina standardised according to Brockmann and Schodder ™ were used for chromato- 
graphy. Ethereal solutions were dried over MgSO, before evaporation. 

The paper chromatography of phenols was carried out over Whatman No. 1 paper 
impregnated with dimethyl sulphoxide.1* The chromatograms were developed by spraying 
consecutively with 10% potassium ferricyanide solution and 10% ferric chloride solution. 
Starting materials and non-phenolic irradiation products gave no colour under these conditions. 
Phenolic compounds gave a strong Prussian blue colour. 

Nuclear magnetic resonance spectra were obtained with a Varian Associates spectrometer 
using a 40 mc. oscillator. The spectra were calibrated with tetramethylsilane as an internal 
reference.*® Solutions (10%) in deuterated chloroform were used; results are expressed as 7. 

General Procedure for Photochemical Cleavage-—Except where stated otherwise, the 
irradiations were carried out under oxygen-free nitrogen in a Pyrex flask by a mercury- 
lamp (250 w) at the b. p. of the solvent. The flask was placed at 10 cm. from the light source. 
The solutions contained 0-1—1% of cyclohexadienone. Aliquot parts were removed at 30 min. 
(or shorter if more convenient) intervals for ultraviolet-absorption measurement. When there 
was no further change the reaction mixture was irradiated for a further 30 min. and then worked 
up. In every case a control experiment was carried out without irradiation. It was shown by 
ultraviolet-absorption measurements as well as by the appropriate isolation of starting material 
that in no case was there any chemical reaction from purely thermal causes. In each case the 
heat from the mercury lamp caused the ethereal solvent to reflux. 

Irradiation of 6-Acetoxy-6-methylcyclohexa-2,4-dienone in the Presence of Water.—The cyclo- 
hexadienone ! (1-24 g.) in ether (1240 ml.), previously saturated with water, was irradiated for 
3hr. The dried (MgSO,) ethereal solution, which showed Amsx 234-5 my (e 23,400) (93-5%), was 
evaporated and the residue crystallised twice from cyclohexane to give 6-acetoxyhepta-3,5-dienoic 
acid (1-09 g.), m. p. 86—87°, Amax, 235 mu (¢ 23,800), vax, (in CHCl) 3480 (unassociated OH), 
2500—3440 (associated OH), 1748 (enol-acetate), 1726 (CO,H), 1677 and 1622 (conjugated 
C=C), Vmax. (in CCl,) 3500 (unassociated OH), 2500—3420 (associated OH), 1755 and 1208 
(enol-acetate), 1715 (CO,H), and 1655 (C=C) cm. (Found: C, 58-95; H, 6-75. C,H,,O, requires 
C, 58-7; H, 655%). The acetoxy-acid (200 mg.) in methanol (3 ml.) was warmed with 2,4-di- 
nitrophenylhydrazine (238 mg.) in methanol (12 ml.) and aqueous 3N-hydrochloric acid (1 ml.) 
and left for some hours. The precipitate was recrystallised from methanol to give methyl 
6-(2,4-dinitrophenylhydrazono)hept-4-enoate (133 mg.), m. p. 118—119°, Amax, 374 my (e 26,800), 
Vmax. (in CHCl;) 1735 (saturated ester), 1645 (unsaturated SC=N-), 1617 (C=C), and 967 
(tvans-CH=CH-) cm. (Found: C, 50-2; H, 4:85; N, 17-15. C,,H,,O,N, requires C, 50-0; 
H, 4-8; N, 16-65%). The compound was insoluble in aqueous sodium hydrogen carbonate 
solution. 

Hydrogenation of 6-Acetoxyhepta-3,5-dienoic Acid.—The acetoxy-acid (910 mg.) in ethanol 
(30 ml.) was hydrogenated over 5% palladised charcoal (300 mg.) until saturated. The oily 
product was characterised by conversion in the usual way into p-bromophenacyl 6-acetoxy- 
heptanoate, m. p. 59—60° (from 95% ethanol) (Found: C, 53-55; H, 5-9; Br, 20-65. C,,H,,O,Br 
requires C, 53-3; H, 5-5; Br, 20-75%). The major portion (700 mg.) of the hydrogenation 
product was refluxed for 40 min. with potassium hydroxide (6 g.) in methanol (100 ml.). The 
resulting acid did not crystallise. It was, therefore, oxidised in acetone (3 ml.) at 0° with 


* Earlier work ?° did not distinguish between racemisation and general destruction of optically active 
material. ‘ 


® Stork, Chem. and Ind., 1955, 915. 
10 Mackenzie, J. Amer. Chem. Soc., 1955, 77, 2214. 

11 Brockmann and Schodder, Ber., 1941, 74, 73. 

12 Wachtmeister and Wickberg, Acta Chem. Scand., 1958, 12, 1335. i] 
18 yan Dyke Tiers, J. Pays. Chem., 1958, 62, 115. 
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sulphuric-chromic acid (0-8 ml.) according to the procedure of Bowden, Heilbron, Jones, and 
Weedon. The acidic product (437 mg.) crystallised at 0° but was molten at room temperature. 
Treatment with excess of redistilled ethereal diazomethane and then with methanolic 2,4-dinitro- 
phenylhydrazine gave methyl 6-(2,4-dinitrophenylhydrazono)heptanoate (862 mg.), m. p. 123— 
124°. Recrystallised from ethanol, this had Agay 360 my (e 21,800) (Found: C, 49-8; H, 
5°35; N, 16-7. C,gH,,0,N, requires C, 49-7; H, 5-35; N, 16-55%). It was undepressed in m. p. 
on admixture with a specimen prepared from 6-oxoheptanoic acid.'® 

Irradiation of 6-Acetoxy-6-methylcyclohexa-2,4-dienone in the Presence of Organic Bases.— 
(a) Aniline. The dienone (543 mg.) and redistilled aniline (614 mg.) in dry ether (540 ml.) were 
irradiated for 100 min. Removal of the excess of aniline by shaking with 4N-hydrochloric acid 
and working up in the usual way gave the anilide of 6-acetoxyhepta-3,5-dienoate. Purified by 
filtration in benzene solution over silica gel (5 g.) and crystallisation from aqueous ethanol this 
(670 mg.) had m. p. 105—106°, Amax, 245 my (¢ 33,400), vmax, (in CHCl) 3384 (secondary amide), 
1755 (enol-acetate) and 1682 (anilide C=O) cm. (Found: C, 69-7; H, 6-7; N, 5-25. C,,H,,0O,N 
requires C, 69-5; H, 6-6; N, 5-4%). 

(b) Cyclohexylamine. The dienone (1-22 g.) and cyclohexylamine (1-51 g.) in dry ether 
(800 ml.) were irradiated for 2 hr. The excess of cyclohexylamine was removed as above and 
the product isolated in the usual way. Recrystallisation from ether gave the cyclohexylamide 
of 6-acetoxyhept-3,5-dienoic acid as needles (1-55 g.), m. p. 86-5—88°, Amax, 237 my (e 23,900), 
Vmax. (in CCl,) 3389 (secondary amide), 1759 (enol-acetate), and 1670 (cyclohexylamide C=O) 
cm. (Found: C, 67-85; H, 8-6; N, 5-3. C,;H,,0,N requires C, 67-9; H, 8-75; N, 5-3%). 

Irradiation of 6-Acetoxy-6-methylcyclohexa-2,4-dienone in Anhydrous Ether.—The dienone 
(1-65 g.) in anhydrous ether (750 ml.) was irradiated for 16 hr. The solvent was removed 
in vacuo to furnish a reddish oil (1-5 g.) smelling of o-cresol. The product was filtered through 
alumina (250 g.; Grade III) in light petroleum—benzene (1:1) and then treated in methanol 
(10 ml.) under nitrogen with 10% aqueous sodium hydrogen carbonate (20 ml.) at room tem- 
perature for 48 hr. Acidification and extraction into ether gave an oil (350 mg.) which afforded, 
on 3,5-dinitrobenzoylation (method of Brewster and Ciotti 1*), filtration in methylene dichloride 
through alumina (5 g.; Grade III), and crystallisation from methanol, o-tolyl 3,5-dinitro- 
benzoate (m. p., mixed m. p., and infrared spectrum) as well as traces of a second 3,5-dinitro- 
benzoate, m. p. 182—184°. 

Irradiation of 6,6-Dimethylcyclohexa-2,4-dienone.—The dienone * (330 mg.) in ether (330 ml.) 
saturated with water was irradiated for 3 hr. The product (86-5% by ultraviolet absorption), 
crystallised from light petroleum (b. p. 60—80°), gave 6-methylhepta-3,5-dienoic acid (244 mg.), 
m. p. 48—50°, Amax, 238 my (e 23,500), vax (im CCl,) 3542 (unassociated OH), 2500—3400 
(associated OH), 1733 (saturated C=O), and 1677 and 1632 (conjugated C=C) cm. (Found: 
C, 68:3; H, 8-7. C,H,,O, requires C, 68-5; H, 8-6%). The derived p-bromophenacyl ester, 
crystallised from ethanol, had m. p. 108—108-5° (Found: C, 57-3; H, 5-5; Br, 23-9. C,,H,,O,Br 
requires C, 57-0; H, 5-1; Br, 23-7%). 

6-Methylhepta-3,5-dienoic acid (152 mg.) in “‘ AnalaR ”’ acetic acid (18 ml.) was treated with 
excess of ozone at 20°. The final excess of ozone was removed with nitrogen, and water (20 ml.) 
and 4N-aqueous sodium hydroxide (48 ml.) were added. After 15 minutes’ refluxing and then 
cooling to room temperature, N-aqueous potassium permanganate (20 ml.) was added and the 
mixture was heated for a further 10 min. on the steam-bath. Steam-distillation into an 
ethanolic 2,4-dinitrophenylhydrazine reagent gave, after crystallisation from methanol, acetone 
2,4-dinitrophenylhydrazone (112 mg.), identified by m. p., mixed m. p., and crystal form. 

Irvadiation of 6,6-Diacetoxy-4-methylcyclohexa-2,4-dienone.-The dienone! (510 mg.) in 
ether (510 ml.) saturated with water was irradiated for 2-5 hr. The residue had ultraviolet 
absorption corresponding to 93% of the cleavage product. Crystallisation from light petroleum 
gave 6,6-diacetoxy-4-methylhepta-3,5-dienoic acid (319 mg.), m. p. 70—71°, Amax, 237 my (e 12,200), 
Vmax. (in CHCl,) 3473 (unassociated OH), 2500—3400 (associated OH), 1775 (enol-acetates), 
1730 (saturated C=O), and 1685 and 1628 (conjugated C=O) cm."1 (Found: C, 54-9; H, 6-0. 
C,,H,,O, requires C, 54:55; H, 5-85%). The compound is sensitive to temperature, especially 
when dissolved in polar solvents and should be crystallised with care. 

Irradiation of 6-Acetoxy-4,6-dimethylcyclohexa-2,4-dienone.—(a) In the presence of water. 

14 Bowden, Heilbron, Jones, and Weedon, J., 1946, 39. 


18 Schaeffer and Snoddy, Org. Synth., 1951, $1, 3. 
16 Brewster and Ciotti, J. Amer. Chem. Soc., 1955, 77, 6214. 
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The dienone ! (476 mg.) in ether (350 ml.) saturated with water was irradiated for 100 min. 
The oily product did not crystallise and had (¢ 6700) at 211—221 muy, infrared bands (in CCI,) at 
3520 (unassociated OH), 2600—3400 (associated OH), 1748 (enol-acetate), and 1702 (af-un- 
saturated C=O) cm.4. Paper chromatography indicated the presence of a small quantity of a 
phenol. This was confirmed by the presence of a band at 274 my of intensity equivalent to at 
the most 10% of phenolic material. 

(b) In the presence of cyclohexylamine. The dienone (750 mg.) in anhydrous ether (750 ml.) 
containing cyclohexylamine (836 mg.) was irradiated for 4 hr. After removal of the cyclo- 
hexylamine with 3N-hydrochloric acid, the product was filtered in light petroleum through 
silica gel (15 g.) and then crystallised from light petroleum to give the 6-acetoxy-N-cyclohexyl- 
4-methylhepta-2,5-dienamide (1-09 g., 81%), m. p. 52—54°, end absorption at 210 my (ce 4500), 
Vmax. (in CCl,) 3379 (secondary amide), 1749 (enol-acetate), 1678 (amide (C=O), and 1225 (enol- 
acetate) cm. (Found: C, 68-8; H, 8-9; N, 5-05. C,,H,,O,;N requires C, 68-8; H 9-0; 

¥, 5-0%). 

Irradiation of 6-A cetoxy-2,6-dimethylcyclohexa-2,4-dienone.—(a) In the presence of water. The 
dienone 1? (475 mg.) in ether (350 ml.) saturated with water was irradiated for 100 min. The 
oily product (486 mg.) had Amax, 243 my (e 12,600), vmax, (in CCl,) at 3535 (unassociated OH), 
2400—3400 (associated OH), 1756 (enol-acetate), 1735 (saturated CO,H), 1690 (a8-unsaturated 
CO,H), and 1635 (conjugated C=C) cm.1. The intensity of the ultraviolet absorption and the 
infrared bands indicate the presence of approximately 50% of a conjugated diene. Phenols 
could not be detected by paper chromatography. 

(b) In the presence of cyclohexylamine. The dienone (635 mg.) in dry ether (635 ml.) con- 
taining cyclohexylamine (819 mg.) was irradiated for 2hr. The excess of cyclohexylamine was 
removed as before and the product (in benzene) was filtered through silica gel (5 g.) to give 
6-acetoxy-N-cyclohexylhepta-3,5-diene-2-carboxyamide (906 mg., 82%). ecrystallised from 
light petroleum (b. p. 60—80°), this had m. p. 184—135°, Amax, 238 my (¢ 23,100), vmax, (im CCl,) 
3360 (secondary amide), 1755 (enol-acetate) and 1672 (amide C=O) cm.! (Found: C, 68-5; 
H, 9:2. C,,H,,O,N requires C, 68-8; H, 9-0%). 

(c) With a filter. For these experiments a 2-5 cm. layer of 0-5% aqueous potassium hydrogen 
phthalate solution wasemployed. This was replaced at least every 24hr. The filtered soiution 
was placed in a Pyrex Petri dish, and the reaction solution in a quartz flask immediately above 
the filter solution. Irradiation of ergosterol (761 mg.) in dry ether (760 ml.) for 30-5 hr. caused 
no chemical change (recovery of ergosterol, 757 mg.; identified by m. p., mixed m. p., rotation, 
and ultraviolet absorption). Irradiation of the dienone (823 mg.) in dry ether (825 ml.) 
containing cyclohexylamine (5 ml.) for 5-25 hr. and processing as above gave the cyclohexy]l- 
amide (1024 mg., 72%) of 6-acetoxyhepta-3,5-diene-2-carboxylic acid, identified by m. p., 
mixed m. p., and ultraviolet absorption. 

Irradiation of 6-Allyl-2,6-dimethylcyclohexa-2,4-dienone.—The crude dienone !® (530 mg.) in 
dry ether (550 ml.) containing cyclohexylamine (3 ml.) was irradiated for 3 hr. Removal of 
excess of cyclohexylamine and chromatography over alumina (Grade III; 350 g.) gave, on 
elution with light petroleum-ether (8:2), a main fraction having Amax, 245 my (e 18,000). 
Rechromatography then furnished the cyclohexylamide (216 mg.) of 6-methylnona-3,5,8-triene- 
2-carboxylic acid. Recrystallised from light petroleum this had m. p. 79—81°, Amax, 245 my 
(c 25,200), vmax. (in CCl,) 3390 (secondary amide), 1670 (amide C=O) and 910 and 990 (vinyl 
group) cm.? (Found: C, 78-05; H, 10-2; N, 5-4. C,,H,,ON requires C, 78-1; H, 10-4; 
N, 535%). 

Irradiation of 6-Allyl-2,4,6-trimethylcyclohexa-2,4-dienone.—(a) In the presence of water. 
The dienone ? (7-5 g.) in ether (1 1.) saturated with water was irradiated for 93 hr. without 
change in the ultraviolet absorption spectrum. After drying and removal of the solvent the 
dienone (6-8 g.) was recovered. 

(b) In the presence of cyclohexylamine. ‘The dienone (2-84 g.) in anhydrous ether (500 ml.) 
containing cyclohexylamine (3 ml.) was irradiated for 13-5 hr. The excess of cyclohexylamine 
was removed as before to give an oil (2-88 g.). A portion (840 mg.) of this product was 
chromatographed in light petroleum over acid silica gel.1® Elution with 5: 1 light petroleum- 
ether gave the cyclohexylamide (615 mg., 83-5%) of 4,6-dimethylnona-2,5,7-triene-2-carboxylic 

17 Cavill, Cole, Gilham, and McHugh, /J., 1954, 2785. 


18 Curtin and Crawford, J. Amer. Chem. Soc., 1957, 79, 3156. ] 
19 Brockmann and Muxfeldt, Chem. Ber., 1956, 89, 1393. 
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acid which crystallised. Recrystallised in the cold from light petroleum this had m. p. 50—53°, 
end absorption of ¢ 12,300 at 210 my, and vz,, (in CCl,) at 3358 (secondary amide), 1673 
(amide C=O), and 916 and 982 (vinyl) cm.1 (Found: C, 78-65; H, 10-3. C,gH,gON requires 
C, 788; H, 103%). 

Irradiation of 6-Acetoxy-2,4,6-trimethylcyclohexa-2,4-dien-l-one.—(a) In the presence of 
water. The dienone? (787 mg.) in ether (790 ml.) saturated with water was irradiated for 
23-5 hr. The product, on crystallisation from light petroleum (b. p. 60—80°), gave 3-acetoxy- 
mesitol (324 mg,, 41%) as needles, m. p. 90—90-5°, Amax 279 my (€ 2350), vmax (in CCl,) 3592 
(unassociated OH), 3468 (associated OH), and 1760 (phenolic OAc) cm. (Found: C, 68-05; 
H, 7-45. C,,H,,O, requires C, 68-0; H, 7-25%). 

The total irradiation product was also investigated by paper chromatography. In three 
systems [light petroleum; light petroleum—benzene (4:1); and light petroleum-di-isopropyl 
ether (4: 1)] the presence of 3-acetoxymesitol (most intense spot) and mesitol (second most 
intense spot) was detected. Two other, less intense spots represented compounds which were 
not investigated. 

3-Acetoxymesitol (1-73 g.) in ethanol (110 ml.) containing concentrated hydrochloric acid 
(10 ml.) was heated under reflux for 5 hr. The ethanol was removed in vacuo and the residue 
extracted into ether. Removal of the ether gave a residue (1-3 g.) which crystallised from 
light petroleum (b. p. 60—80°) to furnish mesitylene-2,4-diol ®° (988 mg.), identified by m. p., 
mixed m. p., and ultraviolet and infrared absorption (Found: C, 71-25; H, 7-95. Calc. for 
C,H,,0,: C, 71-0; H, 7-9%). 

3-Acetoxymesitol (410 mg.) in acetic anhydride (25 ml.) was heated under reflux for 6 hr. 
The excess of anhydride was removed in vacuo and the residue crystallised from 95% ethanol 
to give 2,4-diacetoxymesitylene *° (392 mg.), identified by m. p., mixed m. p., and ultraviolet 
and infrared absorption (Found: C, 66-45; H, 6-75. Calc. for C,,H,,0O,: C, 66-1; H, 6-85%). 

(b) In dry ether. Irradiation was as above except that a slow stream of dry nitrogen was 
passed through the irradiated solution and then through a series of three wash-bottles containing 
1-67N-barium hydroxide. The dienone (715 mg.) in anhydrous ether (750 ml.) was irradiated 
for 19-5 hr. The evolution of carbon dioxide was 42 mg. (26%), duplicated, within a few 
percent, in two further experiments. To the irradiated solution p-cresol (8-0 g.) was added 
and the product worked up by removal of the solvent in vacuo. The oily product was distilled 
at 0-2 mm. and the fractions showing the 1760 cm.*! phenol ester band in the infrared spectra 
were collected and treated with 15% aqueous ammonia (40 ml.) at room temperature until all 
had dissolved (53 hr.). Acidification with 6N-hydrochloric acid and extraction into ether gave 
an oil (412 mg.) which crystallised from light petroleum (b. p. 60—80°) to furnish mesitylene- 
2,4-diol (269 mg., 48%). 

In a further experiment the dienone (809 mg.) in anhydrous ether (810 ml.) containing 
p-cresol (9 g.) was irradiated for 20 hr. as above. The evolution of carbon dioxide was 53 mg. 
(29%) and the product afforded mesitylene-2,4-diol (284 mg., 45%) when worked up in the 
same way. 

(c) In the presence of aniline. The dienone (950 mg.) in anhydrous ether (850 ml.) containing 
redistilled aniline (1-02 ml.) was irradiated for 26-5 hr. The aniline was removed by washing 
with 3n-hydrochloric acid (150 ml.), and the product chromatographed over alumina (280 g.; 
Grade III). Elution with light petroleum (b. p. 60—80°)—benzene (1:1) gave 3-acetoxy- 
mesitol (485 mg.). 

(d) In the presence of cyclohexylamine. ‘The dienone (1-19 g.) in anhydrous ether (550 ml.) 
containing cyclohexylamine (1-19 g.) was irradiated for 2 hr. The solvent and excess of cyclo- 
hexylamine were removed in vacuo and the product filtered in light petroleum through silica 
gel (150 g.) to give the cyclohexylamide (1-51 g., 84%) of 6-acetoxy-4-inethylhepta-2,5-diene-2- 
carboxylic acid. Recrystallised from light petroleum (998 mg.), this had m. p. 76—79°, 
A(shoulder) 219—225 my (e 3000), vmax (in CCl,) 3363 (secondary amide), 1745 (enol-acetate), 
1678 (amide C=O), and 1230 (enol-acetate) cm.“ (Found: C, 69-4; H, 9-1; N, 4-8. C,,H,,O,N 
requires C, 69-6; H, 9-4; N, 4-75%), This amide took up rapidly 1-9 mols. of hydrogen on 
microhydrogenation over platinum in ethyl acetate. 

(e) In a polystyrene film. A film cast from polystyrene (15%) and the dienone (15%) in 
benzene showed the expected infrared bands characteristic of the dienone. The film was 


20 Knecht, Annalen, 1882, 215, 83. 
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irradiated for 14 hr. (cooling with a fan to 40°), and the infrared spectrum was again deter- 
mined. The dienone spectrum had been replaced by that of mesitylene-2,4-diol. 

Racemisation of (—)-Usnic Acid.—(—)-Usnic acid (723 mg.) in anhydrous dioxan (720 ml.) 
was irradiated for 124 hr. at 55° (cooling fan). The solution was stirred by passage of a 
stream of dry oxygen-free nitrogen. Removal of the solvent in vacuo gave, after crystallisation 
from methanol, (--)-usnic acid (628 mg., 87%), identified by m. p., mixed m. p., and rotation. 
A solution of (—)-usnic acid, [a|,, —495° in CHCl, kept at 56-5° for the same time showed no 
racemisation ({a],, —491° in CHCI,). 


Holliman, Mann, and Thornton. 





We thank the Government Grants Committee of the Royal Society and British Petroleum 
Ltd. for financial assistance. One of us (G. Q.) is indebted to the Dr. Karl Merck Stiftung of 
Darmstadt, Germany, for a Fellowship which permitted participation in this work. We 
acknowledge the helpful advice of Dr. C. A. Wachtmeister on the paper chromatography of 
phenols. 


IMPERIAL COLLEGE, LonpDoN, S.W.7. [Received, May 8th, 1959.} 





2. Optical Rotatory Power and Molecular Structure. Part I. The 
Synthesis and Optical Resolution of As-Spirobis-1,2,3,4-tetrahydro- 
arsinolinium Iodide. 


By F. G. Hoiiiman, F. G. Mann, and D. A. THORNTON. 


The spirocyclic salt, (-+-)-As-spirobis-1,2,3,4-tetrahydroarsinolinium iodide 
(IIL; E = As, X = I), has been synthesised and resolved into the (+-)- and the 
(—)-iodide, [M],, +133°, —131-5° in chloroform. The rotatory dispersion 
of a solution of the (+)-iodide has been investigated and the results have 
enabled a comparison with the molecular rotations of similar optically active 
arsonium and phosphonium salts to be made. 


BEFORE the work now described, individual members of only two eutropic series * of 
compounds had been resolved into optically active forms. These are the 2-f-chloro- 
phenacyl-thio-, -seleno-, and -telluro-isochromanium picrates (I; E =S, Se, and Te) 
resolved by Holliman and Mann,! and 9-f-carboxyphenyl-2-methoxy-9-arsafluorene 
(II; E = As) and its antimony analogue (II; E = Sb) resolved by Campbell and Poller * 
and Campbell and Morrill * respectively. 

The sulphonium and selenonium picrates (I; E = S, Se) had [M],, +250° and +504° 
respectively in acetone solution, and although the (—)-picrate of the tellurium compound 
(I; E = Te) underwent slow racemisation, evidence was adduced that the optically pure 
picrate would have [M],, ca. —750°. The arsa- and stibia-fluorene compounds (II) had 
[M],, +609° and +650° respectively in pyridine. It is significant that in both of these 
eutropic series there is an increase in optical rotatory power with increase in atomic weight 
of the hetero-atom. In order to determine if this relation holds in other eutropic series we 
have synthesised and resolved the spirocyclic arsonium salt (III; E = As, X = I), the 
analogous phosphonium salt (III; E = P, X = I) having recently been resolved by Hart 
and Mann.‘ 

This spirocyclic arsonium salt is isomeric with As-spirobis-1,2,3,4-tetrahydroiso- 
arsinolinium iodide (IV) synthesised and resolved by Holliman and Mann,‘ differing from 
* The term ‘“‘ eutropic series of compounds” is defined! as a series of compounds consecutive 


members of which differ only in that they contain consecutive elements of any one sub-group of the 
Periodic classification; e.g., PCl,, AsCl,, SbCl;, BiCl,. 


1 Holliman and Mann, J., 1945, 37. 
Campbell and Poller, J., 1956, 1195. 

Campbell and Morrill, J., 1955, 1662. 

Hart and Mann, J., 1955, 4107. } 
Holliman and Mann, J., 1945, 45. 
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the latter compound only in the positions of the arsenic atom in both of the heterocyclic 
rings. A comparison of the optical rotatory power of these two compounds together with 
that of the third isomeric spirocyclic salt (V) would be of considerable interest. 


3 “00 “P00 





Holliman, Mann, and Thornton: 
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The synthesis of the salt (III; E = As, X = I) was attended by greater difficulties 
than had been experienced with other spirocyclic salts containing phosphorus or arsenic 
as the centre atoms, whose preparations have previously been described.**® In our first 
attempts, the substituted arsinoline (VIII; R = Me) was prepared by the interaction of 
1-chloro-1,2,3,4-tetrahydroarsinoline* (VI) and the Grignard or lithio-derivative of 
3-0-bromophenylpropyl methyl ether (VII; R= Me, X = MgBr or Li); in the early 
stages of this work, lack of ethylene oxide required in the synthesis § of the methyl ether 
(VII) necessitated the development of an alternative route employing ethyl malonate. It 
was hoped that the arsinoline (VIII; R = Me) would yield the desired spiro-bromide on 
treatment with hydrobromic acid. This reagent, when applied under a variety of condi- 
tions, did not give the desired product; in only the following two cases were the products 
identified. When the arsinoline was heated with a mixture of constant-boiling hydro- 
bromic acid and glacial acetic acid in a stream of gaseous hydrogen bromide, 3-phenyl- 
propyl bromide (IX) was formed. Repetition of this experiment using a 50% (w/v) 
solution of hydrogen bromide in acetic acid gave a product which was not purified but 
appeared to consist chiefly of 1-bromo-1,2,3,4-tetrahydroarsinoline (X). Oxidation of this 
product with nitric acid gave a colourless crystalline compound, the analysis of which 
indicated that it was the arsonic acid (XI) formed by ring-opening of the arsinoline (X) 
during oxidation. 


; HOEY «a a @ 
CH}: CH: Cee As As(OH)> “As _ 
(1x) ' on 8 HO OC 
I:CH:CH,"CH 
(VII; R= Me) elicit 


(XII) 


Instead of the action of the hydrobromic acid being confined to fission of the ether 
group (with the formation of a 3-bromopropyl group which should then rapidly cyclise), 
it became clear that the reaction also involved cleavage of the exocyclic bond to the 
arsenic atom, the substituted phenyl group attached thereto being replaced by a bromine 


* Lyon and Mann, J., 1945, 30; Lyon, Mann, and G. H. Cookson, J., 1947, 662. 
7 Roberts, Turner, and Bury, J., 1926, 1443. 
® Beeby and Mann, /., 1951, 411. 
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atom, Similar replacement of phenyl groups attached to arsenic in heterocyclic systems 
has been found previously *!° and it is therefore not surprising that a substituted phenyl 
group should exhibit a similar tendency. It is noteworthy that phenyl groups attached 
to a phosphorus atom are not normally removed in this manner." 

Because of the labile character of the exocyclic bond to the arsenic atom, a route to the 
required spiro-salt was sought in which the conditions would be sufficiently mild for this 
bond to remain unaffected. In order to retain the valuable protective properties of the 
ether group in a Grignard reaction and yet gain the advantage of greater acid-sensitivity 
than that displayed by the methoxy-group, we prepared 3-o-bromophenylpropyl trityl 
ether (VII; R = CPh,, X = Br) from the corresponding alcohol (VII; R = H, X = Br). 
The Grignard derivative of the ether with 1-bromo-1,2,3,4-tetrahydroarsinoline readily 
yielded the arsinoline (VIII; R = CPhg): the product was however a gum from which 
no crystalline material could be isolated; vacuum-distillation caused oxidation and 
partial decomposition, since, after hydrolysis with dilute acetic acid and treatment with 
thionyl chloride, the only product isolated was the unstable hydroxy-chloride (XII; 
X = Cl), which furnished the stable crystalline hydroxy-nitrate (XII; X = NO,) on 
treatment with dilute nitric acid. However, reduction of the hydroxy-chloride with 
sulphur dioxide readily afforded the highly soluble spirocyclic chloride (III; E = As, 
X = Cl) which was therefore converted directly into the less soluble iodide (III; E = As, 
X =I). In subsequent preparations of the spiro-salt, the tertiary arsine (VIII; R= 
CPh,), without purification, was treated with dilute acetic acid for conversion into the 
corresponding alcohol (VIII; R =H). A chloroform solution of this crude product was 
treated with sulphur dioxide to reduce any arsine oxide, and the dried product (obtained as 
a gum) was then treated directly with excess of phosphorus tribromide to produce the 
crystalline spiro-bromide (III; E = As,X = Br). The optimum overall yield of the 
bromide starting from cinnamy] alcohol for the preparation of the ether (VIII; R = CPhg) 
was only 0-01%. 

For resolution, the spiro-bromide was converted into the (+-)-bromocamphorsulphonate 
but fractional crystallisation afforded no evidence of resolution. Treatment of the bromide 
with silver (—)-menthyloxyacetate readily afforded the crystalline (—)-menthyloxyacetate, 
which after five recrystallisations from diethyl ketone had attained a constant rotation; 
treatment of this salt with sodium iodide furnished the optically pure (—)-iodide, [M], 
—131-5° in chloroform. The (—)-iodide was much more soluble in ethanol than the racemic 
compound, and use was made of this property to isolate the (+)-iodide. The mother- 
liquors from the first recrystallisation of the (—)-menthyloxyacetate, containing an excess 
of the (+)-arsonium (—)-menthyloxyacetate, were evaporated, and the residue was 
treated in ethanolic solution with sodium iodide, whereupon a crop of the racemic iodide 
was deposited. The filtrate was taken to dryness and the residue, after recrystallisation 
from water, afforded the optically pure (+-)-spiroarsonium iodide, [M],, +133° in chloro- 
form. Both iodides were optically stable in chloroform solution during 24 hours in the 
dark. 

The rotatory dispersion of a 0-655°% solution of the (+)-iodide in “ AnalaR ”’ chloro- 
form was investigated over the wavelength range 5893—3650 A (Table 1). Rotations 
have been calculated from the simple Drude equation « = k/(A® — 2»), reference values 
being the observed rotations for 5893 and 4358 A. Solution of the simultaneous equations 
gives the rotation constant, k = 0-2134, and the dispersion constant, 4,” = 0-07907; hence 
A) = 2812 A. The data indicate that the dispersion of the (+)-arsonium iodide is not 
simple; the departure from the simple Drude equation becomes particularly marked in the 
ultraviolet region, indicating the approach of an absorption band. Examination of the 
ultraviolet absorption spectrum showed that there was no appreciable absorption between 


® Beeby, G. H. Cookson, and Mann, /J., 1950, 1921. 
10 Jones and Mann, /., 1955, 401. / 
11 Mann and Millar, J., 1952, 3045. 
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4000 and 2900 A, but an intense band was found to occur at 2595 A (log ¢ 4-95) which was 
preceded by a shoulder at 2670 A (log ¢ 4-93). 

The molecular rotations of the new iodide (III; E = As, X =I) at various wave- 
lengths are compared with those of the eutropic spirocyclic phosphonium iodide (III; 
E = P, X = I) and the isomeric spirocyclic arsonium iodide (IV) in Table 2. The pair of 


TABLE 1. Rotatory dispersion of (+-)-As-spirobis-1,2,3,4-tetrahydroarsinolinium iodide. 


Na Hg Hg Cd Hg Hg Hg 
A (A) gaseabonboveaseies 5893 5780 5461 5086 4358 4047 3650 
A? (A*) x 107°... 0-3472 0-3341 0-2982 0-2587 0-1900 0-1639 0-1332 
D.EOOB.)  eccccesconceses 0-796° 0-861° 0-995° 1-185° 1-924° 2-758° 3-145° 
errors 30-38° 32-86° 37-97° 45-24° 73-43° 105-3° 120-0° 
SEGUE cvcecedeveseees 0-796° 0-837° 0-974° 1-189° 1-924° 2-516° 3-945° 


a (obs.) — @ (calc.)... 0-000°  +0-024° +0-021° —0-004°  0-000° +0-242° —0-800° 


TABLE 2. Molecular rotations, {M}. 


Wavelength (A) 6708 6438 6104 5893 5780 5461 5219 
(Ill; E= As; X=I)®* ...... _ —_ — 133-1° 144° 166-42 39 — 
(Ill; E=P; X = I)*f ...... _ —59-5° _ —66 ates —15 oom 
ait it ita — 256° — —310° —344 —363 —413 — 455° 
Wavelength (A) 5105 5086 4811 4358 4047 3650 
(III; E= As; X=I)® ...... ow 198-3° = 321-8° 461-3° 526° 
(Ill; E=P; X=I)*f¢ ...... a —83 — 136 owe a 
PT ear iee tbat eeaieainis — 487° ~ —575° ~—740 - — 


All solutions in chloroform: * 0-655%; + 0-520%; { 0-385%. 


eutropic salts (III; E = P, As; X = I) show the same relation between optical rotatory 
power and the atomic weight of the hetero-atom as has been observed in the other two 
known examples of eutropic series of optically active compounds (I and II), viz., an 
increase in rotation with an increase in atomic weight of the hetero atom. 

Rotatory dispersion measurements could not be made on the compounds of the series 
(I) since salts with colourless anions could not be isolated,! and Campbell e¢ al.” have not 
recorded dispersion measurements on the two members of series (II). With the salts (III; 
E = P and As, X = J), that containing arsenic has the higher rotation throughout the 
range of wavelengths over which measurements were made by a factor of 2—2-4, but there 
appears to be no simple relation between the rotatory powers of these two compounds. 
Although the range of wavelengths employed for the measurements on the iodide (III; 
E = P, X = I) was too short to provide decisive evidence, the data were considered to 
indicate that the dispersion was not simple.* Thus the phosphorus and arsenic com- 
pounds are similar in this respect. 

The spiro-iodide (IV) has a higher rotation than has the salt (III; E = As, X = J). 
Unfortunately, although the rotatory powers of these salts were measured at nine and 
seven wavelengths respectively, only four wavelengths were common to both series. For 
these wavelengths, however, there is a linear relation between the rotatory powers of the 
two salts: X = 2-1Y + 65, where X and Y are the molecuiar rotations of the iodides (IV) 
and (III; E = As, X = I) respectively. Holliman and Mann ® have stated that the rota- 
tory dispersion of the iodide (IV) is simple, but their measurements were not carried into 
the ultraviolet region. It is thus not possible to distinguish between the iodides (IV) and 
(III; E = As, X = J) on this basis, since the marked departure from the simple Drude 
equation is apparent for the salt (III; E = As, X = I) only below 4358 A. 

Further discussion of the optical rotatory powers of these and other related optically 
active compounds is postponed. 


EXPERIMENTAL 
Preparations and manipulations of arsenic compounds (except quaternary salts) were carried 
out under nitrogen. Rotations were measured in a 4 dm. tube on chloroform solutions, with 
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Na, light (4 5893 A) unless otherwise stated. Observed rotations quoted to three places of 
decimals were taken on a Rudolph photoelectric polarimeter; in other cases, a visua! instrument 
was used. All compounds were colourless unless otherwise described. 

Diethyl 2-Bromobenzylmalonate.—Diethy! malonate (192-5 g.) was added with stirring, to a 
solution of sodium (25-5 g., 0-92 equiv.) in absolute ethanol (2 1.). After the addition of 2- 
bromobenzy] bromide (250 g., 0-83 mol.) the mixture was boiled under reflux on a water-bath 
for 3 hr. and set aside overnight. Most of the ethanol was removed by distillation, water was 
added, and the lower oily layer separated. This, together with two ethereal extracts of the 
aqueous layer, was dried (CaCl,), the ether removed, and the residue fractionated. The main 
fraction, b. p. 124—134°/0-006 mm., on redistillation gave diethyl 2-bromobenzylmalcnate (204 g., 

67%), b. p. 115—120°/0-004 mm. (Found: C, 50-7; H, 5-3. C,,H,,O,Br requires C, 51-2; 
H, 5:2%). 

B-0-Bromophenylpropionic Acid.—Diethyl 2-bromobenzylmalonate (204 g.) was heated, with 
frequent shaking, with a solution of potassium hydroxide (200 g.) in water (200 c.c.) on a 
boiling-water bath for 6 hr. The yellow solution was diluted with an equal volume of water, 
evaporated to half bulk, and diluted again with water. After being cooled and filtered, the 
mixture was acidified with concentrated hydrochloric acid (500 c.c.). The precipitated acid was 
collected and dried (155 g.; m. p. 139—140° with effervescence and preliminary softening). 

The 2-bromobenzylmalonic acid was heated rapidly to 165° in a wax-bath and maintained at 
that temperature until effervescence ceased (15 min.). The cooled crystalline product was 
recrystallised from light petroleum (b. p. 80—100°; 1 1.) (charcoal), giving B-o-bromophenyl- 
propionic acid (131 g., 91-5%), m. p. 97—98-5° (Found: C, 47-5; H, 4-1. C,H,O,Br requires 
C, 47:2; H, 3-9%). 

3-0-Bromophenylpropan-l-ol (VII; R=H, X = Br).—-o-Bromophenylpropionic acid 
(130 g.) in absolute ether (1 1.) was added to a stirred suspension of lithium aluminium hydride 
(22 g.) in absolute ether (1 1.) at such a rate that gentle refluxing was maintained. The complete 
mixture was boiled under reflux for 6 hr., set aside overnight, and then boiled for a further 2 hr. 
Ether (1 1.) was removed by distillation, and the residual mixture cooled and hydrolysed with 
water (250 c.c.), followed by 10% viv sulphuric acid (11.). After filtration, the ethereal layer 
was separated and washed with 5% sodium hydroxide solution (300 c.c.) and then with water. 
The dried (K,CO,) ethereal solution was distilled, and the residue fractionated to yield the 
alcohol (65 g.), b. p. 88—91°/0-015 mm. (lit.,8 b. p. 106—108°/0-5 mm.). Acidification of the 
alkaline washings precipitated the original acid (46-5 g.), m. p. and mixed m. p. 97—97-5°. 
After allowance for the recovered acid, the yield of the alcohol was 84%. 

The alcohol was characterised as the phenylurethane, needles, m. p. 77—77-5° [from light 
petroleum (b. p. 80—100°)] (Found: C, 56-9; H, 4-8. C,,H,,O,.NBr requires C, 57-5; H, 
4-8%), and the p-nitrobenzoate, prisms, m. p. 58—59° (from light petroleum) (Found: C, 52-9; 
H, 4:0. C,,H,,O,NBr requires C, 52-8; H, 385%). 

1,2,3,4-Tetrahydvo-1-(0 -3-methoxypropylphenyl)arsinoline (VIII; R = Me).—n-Butyl- 
lithium (1 mol.) in ether was slowly added with stirring to a solution of 3-o-bromophenylpropyl 
methyl ether (20 g.) in dry ether (90 c.c.), the temperature being kept between 5° and 10° by 
external cooling. Dry ether (20 c.c.) was added, and the mixture boiled under reflux with 
stirring for 1-5 hr. After cooling, dry ether (85 c.c.) was added followed by the slow addition, 
with stirring, of a solution of 1-chloro-1,2,3,4-tetrahydroarsinoline 7? (17-5 g., 1 mol.) in dry ether 
(85c.c.). The mixture was boiled for 1 hr., cooled, and then hydrolysed with 10% v/v sulphuric 
acid (350 c.c.) and crushed ice (250 g.). The ethereal layer, combined with three successive 
ethereal extracts of the aqueous layer, was washed in turn with 10% aqueous sodium carbonate 
and water, dried (CaCl,), and distilled. The main fraction of the arsinoline (14-4 g., 55%) had 
b. p. 192—194°/1 mm. (Found: C, 66-5; H, 6-95. C,,H,,OAs requires C, 66-7; H, 6-8%). 

The arsinoline was also prepared in similar yield by the interaction of the Grignard derivative 
of 3-o-bromophenylpropyl methyl ether (formed by the “ entrainment ’’ method using ethyl 
bromide and activated magnesium powder !”). The methiodide, obtained by interaction of the 
arsine with boiling methyl iodide, formed needles, m. p. 122-5—123-5°, from acetone (Found: 
C, 48-8; H, 5-5. C, ,H,,OIAs requires C, 49-6; H, 5-4%). 

Reaction of the Arsinoline (VIII; R = Me) with Hydrobromic Acid.—(A) The arsinoline 
(7-4 g.), mixed with 48% w/v aqueous hydrobromic acid (150 c.c.) and acetic acid (150 c.c.), was 
heated at 120° for 5-5 hr., a stream of hydrogen bromide being passed thyough the mixture. 


12 Holliman and Mann, /., 1942, 739. 
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The lower, insoluble layer which had formed was extracted with chloroform, the extract being 
washed in turn with water (twice), aqueous sodium carbonate, and water, and then dried 
(CaCl,). After removal of the chloroform, the residue was distilled: the main fraction (2-3 g.; 
b. p. 52—62°/0-25 mm.) was warmed with a solution of ammonium dithiocarbamate in aqueous 
ethanol on the water-bath for 0-5 hr. Dilution of the mixture with water gave an oil which 
readily solidified. Recrystallisation (once from light petroleum-ether and once from cyclo- 
hexane) gave 3-phenylpropyl dithiocarbamate, m. p. and mixed m. p. 70—71°. 

(B) The arsinoline (4 g.) in a 50% w/v solution (20 c.c.) of hydrogen bromide in acetic acid 
was heated at 120° under reflux for 3-5 hr. with a stream of hydrogen bromide as before. The 
mobile liquid residue remaining after removal of the solvent was heated under reduced pressure 
at 150° for 1-5 hr., giving a product almost completely soluble in ether. The filtered ethereal 
solution, after removal of the solvent, was distilled, 1-84 g. of the total distillate (2-88 g.) having 
b. p. 118—120°/0-19 mm. This fraction contained bromine and arsenic but failed to yield a 
methiodide. An aqueous suspension of this product was oxidised with concentrated nitric acid; 
the resulting dark brown solution, on cooling, deposited crystals, m. p. 134—135° after three 
recrystallisations from dilute nitric acid, almost certainly of 0-3-bromopropylphenylarsonic acid 
(Found: C, 33-6; H, 3-6; Br, 22-7. C,H,,O,BrAs requires C, 33-4; H, 3-7; Br, 24-7%). The 
properties of the compound confirm this identification. It did not contain nitrogen, was in- 
soluble in ether, and crystallised from hot water. Its aqueous solution had pH 6, gave no 
precipitate with silver nitrate solution, and did not decolorise potassium permanganate. The 
acid was soluble in both aqueous sodium hydroxide and sodium carbonate (CO, evolution), and 
was reprecipitated on acidification. It did not decolorise bromine in chloroform solution. 

3-0-Bromophenylpropyl Triphenylmethyl Ether (VII1; R= CPh;, X = Br).—3-o-Bromo- 
phenylpropan-l-ol (46 g.) was slowly added to a warm solution of triphenylmethyl chloride 
(60 g., 1 mol.) in dry pyridine (100 c.c.) with stirring. The ether began to separate when about 
half the alcohol had been added. The mixture was heated for 2 hr. on the boiling-water bath 
and whilst still warm was poured into water (400 c.c.). The precipitated oil solidified and was 
collected, washed with water, and recrystallised (ethanol), giving the ether (80 g., 82%), m. p. 
84—86°, raised by five recrystallisations to 89—91° (Found: C, 73-35; H, 5-7. C,,H,,;OBr re- 
quires C, 73-5; H, 5-5%). 

1-Bromo-1,2,3,4-tetrahydroarsinoline (X).—1,2,3,4-Tetrahydro-1-methylarsinoline 1 (15 g.) in 
dry carbon tetrachloride (25 c.c.) was treated with bromine (1 mol.) in carbon tetrachloride, a 
white precipitate of the arsinoline dibromide separating. After 2 hr. at 0°, the mixture was 
stirred whilst being heated at 130° to remove the solvent. Some decomposition occurred during 
this operation and was completed by heating under reduced pressure, effervescence becoming 
vigorous above 60°. The pale yellow liquid, on distillation, gave 1-bromo-1,2,3,4-tetvahydro- 
arsinoline (13-4 g., 68%), b. p. 174—180°/11 mm., which readily crystallised (Found: C, 41-1; 
H, 4:0. C,H, ,BrAs requires C, 39-6; H, 3-7%). 

The bromoarsinoline, treated with piperidine NN-pentamethylenedithiocarbamate (1 mol.) 
in dry benzene, gave S-(1,2,3,4-tetrahydroarsinolin-1-yl)-NN-pentamethyleneurethane, m. p. 
159—160° (from acetone) (Found: C, 51-0; H, 5-75. C,;HopNS,As requires C, 51-0; H, 5-7%). 

1,2,3,4-Tetrahydro-1-(0-3-triphenylmethoxypropylphenyl)arsinoline (VIII; R = CPh,).—3-o- 
Bromophenylpropyl triphenylmethyl ether (21-8 g.) and ethyl bromide (2-6 g., 0-5 mol.) in ether 
(200 c.c.) were added to activated magnesium powder ?* (1-8 g., 1-58 equiv.) under ether (10 c.c.) 
and cofiversion into the Grignard derivative was completed by boiling under reflux for 2-75 hr. 
1-Bromo-1,2,3,4-tetrahydroarsinoline (14-4 g., 1-1 mol.) in ether (50 c.c.) was added at room 
temperature, and the mixture boiled for 2 hr. The chilled mixture was hydrolysed with 
saturated ammonium chloride solution (250 c.c.), and the ethereal layer was separated, washed 
with water twice, and dried (Na,SO,). Attempted distillation at 10~? mm. of the residue re- 
maining after removal of the solvent caused decomposition. 

A portion of the residue (3 g.) was treated at 0° with thionyl chloride (3-4 c.c.), the mixture 
then being heated on the boiling-water bath for 3 hr. The residue remaining after removal of 
the excess of thionyl chloride in vacuo at 100° crystallised on trituration with ethyl acetate, 
giving the unstable cream-coloured 1-(0-3-chloropropylphenyl)-1,2,3,4-tetrahydro-1-hydroxy- 
arsinolinium chloride (XII; X = Cl) (1-2 g.), m. p. 158—161° (from ethyl acetate) (Found: 
C, 55-9; H, 4:5. C,,H,,OCI,As requires C, 54-2; H, 5:3%). An aqueous solution of this salt, 


13 Burrows and Turner, J., 1921, 119, 426. 
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treated with dilute nitric acid, gave the hydroxy-nitrate (XII; X = NO,), m. p. 128-5—129° 
(from dilute nitric acid) (Found: C, 50-6; H, 5-1. C,,H,,O,NCIAs requires C, 50-8; H, 5-0%). 

1,2,3,4-Tetrahydro-1-(0-3-hydroxypropylphenyl)arsinoline (VIII; R = H).—The crude trityl 
ether (VIII; R = CPh,) (13-3 g.) was boiled under reflux with aqueous acetic acid (50 c.c.; 
35 vols. of acid : 65 vols. of water) for 50 min. The aqueous layer was decanted from the 
residual gum, which was extracted with chloroform. The extract, washed once with water, was 
covered with 5n-hydrochloric acid (100 c.c.) containing potassium iodide (0-2 g.), and chilled in 
ice whilst a stream of sulphur dioxide was passed through for 2-5 hr. The chloroform layer was 
washed with water and dried (Na,SO,), and the chloroform removed. The residue (12-7 g.) was 
used for the preparation of the spirocyclic salts without further purification. 

(+)-As-Spirobis-1,2,3,4-tetrahydroarsinolinium Bromide, Iodide, and Picrate (III; E = As).— 
The crude residue (24 g.) from the previous preparation containing triphenylmethanol was 
treated with phosphorus tribromide (4-5 c.c.) at 0°. After being heated on the water-bath for 
1 hr., the mixture was triturated with ether and then dissolved in hot ethanol. On slow cooling, 
the spiro-bromide separated (4-32 g.); three recrystallisations from ethanol gave the dihydrate, 
m. p. 253—254° (Found: C, 50-1; H, 5-0. C,sH.)BrAs,2H,O requires C, 50-6; H, 5-7%). 
Drying at 80°/0-1 mm. produced the anhydrous salt, m. p. 270—271° (Found: C, 54-8; H, 5-5. 
C,s,H2)BrAs requires C, 55-3; H, 5-15%). The iodide, prepared by double decomposition in 
aqueous ethanol, gave cream-coloured plates, m. p. 277—-278°, from ethanol [Found: C, 48-9; 
H, 4:7; I(ionic), 28-3. C,sH IAs requires C, 49-3; H, 4-6; I, 29:0%]. The yellow picrate, 
prepared similarly, had m. p. 102—103° after four recrystallisations from ethanol (Found: C, 
53-4; H, 4-4; N, 8-0. C,,sH,.O,N,As requires C, 53-4; H, 4-1; N, 7:8%). 

Resolution of the Spiro-bromide (III; E = As, X = Br).—The bromide dihydrate (5 g.) and 
silver (—)-menthyloxyacetate 1 (3-76 g., 1 mol.) in acetone (125 c.c.) were boiled under reflux 
for 30min. The hot mixture was filtered, the insoluble residue extracted twice with hot acetone 
(20 c.c.), and the solvent removed from the combined filtrates under reduced pressure. Tritura- 
tion of the residual gum in ether caused crystallisation. The (—)-menthyloxyacetate, when 
recrystallised four times from diethyl ketone, afforded the (—)-arsonium (—)-menthyloxyacetate 
dihydrate, m. p. 87—-89° (Found: C, 63-95; H, 7-8. C3 9H,,O,As,2H,O requires C, 64-3; H, 
81%); drying at 40° im vacuo gave the highly hygroscopic anhydrous salt, m. p. 88-5—90° 
(Found: C, 68-4; H, 8-3. Cj 9H,,O,As requires C, 68-7; H, 7-9%). A 0-484% solution of the 
dihydrate had «2° —0-941°, [7]*° —288°. Aftera fifth recrystallisation the m. p. was unaltered 
and a 0-480% solution of the dihydrate had «?9 —0-921°, [M]*° — 286°. 

The (—)-arsonium picrate, obtained from the (—)-arsonium (—)-menthyloxyacetate with 
aqueous-alcoholic sodium picrate, formed yellow crystals, m. p. 95—97°, from aqueous ethanol 
(Found: C, 53-7; H, 4:2. C,.H,,O,N,As requires C, 53-4; H, 4:1%). A 0-757% solution had 
«20 —(-74°, []?° —131-8°. 

When the (—)-arsonium (—)-menthyloxyacetate was treated with sodium iodide in aqueous- 
ethanolic solution, only a small quantity of solid was deposited. The residue remaining on 
evaporation of the solution was dissolved in boiling water, and the solution, when filtered and 
cooled, deposited the (—)-iodide as needles, m. p. 223—223-5° (Found: C, 49-5; H, 4-9. 
C,,H, IAs requires C, 49-3; H, 46%). A 0-593% solution had «25 —0-712°, [M]??5 —131-5°. 
These values were unchanged after the solution had been set aside in the dark for 24 hr. 

The diethyl ketone mother-liquors from the first recrystallisation of the (—)-menthyl- 
oxyacetate were evaporated under reduced pressure. An ethanolic solution of the residual gum 
was boiled (charcoal) and filtered, the warm filtrate then being treated with ethanolic sodium 
iodide containing a trace of water. On cooling, the (-+-)-iodide was deposited, m. p. (after three 
recrystallisations from ethanol) 276—277° alone, and 274—278° when mixed with the authentic 
(+)-iodide of m. p. 277—278° (Found: C, 49-4; H, 48%). The solution from which this 
racemic iodide had separated was now rich in the (+)-iodide. The residue obtained by evapor- 
ation was taken up in boiling water, and the solution filtered. Cooling caused separation of 
some crystals together witha gum. The crystals were filtered off (leaving the gum on the walls 
of the tube) and, after two recrystallisations from water (charcoal), gave the (+)-iodide, m. p. 
223—223-5° (Found: C, 48-75; H, 4-9. C,,HygIAs requires C, 49-3; H, 46%); a 0-655% 
solution had «®4 +0-796°, [M]*! +133-1°. A mixture of the (+)- and the (—)-iodide, con- 
taining only approximately equal amounts, had m. p. 220—274°. 

The (+)-arsonium (+)-bromocamphorsulphonate was prepared by mixing/ethanolic solutions 
14 Mann and Watson, J., 1947, 511. 
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of equimolecular quantities of the spiro-iodide and of silver (+)-bromocamphorsulphonate, 
filtering, and evaporating the filtrate under reduced pressure. The residual gum crystallised 
when rubbed with ethyl acetate, giving the sulphonate, m. p. 191—192° and 191-5—193° after 
the first and the third recrystallisation, respectively, from diethyl carbonate (Found: C, 53-8: 
H, 5-8. CygH,,O,BrSAs requires C, 54:1; H, 5°5%); a 0-487% solution in methanol had [M}19 
+ 284°. The iodide and picrate prepared therefrom in the usual way were both optically in- 
active. Recrystallisation of the bromocamphorsulphonate from diethyl ketone and from ethyl 
methyl ketone similarly gave no evidence of resolution. 
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3. Methylation and Periodate Oxidation Studies of the Alkali- 
stable Polysaccharide of Sugar-beet Pectin. 


By L. Houcu and D. B. Powe Lt. 


From the methylation experiments it is concluded that, in the soluble 
polysaccharide obtained by heating sugar-beet chips with lime-water, the 
araban component is intimately associated with a branched galactan which 
contains §-p-galactopyranosyl units linked through positions 1 and 4, with 
branching points arising from units linked through positions 1, 3, and 6; a 
minor product appeared to have a linear structure composed mainly of 
8-1,4-p-galactopyranosyl units. 

Oxidation, reduction, and hydrolysis confirmed the branched-chain 
structure of the araban and galactan components and it is suggested 
provisionally that there are five L-arabinofuranosyl units per non-reducing 
end group in the araban. 


THE polysaccharide obtained on treating sugar-beet chips with hot lime-water contains 
L-arabinofuranosyl units in the form of an araban,! in combination with units of p-galact- 
ose, L-rhamnose, and p-galacturonic acid in the approximate molecular proportions of 
21:3:1:1-5 respectively.2 Hirst and Jones,! in their examination of the hydrolysis of 
the methylated polysaccharide, estimated that approximately equimolecular proportions 
of 2,3,5-tri-O-methyl-L-arabinose, 2,3-di-O-methyl-L-arabinose, and 2-O0-methyl-L-arab- 
inose were present, which, considered together with the acid-lability of these pentose 
units, led them to suggest a branched structure (e.g., I and II) for the araban. 
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The hydrolysis products have now been examined on paper chromatograms for the 
presence of galactose derivatives and small quantities of tetra-, tri-, and di-O-methyl 
derivatives of this sugar were detected amidst the predominant arabinose derivatives. 
A large quantity of the hydrolysate was therefore fractionated on a cellulose column,’ 
benzene and benzene-ethanol being used successively as the mobile phase. In general, 
the separated products were either converted directly into crystalline derivatives or 
oxidised to the corresponding lactones and purified by paper chromatography. In 
addition to the above L-arabinose derivatives, there were identified small quantities of 

1 Hirst and Jones, J., 1948, 2311. 


*? Andrews, Hough, Powell, and Woods, J., 1959, 774. 
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2,3,4,6-tetra, 2,3,6-tri-, and 2,4-di-O-methyl-p-galactose. Since only traces of galactose 
were liberated on heating a solution of the polysaccharide, adjusted to pH 2-0, at 80° for 
6 hr., and no galactosyl-arabinose disaccharides were found,” it appears that the p- 
galactosyl units exist largely, if not entirely, in the pyranose form in combination one with 
another. Galactobiose, lactose, and Strychnos nux vomica galactan ® were also slightly 
hydrolysed under these conditions. This evidence suggests that the galactan contains 
p-galactopyranosyl units joined by 1,4-linkages, with a number of branching points where 
the units are substituted at Cy), Cig), and Cy. Similar structural features were found in 
Strychnos nux vomica galactan,® whereas the arabogalactans of larch,® and snail galactan ? 
differ in that their frameworks are constituted of 1,3-linked 8-p-galactopyranose units. 

An additional pectic galactan was detected during these methylation studies, thus 
illustrating the molecular complexity of the pectic substances. The above hydrolysis 
products were obtained by heating the methylated polysaccharide in solution in methanol- 
n-sulphuric acid (1 : 3 v/v), but a small quantity (ca. 1%) of insoluble material separated 
during the reaction. Hirst and Jones! made a similar observation. The insoluble 
product was acidic, gave analyses for a methylated hexose polymer, was insoluble in 
methanol, and had [a], —11° + 2° (in chloroform). Although this product resisted 
hydrolysis by 5Nn-hydrochloric acid, formic acid was effective, and examination of the 
products on paper chromatograms showed the presence of a tri-O-methylhexose, which was 
indistinguishable from 2,3,6-tri-O-methylgalactose; traces of 2,3,4,6-tetra-O-methyl- 
galactose and hexuronic acid derivatives were also revealed. This methylated poly- 
saccharide clearly resembled ‘the methylated pectic galactans of Strychnos nux vomica 
seeds ({a],, —6° in chloroform),® which was also insoluble in methanol, and of Lupinus albus 
({J, —12° in methanol) ; * both were difficult to hydrolyse. An unsuccessful attempt was 
made to procure further quantities of this methanol-insoluble derivative by methylation 
of another batch of the sugar-beet polysaccharide. It can only be assumed that the 
galactan was destroyed by the strongly alkaline conditions of the methylation (cf. Aspinall, 
Laidlaw, and Rashbrook *), and that in the former experiment a small quantity escaped 
destruction by prior methylation. On the other hand, the methylated galactan, which was 
intimately associated with the methylated araban, soluble in methanol, and readily 
hydrolysed, was detected in this second preparation. 

Oxidations of the alkali-stable sugar-beet polysaccharide with sodium metaperiodate 
in unbuffered solution and at pH 3-5 gave similar results: rapid consumption in 20 hr. of 
about 0-68 mol. of periodate per anhydromonosaccharide unit (equivalent to 1 mole of 
periodate per 210 g. of polysaccharide), followed by slow over-oxidation. The acid 
produced was equivalent to 1 mole of formic acid per 1440 g. of polysaccharide. The 
branched structure (I or II) suggested for the araban component, which comprises some 
75% of the alkali-stable polysaccharide, requires 0-66 mole of periodate per anhydro- 
pentose unit for complete oxidation. The araban would not, however, give rise to formic 
acid and consequently the acidity produced must be due to the oxidation of other mono- 
saccharide units. The oxidised polysaccharide was isolated from a larger-scale experiment, 
and the phenylhydrazone derivative was prepared. When the phenylhydrazone was 
heated at 95—100° for 4 hr. in ethanolic phenylhydrazine ! and the solution was poured 
into an excess of alcohol, no precipitate was formed, showing that there was no fragment 
of high molecular weight that had been unattacked by periodate. Finan and O’Colla™ 
have isolated 3-O-L-arabinofuranosylglycerosazone from this Barry degradation and 


* Hough and Powell, unpublished results. 

5 Andrews, Hough, and Jones, J., 1954, 806. 
6 White, J. Amer. Chem. Soc., 1941, 68, 2871; Aspinall, Hirst, and Ramstad, /J., 1958, 593. 
7 Bell and Baldwin, J., 1941, 125. 

8 Hirst, Jones, and Walder, /., 1947, 1225. 

® Aspinall, Laidlaw, and Rashbrook, J., 1957, 4444. 

10 Barry, Nature, 1943, 152, 537; Barry and Mitchell, J., 1954, 4020. } 

11 Finan and O’Colla, Chem. and Ind., 1958, 493. 
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therefore the araban structure can only be represented by either (I) or (II). The phenyl- 
hydrazone of the oxidised polysaccharide was coupled with diazotised aniline in an attempt 
to prepare the NN’-diphenylformazan derivative.!* In the case of the araban, only those 
units which originated from the non-reducing end-groups (L-Araf 1—) should react and not 
those from the main chain (-5 L-Araf 1-). However, the ultraviolet absorption spectrum 
of the product showed that the majority of the phenylhydrazone groups had been modified, 
presumably by coupling with diazotised aniline since the nitrogen contents of the derivatives 
suggested that one molecule each of phenylhydrazine and diazotised aniline had reacted 
with each oxidised pentose unit. Furthermore, the product did not give a dark blue 
colour with concentrated sulphuric acid, a property which is thought to be characteristic 
of NN'-diphenylformazans.!* Mester !* has described a formazan derivative of periodate- 
oxidised xylan, whereas no such product would have been expected.!* Further inform- 
ation is clearly necessary regarding the products obtained from the reaction of oxy-poly- 
saccharide phenylhydrazones with diazotised aromatic amines before this reaction can be 
used with confidence for structural information. Hydrolysis of the oxidised polysaccharide 
and its phenylhydrazone derivative, and subsequent estimations of the monosaccharides 
liberated, revealed that only 3-3—5-4% of arabinose and 1-0—1-4% of galactose were 
present in the hydrolysates, whereas on the branched araban structure (I or II) about 
one-third of arabinose should have remained unoxidised. Abdel-Aker, Hamilton, Mont- 
gomery, and Smith ' have found that, in general, low yields of monosaccharides are 
obtained from oxy-polysaccharides unless reduction to the corresponding polyol is carried 
out before hydrolysis. When the oxidised sugar-beet polysaccharide was reduced with 
sodium borohydride and then hydrolysed, 14% of arabinose and 3-5% of galactose were 
found. Since the amount of arabinose remaining unoxidised by periodate is an indirect 
measure of the number of non-reducing end-groups attached to the araban, it appears 
that there are on the average five arabinose units per non-reducing end-group. Investig- 
ations of methylated arabans have suggested that one in every three arabinofuranosyl 
units represents a branching point, and consequently the estimate obtained by periodate 
oxidation studies must be held in reserve until further evidence is available. However, 
the araban structure may be subject to variation as the result of biological activity due 
either to seasonal changes or to differences during the life cycle of the plant. Since the 
galactose content of the polysaccharide fell from 10% to 3-5% on periodate oxidation, the 
galactan must also have a branched structure, one in every three galactose residues 
representing a branching point. 


EXPERIMENTAL 


Paper chromatography of the monosaccharides and their derivatives was carried out as 
described previously: ? polyols, amides, and lactones were detected on paper chromatograms 
by periodate-p-anisidine hydrochloride, ninhydrin, and hydroxylamine-ferric chloride, 
respectively. Evaporations were under reduced pressure. Unless otherwise stated, optical 
rotations were observed at 25° for aqueous solutions. Products were dried under reduced 
pressure over phosphoric oxide. 

Methylation.—The alkali-stable polysaccharide (25 g.; [a], —84°) (Found: sulphated ash, 
5-0; N, 0-7%) was dissolved in water (150 ml.); dimethyl sulphate (150 ml.) and 40% sodium 
hydroxide solution (300 ml.) were added dropwise with stirring during 8 hr. with ice-cooling. 
After the mixture had been stirred overnight, the methylation was repeated. The mixture was 
then acidified with glacial acetic acid, dialysed against tap-water until free from sulphate ions, 
and evaporated. The residue was further methylated by four repetitions of the above 
procedure. The final sulphate-free solution was extracted continuously for 20 hr. with chloro- 
form which was then evaporated to a syrup (22-3 g.) (Found: OMe, 37-2; sulphated ash, 8-3%). 


12 Mester, Adv. Carbohydrate Chem., 1958, 18, 105; J. Amer. Chem. Soc., 1955, 77, 5452. 
13 Barry and Mitchell, Chem. and Ind., 1957, 35, 1045. 

14 Abdel-Aker, Hamilton, Montgomery, and Smith, J. Amer. Chem. Soc., 1952, '74, 4970. 
18 Bragg and Hough, /., 1958, 4050. 

16 Abdel-Aker and Smith, J. Amer. Chem. Soc., 1951, 78, 5859. 
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This syrup was further methylated by three treatments with methyl iodide and silver oxide. 
The final product (20-5 g.) had [a],, — 103° + 3° (c 0-7 in CHCl,) (Found: OMe, 39-8; sulphated 
ash, 2-8%). 

The methylated polysaccharide was fractionated by boiling it under reflux with mixtures 
(100 ml. each) of chloroform-light petroleum (b. p. 40—60°). The three main fractions were 
obtained with the tabulated properties. 


CHC1,—petrol Weight OMe Sulphated [a]p in 

Fraction (v/v) (g.) % ash (%) CHCl, 
1 15: 85 0-8 39-3 0-9 — 30-5 

2 20 : 80 2-8 39-1 0-3 —lil 

3 25 : 75 15-8 38-7 0-4 — 108-5 


A solution of fraction 3 (1 g.) was heated in N-sulphuric acid (15 ml.) and methanol (5 ml.) 
under reflux at 95—100° and the optical rotation (1 dm. tube) was determined at intervals: 
+0-24° (11 hr.), +1-3° (15 hr.), and +1-75° (constant; 18hr.). After removal of a small white 
precipitate, the hydrolysate was neutralised by Amberlite IR-4B resin (OH form), concentrated, 
and examined on paper chromatograms. 

Another portion of fraction 3 (1 g.) was heated with methanolic hydrogen chloride (4% w/w; 
20 ml.) at 95—100° for 16 hr. and then after the addition of N-hydrochloric acid (50 ml.) heated 
at 95—100° for a further 6 hr. The hydrolysate was neutralised with Amberlite IR-4B resin, 
concentrated, and examined on paper chromatograms. The two hydrolysates were similar 
in composition. 

A larger hydrolysis of fraction 3 (10 g.) was carried out as above in N-sulphuric acid- 
methanol, and the white insoluble material (A) was isolated on the centrifuge, washed with 
methanol, and dried. This material (A; 120 mg.) had [@],, —11° + 2° (c 0-5 in CHCI,) and was 
slightly acidic (Found: OMe, 43-7%). The clear supernatant liquid was neutralised by 
Amberlite IR-4B resin and concentrated to a syrup, fraction 3A. 

The insoluble material A was stable to 5N-hydrochloric acid but was hydrolysed by heating 
it at 95—100° with anhydrous formic acid (2 ml.) for 16 hr. and, after addition of water (5 ml.), 
then for a further 6 hr. The hydrolysate was concentrated and examined on paper chromato- 
grams. A high proportion of 2,3,6-tri-O-methylgalactose was thus revealed, together with a 
little 2,3,4,6-tetra-O-methylgalactose and slower-moving components, some of which were 
acidic to Bromophenol Blue. 

A further quantity of fraction 3 (3 g.) was shaken with methanol, and the insoluble material 
(50 mg.) was collected on the centrifuge and thoroughly washed with methanol. Hydrolysis 
with formic acid and subsequent paper chromatography of this insoluble material {{«],, —31° + 
3° (c 1-6 in CHCI,)} suggested a similar composition to that obtained as above during acid- 
hydrolysis. 

Methylation of a further quantity of the alkali-stable polysaccharide (35 g.) by the above 
method gave a methylated derivative (25 g.; OMe, 39-8%) which had [a], —110° + 3° (¢ 1-1 
in CHCl,) and was completely soluble in methanol. When this product was hydrolysed in 
n-sulphuric acid—methanol (3: 1 v/v) for 18 hr. no insoluble material separated. 

The methylated sugars present in fraction 3A were separated efficiently and rapidly on a 
cellulose column (70 x 4 cm.) by using as the eluent benzene and subsequently benzene- 
ethanol mixtures.? The effluent emerged at a rate of ca. 2 ml. per min. and after examination 
on paper chromatograms was divided into three fractions. Benzene separated all of the 
tri-O-methylpentose, and the effluent (fraction i) was collected from 14 to 24 hr. after the mixture 
had been placed on the column. Benzene-ethanol (9: 1 v/v) removed the di-O-methylpentose 
during 12—16 hr (fraction ii). After 20 hr., benzene-ethanol (1:1 v/v) was used as solvent, 
and mono-O-methylpentose was then detected in the effluent up to 28 hr. (fraction iii). Finally, 
ethanol was used to elute a small residue (100 mg.) containing traces of arabinose and methylated 
uronic acids. The fractions were evaporated to syrups and dried. 

Fraction i (1-1 g.) had [@],, +418° + 3° (c 0-6) [Found: OMe, 50-5. Calc. for C;H,O,(OMe), 
and C,H,O,(OMe),: OMe, 48-5 and 52-5% respectively]. Paper chromatography revealed 
two components (Rp, 2-25 and 2-07) which were indistinguishable from 2,3,5-tri-O-methy]l- 
arabinose and 2,3,4,6-tetra-O-methylgalactose. A solution of the syrup ( 420 mg.) in a mixture 
of ethanol (3 ml.) and aniline (50 mg.) was heated under reflux and then evaporated to give 
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crystals. After trituration with ether, recrystallisation from ethanol afforded N-phenyl-p- 
galactopyranosylamine tetramethyl ether (20 mg.), m. p. and mixed m. p. 188° [Found: OMe, 
39-9. Calc. for C,,H,,;ON(OMe),: OMe, 40-0%]. 

Another portion of the syrup (440 mg.) was oxidised with bromine-water for 7 days in the 
dark and, after neutralisation with silver carbonate and evaporation, a syrupy mixture of 
lactones (340 mg.) was obtained. Three components (Rp 0-88, 0-78, and 0-67) were detected 
on paper chromatograms and so the mixture was separated on sheet-paper chromatograms 
with benzene-ethanol—water as solvent. The faster-moving component (35 mg.) was 2,3,5-tri- 
O-methyl-L-arabinolactone contaminated with a little 2,3,4,6-tetra~-O-methyl-p-galactono- 
lactone and had [a],, +-16° (initial value) —» —8° (60 hr.; c 0-6) [Found: OMe, 49-4. Calc. 
for C,H,0O,(OMe),: OMe, 48-9%]. The next component (11-1 mg.) crystallised and was purified 
by sublimation under reduced pressure. After recrystallisation from ether, the lactone had 
m. p. 100°, undepressed on admixture with 2,3,6-tri-O-methyl-p-galactonolactone [Found: 
OMe, 41-9. Calc. for Cs,H,O,(OMe),: OMe, 42-3%]. The slowest-moving component (110 
mg.) had [a],, —35° (initial value) —» — 25-2° (7 days; final value; c 1-4) [Found: OMe, 35-6; 
equiv. wt., 173. Calc. for C;H,O,(OMe),: OMe, 35:2%; equiv. wt., 176]. On treatment with 
methanolic ammonia, a crystalline amide was produced which co-chromatographed with 
2,3-di-O-methylarabonamide and had m. p. and mixed m. p. 164° [Found: OMe, 31-9. Calc. 
for C,H,O,N(OMe),: OMe, 32-1%]. 

Fraction ii (0-96 g.) had [a],, +93-5° + 1° (c 2-1) [Found: OMe, 36-2. Calc. for C;H,O,(OMe), 
and C,H,O,(OMe),: OMe, 34:8 and 41-8% respectively]. Paper chromatography revealed 
at least two components which resembled 2,3-di-O-methylarabinose and 2,3,6-tri-O-methyl- 
galactose. A portion of the syrupy mixture (70 mg.) was heated under reflux with ethanol 
(2 ml.) and aniline (35 mg.) for 1 hr. and after evaporation the product separated on a sheet- 
paper chromatogram using butan-l-ol-ethanol-water as solvent. After detection of the 
anilide on guide strips with p-anisidine hydrochloride, elution of the appropriate area of the 
chromatogram afforded N-phenyl-t-arabinosylamine 2,3-dimethyl ether (10 mg.), m. p. 137° 
[Found: OMe, 24-1; N, 5-4. Calc. for C,,H,,O,N(OMe),: OMe, 24-5; N, 5-5%]. 

A further portion of the mixture of sugars (0-75 g.) was oxidised with bromine water as 
above; paper chromatography then revealed at least three lactones, which were also separated 
as above. The component with R»y 0-78 (11-6 mg.) crystallised and had m. p. 100°, unchanged 
on admixture with 2,3,6-tri-O-methyl-p-galactone-1 —-» 4-lactone [Found: OMe, 42-4. Calc. 
for C,H,O,(OMe),: OMe, 42:3%]. The component with Ry 0-67 (150 mg.) had [a], —35° 
(initial value) —» — 25° (8 days; final value; c 1-4) [Found: OMe, 35-4; equiv..wt., 175. 
Calc. for C;H,O,(OMe),: OMe, 35-2%; equiv. wt., 176]. After hydrolysis of the lactone with 
aqueous alkali, the sodium salt was oxidised with sodium metaperiodate, 0-96, 0-99, and 1-00 
mol. being consumed per mol. of di-O-methylpentonic acid after 3, 6, and 24 hr. respectively: 
0-93 mol. of formaldehyde was produced after 3 hr. When treated with methanolic ammonia, 
the lactone gave 2,3-di-O-methyl-L-arabonamide, m. p. and mixed m. p. 164° [Found: OMe, 
32-4. Calc. for C;H,O,N(OMe),: OMe, 32-1%]. 

The third component (130 mg.) had [a],, +78° + 2° (c 1-2) and did not mutarotate (Found: 
OMe, 25:5%). It could not be related to any known pentono- or hexono-lactone. 

Fraction iii (1 g.) had [a),, +83° + 3° (c 1-0) [Found: OMe, 23-0. Calc. for C;H,O,(OMe) 
and C,H,,0,(OMe),: OMe, 18-9 and 29-8% respectively]. A portion (0-1 g.) was oxidised with 
bromine-water, and the product examined on paper chromatograms. At least three lactones 
were detected. Another portion (0-1 g.) was shaken with anhydrous copper sulphate (0-1 g.) 
and dry acetone (10 ml.) for a week. After filtration and evaporation of the acetone solution, 
3,4-O-isopropylidene-2-O-methyl-L-arabinose 17 was obtained, having m. p. 115° and [a], 
+ 108° + 1° (c 0-6 in ethanol) (Found: C, 52-8; H, 7-6; OMe, 15-2. Calc. for C,H,,0,(OMe): 
C, 52-9; H, 7-8; OMe, 15-2%]. A solution of the isopropylidene derivative (40 mg.) in ethanol 
(2 ml.) and aniline (18 mg.) was heated under reflux for $ hr. Decolorisation with charcoal 
and concentration afforded a crystalline anilide (44 mg.), m. p. 142° [Found: C, 64-5; H, 7-4; 
N, 4:8; OMe, 12-1. Calc. for C,,H,,O,N(OMe): C, 64-6; H, 7-4; N, 5-0; OMe, 11-1%]. 

Another portion of fraction iii (0-4 g.) was heated under reflux with methanolic hydrogen 
chloride (1-5% w/w; 10 ml.) until the solution was non-reducing (ca. 10 hr.). The solution was 
neutralised with silver carbonate and concentrated to a syrup (264 mg.). <A portion of this 
syrup (13-2 mg.) was dissolved in water (ca. 15 ml.), 0:3mM-sodium metaperiodate (1 ml.) was 
17 Jones, Kent, and Stacey, J., 1947, 1341. 
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added, and the whole was made up to 25 ml. with water. Aliquot samples (5 ml.) were with- 
drawn at intervals, and the consumption of periodate was determined; after 6 hr. a conStant 
value of 0-68 mol. was consumed, on the assumption that a methyl mono-O-methylpento- 
pyranoside had been oxidised. The remainder of the syrup (251 mg.) was similarly oxidised 
with sodium metaperiodate for 18 hr. Excess of periodate was then destroyed with ethylene 
glycol (0-2 ml.); the solution was evaporated to a syrup which was heated in N-sulphuric acid 
(5 ml.) at 95—100° for 7 hr. and neutralised with barium carbonate. After concentration to a 
small volume, the solution was passed into a squat charcoal column '§ and eluted first with 
water to remove inorganic ions and then with 5% ethanol. The eluate was concentrated to 
give syrupy 3(?)-O-methyl-t-arabinose (27 mg.) which had [a], +96° + 4° (c 0-5) [Found: 
OMe, 18-5. Calc. for C;H,O;(OMe): OMe, 18-9%]. An attempt to prepare the phenylosazone 
of this sugar was unsuccessful and its conclusive identification awaits further investigation. 
Elution of the charcoal column with 10% ethanol afforded, after concentration, a syrup (6 mg.) 
which slowly crystallised. Recrystallisation from chloroform gave 2,4-di-O-methyl-p-galactose, 
m. p. and mixed m. p. 77°. An X-ray photograph and paper chromatograms of the di-O- 
methyl derivative were identical with those of an authentic specimen. The syrup obtained 
by evaporation of the chloroform was examined on paper chromatograms and was observed to 
contain a substance that was indistinguishable from 3-O-methylrhamnose. 

Periodate Oxidation of the Polysaccharide.—The de-ionised polysaccharide (201-8 mg.) was 
dissolved in water, 0-3M-sodium metaperiodate (10 ml.) added, and the whole made up to 100 ml. 
with water. Samples (5 ml.) were withdrawn in duplicate at various intervals of time for the 
determination of the consumption of periodate !* and the acid liberated.2° The polysaccharide 
(101-5 mg.) was also oxidised with 0-3m-sodium metaperiodate (5 ml.) in 0-2N-sodium acetate 
buffer (pH 3-6; 50 ml.). Blanks were run concurrently with each oxidation, and the reactions 
were all carried out in the dark and at room temperature. The results are summarised in the 
following Table: 


RED sciesicininntndsicnsttessisbicisnonsiatoxenes 0-5 10 20 50 75 95 

Periodate uptake (ml. offunbuffered _...... 0-8 7-2 9-3 9-8 10-2 10-3 
0-01N-thiosulphate) buffered _.......... 0-3 6-0 8-2 9-5 9-8 9-8 

Acid liberated (ml. of 0-01N-alkali)............... —— -- 0-75 0-85 0-9 0-95 


Extrapolation of the rate curves obtained for the periodate uptake under both unbuffered and 
buffered conditions showed a rapid uptake of 0-68 + 0-04 mole per mole of anhydropentose 
after 20 hr., which corresponds to a consumption of 1 mole of periodate per 210 g. of poly- 
saccharide. Similarly the extrapolated titre of 0-7 ml. of 0-01N-sodium hydroxide indicated 
that after 20 hr. 1 mole of formic acid was liberated per 1440 g. of polysaccharide. 

The above procedure was repeated on a larger scale by dissolving the polysaccharide (5 g.) 
in water, adding 0-3m-sodium metaperiodate (250 ml.), and making the whole up to 2 1. with 
water. After 30 hr., sufficient ethylene glycol (ca. 6 ml.) was added to destroy the excess of 
periodate, and the solution was left for 30 min. The solution was then dialysed against tap 
water until free from iodate, as indicated by the acidified starch—iodide test, to give a solution B 
(2-1 1.) having «, —0-18° (1 dm. tube). 

A portion of solution B (100 ml.) was poured into an excess of ethanol, and the precipitated 
oxypolysaccharide collected in the centrifuge, washed with alcohol and ether, and dried. To 
another portion of solution B (1-6 1.) was added a solution of phenylhydrazone (10 ml.) in 10% 
acetic acid (25 ml.) with stirring, and the precipitated phenylhydrazone was collected in a 
sintered-glass crucible (porosity 4), thoroughly washed with dilute acetic acid and then water, 
and dried. The filtrate was optically inactive. The pale yellow solid (3-6 g.) had {a],, —70° + 
6° [c 0-3 in pyridine—water {1:1 v/v)] (Found: N, 9-9%). The phenylhydrazone (1 g.) was 
dissolved in ice-cold pyridine (100 ml.), and a solution of diazotised aniline (20 ml.) added 
dropwise. The product (NN-diphenylformazan?) was isolated by pouring the solution into 
ice-cold water, and the precipitate was collected in a sintered-glass crucible (porosity 4) and 
purified by repeated precipitation from acetone solution by the addition of light petroleum 
(b. p. 60—80°), to give a reddish-brown solid (0-76 g.) which was dried (Found: N, 13-1%). 

The remainder of solution A was evaporated to ca. 60 ml. and then made up to 100 ml. with 

18 Andrews, Hough, and Powell, Chem. and Ind., 1956, 658. 


19 Neumiiller and Vasseur, Arkiv Kemi, 1953, 5, 235. } 
20 Anderson, Greenwood, and Hirst, J., 1955, 225. 








22 Mason: Tautomerism of N-Heteroaromatic Aldoximes. 


water, to give a solution C with [a],, —0-62° (1 dm. tube). Evaporation of an aliquot part 
(10 ml.) to dryness revealed that the solution C contained 0-768% of oxypolysaccharide which 
had [a], —80-8°. 

A quantitative estimate of the amount of sodium borohydride consumed by the oxypoly- 
saccharide was made by Lindberg and Theander’s method.**_ “ AnalaR”’ boric acid (62 mg.) 
was dissolved in an aliquot part (10 ml.) of solution C, and a portion of this mixture (3 ml.) then 
reduced with sodium borohydride for 20 hr. The sample consumed the equivalent of 4-35 ml. 
of hydrogen at N.T.P. which, on the assumption that the original polysaccharide contained 
only pentose units, suggested that 1-1 mol. of hydrogen were consumed per oxypentose unit. 

Sodium borohydride was added to solution C (40 ml.), which was then kept for 48 hr., 
acidified with dilute acetic acid, and dialysed until free from boric acid, as indicated by the 
quinalizarin test.22 The solution was poured into a large excess of ethanol, and the precipitate 
was collected on the centrifuge, washed successively with alcohol and ether, and dried. The 
reduced oxypolysaccharide (260 mg.) had [a], —31-4° + 4° (c 0-9). 

Acidic hydrolysates of the oxypolysaccharide, the phenylhydrazone derivative, the “‘ di- 
phenylformazan ”’ derivative, and the reduced oxypolysaccharide were examined on paper 
chromatograms; arabinose, galactose, glycerol, and tetritol(s) were detected together with 
traces of rhamnose. Quantitative estimates of galactose and arabinose in each of the above 
hydrolysates, as determined by the benzidine method,** are shown in the annexed table. 


Sample Ribose added Found (mg.) Yield (%) 
(mg.) (mg.) Arab. Gal. Rib. Arab. Gal, 
Oxypolysaccharide ............ 80-7 11-8 1-05 0-30 4-04 3:3 1-0 
Phenylhydrazone .............++ 100-0 32-3 1-33 0-34 7-00 5-4 1-4 
Diphenylformazan(?) ......... 72-6 22-8 0-51 0-12 3°46 4-1 1-0 
Reduced oxypolysaccharide... 50-0 23:3 1-16 0-28 3°40 14-0 3:5 
THE UNIVERSITY, BRISTOL. [Received, July 10th, 1959.) 


21 Lindberg and Theander, Svensk Papperstidn., 1954, 57, 83. : 
22 Johnson and Toogood, Analyst, 1954, 79, 493. 
23 Jones and Pridham, Biochem. J., 1954, 58, 288. 


4. Tautomerism of N-Heteroaromatic Aldoximes. 
By S. F. Mason. 


The ionisation constants of a number of N-heteroaromatic aldoximes 
and of their O- and nuclear N-alkyl derivatives have been measured in aqueous 
solution at 20°. The ultraviolet spectra of the aldoximes have been obtained 
in water and ethanol, and their infrared spectra in carbon tetrachloride. 
In aqueous solution a small amount of the zwitterionic N-H tautomer co- 
exists with the predominant enol form, and tautomeric equilibrium constants 
have been calculated from both the ionisation constants and the spectro- 
scopic data. The low values of the tautomeric constants, relative to those 
of the corresponding hydroxy-compounds, are ascribed to restricted 
conjugation between the aldoxime group and the nucleus. 


N-HETEROAROMATIC aldoximes possess a basic ring nitrogen atom and an acidic exocyclic 
hydroxyl group, and, like the analogous N-heteroaromatic hydroxy-compounds,?? the 
neutral enolic form (e¢.g., I) exists in tautomeric equilibrium with the corresponding 
zwitterionic (e.g., Ila) or ‘ quinonoid’’ form (e.g., IIb). The equilibrium of the N-hetero- 
aromatic aldoximes has now been investigated with the methods employed in previous 
studies of tautomerism.)? 

The ionisation constants of pyridine-2-, -3-, and -4-aldoxime and quinoline-4-aldoxime, 
and of their nuclear N-methyl derivatives, have been measured in aqueous solution at 20°, 

1 Mason, J., 1957, 4874. 


2 Mason, /., 1957, 5010. 
3 Mason, /., 1958, 674. 
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and tautomeric equilibrium constants (K; = [N-H form]/[O-H form]) have been calculated 
according to the equation 3 
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where K, and Kyy, are the ionisation constants of the conjugate acids of the aldoxime and 
of its nuclear N-methyl derivative respectively. The results are in Table 1. The infrared 
spectra of the aldoximes have been measured in carbon tetrachloride solution in the 3 pu 


TABLE 1. Jonisation constants of some N-heteroaromatic aldoximes and of their O- and 
nuclear N-alkyl derivatives in water at 20°, and the concentration of measurement. The 
tautomeric equilibrium constants (K, = [NH-form]/[OH-form]) of the aldoximes and of 
the corresponding hydroxy-compounds. 


Concn. log Ky log K,¢ 
Compound pk, pk, (10-%m) Aldoxime Hydroxy 
Pyridine-2-aldoxime® ...... 3-63 + 0-02 10-14 + 0-02 20 —4:37 2-96 
O-n-propyl ether ......... 3-58 + 0-05 5 
l-methiodide ® ............ 8-00 + 0-01 20 
Pyridine-3-aldoxime? ...... 410+ 0-01 10-36 + 0-03 10 —5-12 —0-08 
O-n-propyl ether ......... 4-12 + 0-04 5 
l-methiodide® ............ 9-22 + 0-03 10 
Pyridine-4-aldoxime® ...... 4:77 + 0-01 9-99 + 0-01 20 —3-80 3-29 
O-n-propyl ether ......... 4-81 + 0-04 5 
1-methiodide ® ............ 8-57 + 0-02 20 
Quinoline-4-aldoxime ...... 455+0-04 10-42 + 0-05 0-1 —3:77 3°88 
l-methiodide® ............ 8-32 + 0-04 5 


* After the completion of this work, spectroscopically determined pK, values were reported (cf. 
ref. 6); for pyridine-2-aldoxime, 3-60 and 10-8, -3-aldoxime, 3-94 and 10-32, and -4-aldoxime, 4-58 
and 9-91. * From the pH of half-neutralised solutions, Ginsberg and Wilson (cf. ref. 8) report pK, 
8-0, 9-2, 8-6, and 8-3 for pyridine-2-, -3-, and -4- and quinoline-4-aldoxime respectively. ¢ Quoted 
from ref. 3. 


region, and their visible and ultraviolet spectra, together with those of the nuclear N- 
methyl derivatives, in aqueous and in ethanol solution. The spectral data are recorded 
in Table 2 and Figs. 1 and 2. 

In carbon tetrachloride solution the N-heteroaromatic aldoximes absorb near 3600 
cm.!, owing to the O-H stretching vibration, but no N-H group absorption is observed, 


TABLE 2. Frequency of the O-H-stretching vibration absorption of some N-heteroaromatic 
aldoximes in carbon tetrachloride solution (voy); their ultraviolet absorption band maxima, 
and those of the corresponding nuclear N-methyl derivatives; and the tautomeric equilibrium 
constants (K, = [NH-form]/[OH-form)]) calculated from the spectra. Values in italics 
refer to shoulders. 


Compound vou (cm.~) Amax. (My) log Emax. Solvent log Ky 
Pyridine-2-aldoxime ... 3596 355; 277; 239 0-15; 3°88; 4-02 pH 6-9 —41 
279; 240 3-89; 4-01 EtOH 
1-methochloride_... 335; 285; 220 4-26; 3-72; 3-71 pH 11 
Pyridine-3-aldoxime ... 3591 275; 243 3°67; 4-06 pH 7-2 
275; 245 3-68; 4-06 EtOH 
l-methochloride ... 335; 288; 242 3-62; 4:17; 411 pH 12 
Pyridine-4-aldoxime ... 3590 340; 246 0-50; 4:10 pH 7-4 —3-8 
248 411 EtOH 
l-methochloride ... 336; 239 4-34; 3-78 pH ll 
Quinoline-4-aldoxime 3591 312; 234 3°81; 4-29 pH7 
327; 241 3-95; 4-35 pH 1 
323; 235 4-26; 4-36 pH 13 
l-methochloride ... 387; 246 4-31; 4-33 pH 12 
Quinoline-2-aldoxime 3593 


and they exist, therefore, predominantly in the enolic form (e.g., I) in non-polar solvents. 
Quinoline-2- and pyridine-2-aldoxime have the ¢rans- or syn-configuration,‘ since the 
infrared absorption corresponds to that! of a free O-H group (Table 2). The ionisation 

4 Hanania and Irvine, Nature, 1959, 188, 40. 
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constants indicate (Table 1) that in neutral aqueous solution the enolic form of the 
aldoximes predominates over the zwitterionic form by a factor of 10*—10°, a conclusion 
which is supported by the ultraviolet evidence. Pyridine-2- and -4-aldoxime in neutral 
aqueous solution give spectra showing a low-intensity shoulder at long wavelengths, at a 
position similar to that of the first high-intensity band in the spectrum of the zwitterionic 
form of the corresponding N-methyl derivative (Figs. 1 and 2). The shoulder is due to 
absorption by the small amount of the zwitterionic form of the aldoxime in equilibrium 
with the enolic form, for the shoulder is not observed in ethanol solution where tautomerism 
to the zwitterion is suppressed. It is improbable that the shoulder arises from a forbidden 
transition in the enolic form, as the absorption would then appear in both ethanol and 
aqueous solution. If it is assumed that the long-wavelength absorptions of the zwitterionic 
species of an aldoxime and its N-methyl derivative have the same maximum extinction 
coefficient, the intensity of the shoulder gives the fraction of the aldoxime present as the 
zwitterionic form in aqueous solution. The values of the tautomeric equilibrium constants 



































Fic. 1. Ultraviolet absorption spectra of pyridine-2- Fic. 2. Ultraviolet absorption spectra of pyridine- 
aldoxime in water (pH 6-9) and... . in 4-aldoxime in water (pH 7-4) and 
ethanol, and of its 1-methochloride — —— at in ethanol, and of its 1-methochloride — — — 
pH 11. at pH 11. 
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for pyridine-2- and -4-aldoxime so obtained (Table 2) show satisfactory agreement with 
those calculated from the ionisation constants of the compounds (Table 1). The 3-isomer 
and quinoline-4-aldoxime are less soluble in water, and the visible and ultraviolet absorption 
curves of these compounds could not be followed to low enough extinction values to derive 
tautomeric equilibrium constants by the spectroscopic method. 

The tautomerism of the N-heteroaromatic aldoximes, like that of the corresponding 
hydroxy-compounds, involves the ionisation of a proton from an oxygen to a nitrogen atom, 
and tautomeric equilibrium constants of similar magnitude might be expected in the 
two series. However, the constants are 10°—10’ times larger in the hydroxy- than in the 
aldoxime series (Table 1), indicating that relative to the enolic forms the zwitterionic 
species in the hydroxy-series are 7—10 kcal./mole more stable than their aldoxime analogues 
in aqueous solution. The oxygen atom of the hydroxyl group in the aldoximes is bonded 
to nitrogen, as opposed to carbon in the hydroxy-compounds, and the aldoximes should 
have the greater acidity in consequence, nitrogen being more electronegative than carbon. 
Hydroxylamine (pK, = 12-5—13) 5 is a stronger acid than methyl alcohol, but phenol 
is some six times stronger an acid than a-benzaldoxime (pK, 10-75),® and in the N-hetero- 
aromatic series the enolic hydroxy-compounds ® are more acidic by 1—2 pK, units than the 
aldoximes. The smaller relative acidity of the oxime group in aromatic systems suggests 


5 Charles and Freiser, Analyt. Chim. Acta, 1954, 11, 101. 
® Cecchi, Ricerca sci., 1958, 28, 2526. 
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that the lone-pair electrons of the oxygen atom in the aldoximes are less effectively 
conjugated with the nucleus than the corresponding electrons in the phenols, particularly 
when the oxygen atom carries a formal negative charge, a conclusion which is consistent 
with the low values of the tautomeric equilibrium constants in the series of N-hetero- 
aromatic aldoximes. 

The zwitterionic forms of N-heteroaromatic hydroxy-compounds derive stability from 
the delocalisation of lone-pair electrons from the negatively charged oxygen atom into the 
nucleus,? the stabilisation being particularly effective when the positively charged nitrogen 
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atom occupies a starred (conjugated) position in the nucleus. If conjugation between the 
exocyclic atoms and the nucleus were complete, that is, if all resonance integrals in the 
n-electron system system were equal, a smaller fraction of the oxygen lone-pair electrons 
would be delocalised into the nucleus of the pyridinealdoximes, which are hetero-analogues 
of the cinnamyl anion, than into the nucleus of the hydroxypyridines, which are hetero- 
analogues of the benzyl anion, since only three-elevenths of the negative charge are located 
in the nucleus of the cinnamy] anion (III), in contrast to three-sevenths in the benzyl anion 
(IV). [Relative charge distributions are shown in (III) and (IV).] According to the 
considerations presented previously,® the tautomeric equilibrium constants of pyridine-3- 
aldoxime and 3-hydroxypyridine would then be of the same order of magnitude, the nuclear 
nitrogen atom occupying an unstarred position in both these compounds, and the difference 
between the free energies of tautomerism of pyridine-3- and -4-aldoxime would be seven- 
elevenths of the corresponding free-energy difference between 3- and 4-hydroxypyridine. 
However, the tautomeric constant of pyridine-3-aldoxime is 10% that of 3-hydroxypyridine, 
and the difference between the tautomeric free energies of pyridine-3- and -4-aldoxime is 
little more than half of the theoretical value, suggesting that conjugation between the 
exocyclic atoms and the nucleus is less effective in the zwitterionic forms of the N-hetero- 
aromatic aldoximes than in those of the corresponding hydroxy-compounds. 

The restricted conjugation in the aldoximes implies that in the cases where the nitrogen 
atom occupies a starred position in the nucleus, resonance between the zwitterion (e.g., IIa) 
and the quinonoid form (e.g., IIb) is limited, the structure of the N-H tautomer approxim- 
ating closely to the former (e.g., Ila). Thus, in contrast to the corresponding pyridones, 
the nuclear N-methyl derivatives of pyridine-2- and -4-aldoxime cannot be extracted from 
alkaline solution with chloroform or ether, indicating that they are particularly polar, 
(e.g., Ila), and the alkaline solutions show no absorption in the red region, where the nitroso- 
group has a characteristic absorption band, suggesting that the quinonoid structure 
(e.g., IIb) contributes little to the resonance hybrid of which the N-H tautomer is composed. 

The acetamidopyridines are isoconjugate with the pyridinealdoximes, and conjugation 
between the exocyclic atoms and the nucleus appears to be limited in the zwitterion or 
acetylimino-species of the former compounds.’ In the pyridone acylimines it is possible 
that one lone-pair of the execyclic nitrogen atom conjugates with the nucleus and the 
other with the carbonyl group,’ but a similar restriction of conjugation between the 
exocyclic group and the nucleus cannot occur in the zwitterionic forms of the pyridine- 
aldoximes. As in other acyclic z-electron systems, it is probable that there is an alternation 
7 Jones and Katritzky, J., 1959, 1317. 
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of bond character in the exocyclic group of the N-heteroaromatic aldoximes, the exocyclic 
C-C and N-O bonds being largely single, and the C-N link being largely a double bond, 
so that interaction between the oxime portion and the nucleus is small. 


EXPERIMENTAL 


Materials.—The pyridinealdoximes and their O-n-propyl ethers were commercial specimens, 
The former were recrystallised from water, and the latter redistilled. Quinoline-2- and -4- 
aldoxime, and the aldoxime methiodides, were prepared according to Ginsberg and Wilson,® 
their method B being adopted for the latter compounds. Quinoline-2-aldoxime methiodide 
could not be prepared, as noted previously.® 

Spectva.—Infrared spectra were obtained by using dilute carbon tetrachloride solutions of 
the aldoximes in a 5 cm. cell with a Mervyn N.P.L. grating spectrophotometer. Visible and 
ultraviolet absorption curves were measured with a Hilger Uvispek quartz spectrophotometer, 
in the solvents listed in Table 2. 

Tonisation Constants.—These were determined by potentiometric titration, with a Cambridge 
pH meter with glass and calomel electrodes, except for quinoline-4-aldoxime, the constants of 
which were measured spectroscopically at 280—350 my with 0-01m-acetate and -borate buffers 
for the acidic and basic pH ranges respectively. 


The author is indebted to the Royal Society for the provision of spectrophotometers, 
CHEMISTRY DEPARTMENT, THE UNIVERSITY, EXETER. [Received, July 13th, 1959.] 
8 Ginsberg and Wilson, J. Amer. Chem. Soc., 1957, 79, 481. 


5. A New Chromone Synthesis. 
By B. B. MILLWARD. 


Reduction of NN-dimethylaniline and of NN-dimethyl-p-toluidine by 
sodium and alcohol in liquid ammonia afford the 2,3-dihydro-amines as main 
products. 2,3-Dihydro-NN-dimethyl-p-toluidine (II) gives 7,8-dihydro-2,6- 
dimethylchromone (IV) with diketen. 


Tue “ enamines,” R,N-C:C, have been rather neglected since the observation ! that ethyl 
8-diethylaminocrotonate added methyl iodide in a 1,3-manner: 


Mel + H,O 
EtO,C*CHCMe-NEt, ——3> EtO,C-CHMe’CMe!NEt, I> ——t> EtO,C*CHMe*CO-Me 


Similar alkylations and acetylations by a variety of electrophilic reagents (RX) have 
been reported,* the cyclohexeneamine (I) being used, prepared from pyrrolidine and 
cyclohexanone. 


I 
[ J Lica x" 
N rx N H,0 Cy 
(I) 


It was hoped that addition of diketen to 2,3-dihydro-NN-dimethyl--toluidine (II) 
would give an intermediate (III) suitable for steroid syntheses. Instead, the product 
proved to be 7,8-dihydro-2,6-dimethylchromone (IV). 

The need to prepare the conjugated dienamine (II) afforded an opportunity to examine 
in greater detail the reductions of NN-dimethylaniline and of NN-dimethyl-f-toluidine 


1 Robinson, J., 1916, 109, 1038. 
2 Stork, Terrell, and Szmuszkovicz, J. Amer. Chem. Soc., 1954, 76, 2029. 
% Stork and Landesman, ibid., 1956, 78, 5128. 
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described by Birch. The dihydro-compounds he obtained were hydrolysed directly to 
cyclohexanones. Unexpectedly, the main products are the 2,3-dihydro-amines rather 
than the 2,5-dihydro-amines. 


9 
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The first experiments on dimethylaniline showed that the products were similar whether 
the sodium ethoxide by-product was filtered off from the reaction mixture or washed out 
with water before distillation. However, the more convenient water-wash did lead to a 
little hydrolysis. The aromatic amines had absorption bands near 2520 A whereas the 
dihydro-amines showed minimal absorption near this wavelength, so enabling the extent 
of reduction to be estimated spectroscopically. The product from these reductions had 
a band (Amax, 3030 A, « 7400) which must have been due to 2,3-dihydrodimethylaniline. 
The conjugation of a double bond with an amino-group results in light absorption similar 
to that of a conjugated diene,® and 1-diethylaminobuta-1,3-diene absorbs at Amax, 2810 A 
(¢ 23,500). Comparison with 2,3-dihydro-NN-dimethyl-f-toluidine (II; Amax, 3010 A, 
e 10,500) indicated that the total reduction product contained about 75% of the 2,3- 
dihydro-compound (II). Hydrolysis with aqueous oxalic acid was too vigorous, the 
resulting cyclohex-3-enone containing roughly 10% of cyclohex-2-enone because of 
rearrangement. 

Closer attention was paid to the reduction of NN-dimethyl-f-toluidine. The rapid 
method ? using lithium gave a similar product to that from Birch’s reduction, but reduction 
was incomplete at the concentrations used. Substantially pure 2,3-dihydro-NN-dimethyl- 
p-toluidine (II) was isolated by fractional distillation of the product from a large-scale 
reduction by Birch’s method, and treatment of a solution of this enamine in light petroleum 
with oxalic acid solution gave an excellent yield of 4-methylcyclohex-3-enone (V). This 
is a useful synthesis for pure cyclohex-3-enones.4 Treatment of the enamine (II) witha 
catalytic quantity of potassium amide in liquid ammonia, followed by decomposition with 
ethanol, regenerated the starting material (~91%) and some 3,4,5,6-tetrahydro-amine 
(~9%) due to incidental reduction. 

Fractionation of the lower-boiling components of the reduction product did not provide 
a fraction free from the diene (II) or ketones. Fraction B was largely the 3,4,5,6-tetra- 
hydro-amine since hydrolysis gave 4-methylcyclohexanone. Hydrolysis of the next 
fraction, C, in which the light absorption showed at most 9% of the conjugated diene, 
gave 4-methylcyclohexanone and 4-methylcyclohex-3-enone (19%), as judged from 
hydrogenation data. Thus the fraction contained the 2,3-dihydro-amine (II; 9%), the 
2,5-dihydro-amine (VI; 10%), and the 3,4,5,6-tetrahydro-amine (81%). 

It appears that in reduction by Birch’s method of NN-dimethyl-f-toluidine, 2,3- 
dihydro-N N-dimethyl-f-toluidine (II) is the main product (75%) with smaller amounts 
of the 2,5-isomer (VI) and the 3,4,5,6-tetrahydro-amine. The primary product is probably 
the 2,5-dihydro-compound which largely isomerises via the intermediate (VII) to the 
diene (II), some of which undergoes further reduction.® 

An exothermic reaction ensued when 2,3-dihydro-NN-dimethyl-f-toluidine (II) was 


* Birch, J., 1946, 593. 

®> Bowden, Braude, Jones, and Weedon, J., 1946, 45. 

® Birch and Smith, Quart. Reviews, 1958, 12, 17. } 
7 Wilds and Nelson, J. Amer. Chem. Soc., 1953, 75, 5361. 
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mixed with diketen in ether, and from the product 7,8-dihydro-2,6-dimethylchromone 
(IV; 24%) was separated. The structure was established by quantitative hydrogenation 
of the 5,6-double bond, and by dehydrogenation to 2,6-dimethylchromone, identical with 
a sample synthesised from #-cresol and tetrolic ester. Generally, catalytic hydrogenation 


NMe, HNMe NMe, 


pepe 


(VI) (VII) (II) (V) 





of chromones effects preferential reduction of the heterocyclic ring with the formation of 
chromans,$ and it seems that chromones with partially reduced carbocyclic rings are new. 
The reaction of enamines with diketen may also serve as a synthesis of 2-methyl-1,4- 
pyrones and related compounds. 


EXPERIMENTAL 

M. p.s were observed on a Kofler block. Ultraviolet absorption spectra of cyclohexane 
solutions were determined in a Unicam SP.500 spectrophotometer, and infrared spectra of 
carbon disulphide solutions were measured by means of a Perkin-Elmer model 21 double-beam 
instrument. ‘‘ Light petroleum” refers to the fraction, b. p. 30—40°. All solvents were 
anhydrous, and the reduction products were handled under dry nitrogen. 

The aromatic amines were distilled from toluene-p-sulphonyl chloride and then fractionally 
distilled in vacuo: dimethylaniline had b. p. 42°/0-3 mm,, 7,” 1-5584, Amax 2515 and 2965 A 
(ec 18,000 and 2900), and dimethyl-p-toluidine had b. p. 44°/0- ‘3 mm., #,*° 15460, Amax. 2530 
and 3030 A (e 16,000 and 2300). 

Reduction of NN-Dimethylaniline.—(a) The reduction was carried out according to method 
A given by Birch,* the sodium ethoxide being filtered off instead of being washed out with 
water. Sodium (53 g.; 2-3 mol.) was added during 1 hr. to a stirred solution of dimethyl- 
aniline (55 c.c.; 0:43 mol.) and ethanol (142 c.c.; 2.45 mol.) in liquid ammonia (11.). After 
2 hr. the blue colour disappeared, whereupon light petroleum (0-5 1.) was run in, and the ammonia 
allowed to boil off under nitrogen. The mixture was filtered, concentrated in vacuo, filtered 
again, and distilled im vacuo to give crude 2,3-dihydro-NN-dimethylaniline (34 g.; 65%), b. p. 
66—70°/12 mm., 2,** 1-531, Amax, 3040 A (e 7400). Treatment with 2,4-dinitrophenyl- 
hydrazinium chloride in methanol at 17° afforded the cyclohex-3-enone derivative, crystallising 
from ethanol in yellow plates, m. p. 132—133° (Birch ‘ records m. p. 131—132°), and treatment 
with the boiling reagent gave the cyclohex-2-enone derivative, crystallising from ethanol in 
red needles, m. p. 164—166° (Birch 4 gives m. p. 165—166°). 

(6) In a similar preparation, the product, in light petroleum, was filtered, washed briefly 
with dilute alkali, dried (Na,SO,), and distilled im vacuo to give a crude mixture, b. p. 55— 
100°/7 mm. (26 g.; 50%) which was fractionated. The forerun, b. p. up to 43-5°/3-5 mm. 
(1-2 g.), 7,2 1-485, Amax. 3020 A (e 800), contained cyclohex-3-enone (v 1720 cm.~}), and the main 
fraction, b. p. 47-5—49°/3-5 mm. (8-3 g.), 7,7 1-534, Amax, 3000 A (e 7000), consisted mainly 
of 2,3-dihydro-NN-dimethylaniline (v 715, 1580, 1635, and 3035 cm.~). 

This fraction was dissolved in water (25 c.c.) containing oxalic acid (4-3 g. of dihydrate), and 
next morning the solution was extracted with ether to recover crude cyclohex-3-enone (0-9 g.), 
n,*! 1-463, Amax, 2250 and 2830 A (e 900 and 21). Adkins and Watkins ® give Amz 2250 (¢ 
10,200) for cyclohex-2-enone, so that +9% of this isomer was present in the hydrolysis product. 

Reduction of NN-Dimethyl-p-toluidine.—(a) The procedure described by Wilds and Nelson? 
was adapted by using lithium (2-2 g.; 0-32 mol.), NN-dimethyl-p-toluidine (11 c.c.; 0-075 mol.), 
and ethanol (22 c.c.) in ether (30 c.c.) and liquid ammonia (160 c.c.). The product, b. p. 30— 
41°/0-5 mm., 7,” 1-522, Amax 2560 and 3020 A (e 3400 and 6900), contained unchanged di- 
methyltoluidine. 


8 Elderfield, ‘‘ Heterocyclic Compounds,’ Chapman and Hall Ltd., London, 1951, p. 230. 
® Adkins and Watkins, J]. Amer. Chem. Soc., 1951, 78, 2184. 
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(b)_ 2,3-Dihydro-NN-dimethyl-p-toluidine. Sodium (51:5 g.; 2-24 mol.) was added to a 
solution of NN-dimethyl-p-toluidine (55 c.c.; 0-38 mol.) and ethanol (150 c.c.) in liquid ammonia 
(1 1.) during $ hr. The mixture was stirred overnight and diluted with light petroleum, and 
after the remaining ammonia had boiled away, sufficient ice was added to dissolve the alkali. 
The solvent layer was washed briefly, dried (Na,SO,), and distilled under nitrogen to give the 
crude amine, b. p. 43—50°/1 mm. (46 g.), Amex, 3010 A (e 8050). This was fractionated to 
obtain four fractions: (A) (8 g.), b. p. 42—51°/0-8 mm., 7,79 1-500, Amax, 3010 A (e 3550); (B) 
(4:3 g.), b. p. 51—53°/0-8 mm., m,,”° 1-519, Amax, 3010 A le 7500); (C) 17-4 g., b. p. 53—54°/0-8 
mm., #,?° 1-532, Amex. 3010 A le 10 ,000); (D) 7-3 g., b. p. 54°/0-8 mm., 7,2 1-534, Amax, 3010 A 
(e 10 500). Fraction (D) was essentially pure 2,3-dihydro-NN-dimethyl-p- toluidine (II) (Found: 
C, 78-6; H, 11-0. C,H,,;N requires C, 78-8; H, 11-0%), v 780, 1595, 1650, and 3030 
cm.?. 

Hydrolysis of this enamine (3-5 g.) with oxalic acid dihydrate (1-7 g.) in water (10 c.c.) was 
exothermic and gave, after distillation of the ether extract, 4-methylcyclohex-3-enone, b. p. 
54—55°/10 mm., ,74 1-4715 (V; 2-1 g., 84%), Amax 2260 and 2850 A (e 180 and 27). The 
2,4-dinitrophenylhydrazone, prepared at 0°, crystallised from ethanol in orange needles, m. p. 
131—134° (Found: C, 53-5; H, 4:85; N, 19-3. Calc. for C,,;H,,O,N,: C, 53-8; H, 4:85; N, 
193%), Amax. 3600 A (ec 22,400 in ethanol). Birch* gives m. p. 120—121°, Amax, 3680 A 
(c 20,200 in chloroform). At the b. p. of the reagent, the derivative of 4-methylcyclohex-2- 
enone was produced instead, and this, after being filtered through alumina, crystallised from 
benzene-light petroleum in crimson needles, m. p. 172—175°, Amax. 2530 and 3750 A (e 16,000 
and 28,000; in ethanol). Birch 4 gives m. p. 173—174°, Amax, 3830 (¢ 22,200; in chloroform). 

(c) Effect of potassium amide on 2,3-dihydro-NN-dimethyl-p-toluidine (II). Largely un- 
changed material (5-8 g.), b. p. 42—48°/0-7 mm., »,,° 1-529, Amax, 3010 A (e 9600), was recovered 
after the enamine (II; 8-2 g.) had been treated with potassium amide (from the metal, 0-65 g.) 
in liquid ammonia (200 c.c.). Hydrolysis of the product with aqueous oxalic acid yielded 
impure 4-methylcyclohex-3-enone, b. p. 63—69°/14 mm., »,*° 1-472, hydrogenation of which 
over 2-5% palladium-calcium carbonate in ethanol led to the uptake of hydrogen (0-90 molar 
equiv.), indicating the presence of 10% of 4-methylcyclohexanone in the original ketone. 

(d) The minor components of the product of the Birch reduction. Two reductions were per- 
formed on twice the scale of experiment (b). In the first reduction, the product (93 g.), b. p. 
32—54°/1 mm., m,”° 1-518, Amax, 3020 A (e 7600), was fractionated and lower-boiling components, 
b. p. 30—43-5°/0-6 mm. (22-2 g.), collected, leaving a residue of 2,3-dihydro-amine (II) (61 g.; 
n,*° 1-531). In the second reduction, the product (92 g.), b. p. 42—58°/1-2 mm., n,*° 1-518, 

Amax. 3010 A (c 7800), was similarly fractionated to obtain a forerun (23-2 g.), b. p. 44—52: -§°/1-5 
mm., leaving a residue (II) (60 g.; 1, 1-530). These foreruns were combined and fractionated 
to obtain three fractions: (A) 1-9 g. b. p. 30—34°/1-5 mm., 7, 1-464, Amax, 3020 A (e 390); 
(B) 5-5 g., b. p. 34—38°/1-5 mm., ,,” 1-471, Amax. 3000 A (e 740); *C) 7g., b. p. 3883—42°/1-5 mm., 
N,*° 1-478, Amax, 3000 A (e 970). Fraction (B) afforded 4-methylcyclohexanone 2,4- dinitro- 
phenylhydrazone, m. p. 133—134°, Amax. 2275 and 3610 A (e 17,000 and 24,000; in ethanol). 
Fraction (C) (6-9 g.) was hydrolysed by shaking its solution in light petroleum (110 c.c.) with 
oxalic acid dihydrate (3-5 g.) in water (30 c.c.) for 10 min., and the washed and dried petrol 
extract was distilled to give impure 4-methylcyclohexanone (4 g., 73%), b. p. 59—60°/14 mm., 
n,,!® 1-451, Amax, 2800 A (¢ 25). The absorption intensity at 2250 A indicated +1% of 4-methyl- 
cyclohex-2-enone. Catalytic hydrogenation of this ketone involved the absorption of hydrogen 
(40 c.c. at 22°/761 mm.; 0-00167 mol.) equivalent to 4-methylcyclohex-3-enone (V) (0-184 g.; 
19%). 

It was concluded from these observations that the Birch reduction of dimethyl-p-toluidine 
yielded principally the 2,3-dihydro-amine (II) with smaller amounts of the 2,5-dihydro- and 
3,4,5,6-tetrahydro-amines. 

7,8-Dihydro-2,6-dimethylchromone (1V).—2,3-Dihydro-NN-dimethyl-p-toluidine (II; 8 g.; 
0-058 mol.) in ether (100 c.c.) was mixed with redistilled diketen (8-6 c.c.; 0-117 mol.) at 0° 
under carbon dioxide. After 72 hr. at 0°, a white precipitate, m. p. 50—65° (4-9 g.), was 
removed but it could not be purified by crystallisation. The filtrate was concentrated in vacuo 
below 0°, whereupon an exothermal reaction occurred. The residual brown oil was taken up 
in a little ether and colourless needles of 7,8-dihydro-2,6-dimethylchromone (IV), m. p. 113—122° 
(2-4 g.; 24%), separated. Crystallisation from benzene-light petroleum jBave the pure com- 
pound, m. p. 121—122-5° (Found: C, 74-7; H, 6-85. C,,H,.O, requires C, 75-0; H, 6-86%), 
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Amax, 2305 and 2785 A (e 14,500 and 9800; in ethanol), v 805, 850, 920, 1630, 1645, 1670, and 
3050 cm... 

5,6,7,8-Tetrahydro-2,6-dimethylchromone.—The dihydrochromone (IV ; 0-853 g.) was hydrogen- 
ated in ethanol over 2-5% palladium-calcium carbonate (0-5 g.) and hydrogen (113 c.c. at 
20°/766 mm.; 0-0473 mol.) was absorbed, equivalent to 98% reduction to 5,6,7,8-tetrahydro- 
2,6-dimethylchromone, which was isolated, by filtration and removal of solvent in vacuo, as prisms, 
m. p. 60—83° (0-83 g.; 98%). Recrystallisations from benzene-light petroleum afforded pure 
material, m. p. 85—87° (Found: C, 74:4; H, 8-0. C,,H,,O, requires C, 74:1; H, 7-9%), 
Amax. 2140 and 2535 A (e 8400 and 12,500 in ethanol), v 850, 1615, 1635, and 1670 cm.-}. 

2,6-Dimethylchromone.—(a) 7,8-dihydro-2,6-dimethylchromone (IV; 0-5 g.) was dehydro- 
genated by refluxing it vigorously with p-cymene (3 c.c.) and 5% palladised charcoal (0-2 g.) for 
2hr. The suspension was filtered hot, the solvent removed from the filtrate 1m vacuo, and the 
residue crystallised from light petroleum to give crude 2,6-dimethylchromone, m. p. 77—97° 
(0-4 g.). Repeated crystallisation gave the pure compound, m. p. 100—101° (Found: C, 75-8; 
H, 5-8. Calc. for C,,H,O,: C, 75:8; H, 58%), Amax, 2260 and 3030 A (e 25,000 and 6400 in 
ethanol), v 810, 845, 1635, and 1655 cm.-!. Ruhemann ” records m. p. 103—104°. There was 
no m. p. depression with the synthetic sample described below, and their infrared spectra were 
identical. 

(b) Following the procedure ™ given for 2-phenoxycrotonic acid, sodium (0-3 g.; 0-013 mol.) 
was dissolved in p-cresol (20-5 g.) at 100°, and methy! tetrolate (5-3 g.; 0-054 mol) was added. 
When the exothermic reaction was over, ice was added, the product extracted with ether, 
and the recovered oil hydrolysed by potassium hydroxide (10 g.) in 75% aqueous methanol 
(80 c.c.) for 20 hr. The solution was acidified with hydrochloric acid in slight excess and 
speedily extracted with ether to give 2-p-tolyloxycrotonic acid, which crystallised from 
benzene-light petroleum in prisms, m. p. 152°, solidifying and remelting a t168° (3-7 g.; 36%) 
(Found: C, 68-9; H, 6-45. Calc. for C,,H,,0,: C, 68-7; H, 63%). Ruhemann ?° gives m. p. 
145°, solidifying and remelting at 159—160°. 

Following Gottesmann’s method,! 2-p-tolyloxycrotonic acid (1 g.) was refluxed for 10 min. 
with acetyl chloride (10 c.c.) and concentrated sulphuric acid (5 drops). The solution was 
concentrated to about 3 c.c. and stored with concentrated sulphuric acid (5 c.c.) overnight; it 
was then poured into ice—-water and extracted with ether to give 2,6-dimethylchromone, 
crystallising from light petroleum in needles, m. p. 99—102°. Recrystallisation yielded the 
pure material, m. p. 101—103° (50 mg.). 
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‘6. Kinetic Studies of the Oxidation of Metal Ions by Cobalt({11) 
in Solution in Aqueous Perchloric Acid. 


By D. R. Rossetnsky and W. C. E. Hiccinson. 


The kinetics of the oxidation of (a) mercury(1), (b) vanadium(rIv), and (c) 
vanadium(t111) by cobalt(111) in aqueous perchloric acid have been studied over 
a range of temperature. The form of the rate equation in both (a) and (b) is 


d[Co™) /d¢ = —(k + k’/[H*})(Co™)[reductant] 


Activation energies and entropies corresponding to k and k’ have been found. 
System (c) is more complex owing to the concurrent oxidation of vanadium(Iv), 
a product of the initial reaction. Allowance being made for this second stage, 
the rate equation for the first stage is 


d[Vv"") /dt - —k’ (CoM) [vit] 


k” varies as an inverse function of [H*], but the form of this function is 
uncertain. 


In previous investigations of the kinetics of reduction of cobalt(1m1) by metal ions in 
aqueous perchlorate solutions, cerium(111) } and thallium(t) ? have been used as the reducing 
agents. Here we describe kinetic experiments on the systems cobalt(11)—mercury(1), 
cobalt(111)-vanadium(Iv) and: cobalt(111)-vanadium(I) in perchlorate solutions of ionic 
strength 3-0. All these reactions were followed spectrophotometrically. 
Cobalt(111)—Mercury(1).—The overall reaction is 2Co'™ + Hg!, —» 2Co! + 2Hg™ 
where Hg', represents Hg,?*, together with any ion-pairs in which Hg,** is present. This 
reaction proceeds to completion as shown by estimating the concentration of mercury(I) 
at the end of several experiments in which either equivalent concentrations of the two 
reactants were used, or mercury(I) was in excess. If cobalt(11) is in large excess, the 
reaction is not stoicheiometric owing to the slow oxidation of water by cobalt(m1). The 
reaction was found to be of first order in each of the reactants, plots of log ({Co™"]/[Hg',]) 
against time being linear for at least 80% of reaction (Fig. 1 A). The velocity constant 
k,, defined by 2d[Hg",]/d¢ = d[Co™] /d¢ = —2k,[Co"™][Hg',], was obtained from such plots; 
if [Co™], and [Hg',], represent initial concentrations, then the gradient is {[Co™], — 
2(Hg's|o}4./2-303. Experiments, summarised in Table 1, showed that the presence of a 


TABLE 1. 

Concns. (Mm) he 
clo,- Ht Nat Other cations (1. mole~! min.) 
3-0 2-00 0-96 -= 12-4 (19-9°) 
2-67 2-00 = 0-314mM-Hg?* 12-7 
2-52 2-00 oo 0-160m-La** 12-9 
3-0 0-75 2-23 _ 28-9 
2-26 0-75 “= 0-745m-Co*#t 30-0 
2-52 0-75 0-79 0-473mM-Hg?+ 30-6 
2-24 0-75 -— 0-743M-Mg?* 31-0 
1-89 0-75 as 0-373mM-La$+ 29-4 


bo 


Temp. = 20-0°. Initial concns. (1—2) x 10-°m-Hg!,, and (5—6) x 10-°m-Co™! when [H+] = 
2-0m; (1—2) x 10-8m-Co™! when [H*] = 0-75. 
large excess of either of the products, cobalt(I1) or mercury(It), has little effect on the rate 
of reaction. The corresponding logarithmic rate plots were linear. Other experiments 
in this Table showed that at a given concentration of hydrogen ions the rate is affected 
little by varying the concentration of perchlorate ions. In contrast, the rate of oxidation 
of mercury(1) by thallium(111) decreases as the concentration of perchlorate ions is increased.® 
1 Sutcliffe and Weber, Trans. Faraday Soc., 1956, 52, 1225. 


2 Ashurst and Higginson, J., 1956, 343. / 
3 Armstrong and Halpern, Canad. J. Chem., 1957, 35, 1020. 
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This effect has been ascribed to the formation of Hg,ClO,*. In Table 1 the total con- 
centration of perchlorate is shown; the free concentration is probably lower in the presence 
of lanthanum ions. [Unpublished experiments by us on the dependence of the rate of 
oxidation of thallium(1) by cobalt(111) upon the concentration of perchlorate ions in the 
presence and in the absence of lanthanum(t!!) suggest that it is mainly in the form LaClO,?+ 
at high concentrations of perchlorate.] The effects of temperature and the concentration 


TABLE 2. 
Initial concns. Initial concns. 
{H*] (mM x 108) ha [H*} (mM x 10%) ka 
(m) CoM! Hg!, (1. mole~! min.~!) (mM) Cott Hg?, = (I. mole min.~) 
At 5-0° At 15-1° 
3-00 4-55 9-38 0-755 3-00 2-5 1-25 3-98 
3-00 6-9 25-0 0-745 3-00 12-5 3-13 4-13 
3-00 6-9 31-3 0-750 3-00 2-45 3-03 4-02 
3-00 6-9 75-0 0-735 3-00 2-5 1-21 3-92 
3-00 6-85 93-5 0-724 3-00 2°5 3-13 3-98 
2-00 6-4 27-65 0-93 3-00 2-5 2-34 3-86 
1-50 5-7 46-1 1-13 3-00 2-5 2-34 3-94 
1-38 2-1 27-65 1-27 2-90 4-85 12-5 4:12 
2-50 4-85 10-0 4-474 
At 10-0° 2-00 2-9 6-25 5-24 
2-80 4-95 46-1 1-89 1-50 2-9 6-25 6-32 
2-20 4-95 46-1 2-29 
1-90 2-95 46-1 2-33 At 19-9° 
1-40 2-95 27-7 2-96 2-95 5-2 3-75 8-5 
2-50 5-15 2-21 10-4 
2-00 5-1 1-48 12-4 
150 . 3-4 1-48 14-4 
0-75 1-85 2-46 31-0 
0-75 3-4 1-23 28:3 
Ionic strength = 3-00 + 0-02. * Plot shown in Fig. 14. 


of hydrogen ions were investigated (Table 2). At a fixed temperature these results can 
be represented by k, = k, + #,/[H*]. Arrhenius plots for k, and k, enable these constants 
to be expressed as 


k, = antilog (17-1 + 1-2) x exp {—(22,100 + 1600)/RT} 1. mole min. 
hy = antilog (23-0 + 0-9) x exp {—(29,200 - 1200)/RT} min. 


The most probable formulation of the mechanism of this reaction is 


I 


CoM! + Hgt, ——» Coll + (Hg™ + Hg!) or Hg,** 
followed by 


Coll + Hg! (or Hg,3+) ——p Col! + (2)Hg™ 


the second step being much more rapid than the first. Our experiments do not enable 
us to decide which of the two possible intermediates, Hg! or Hg,°*, is formed. In the 
oxidation of mercury(I) by thallium(1m), the reaction proceeds by oxidation of mercury 
atoms, present in equilibrium with mercury(I) and mercury(I), and the direct oxidation 
of mercury(I) is unimportant. We can exclude the corresponding reaction route, the 
oxidation of mercury atoms by cobalt(111), since the rate of reaction does not show an 
inverse dependence on the concentration of mercury(I1). By use of 10% min. as the 
normal frequency factor, the entropy of activation of the bimolecular reaction (velocity 
constant k,) between Co** and Hg,?* is found to be 9-0 + 6 cal. deg.+ mole. The 
transition state corresponding to the reaction path of velocity constant k, presumably 
contains Co*+, Hg,**, and OH-. The apparent entropy of activation of this reaction path 
is 37 + 4 cal. deg. mole™. 

Cobalt(111)-V anadium(tv).—The reaction is Co™! + V!V —-» Co™ + VY and in various 
experiments with vanadium(Iv) present in excess, the final concentration of vanadium(v) 
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was found equal to the initial concentration of cobalt(1m). Linear plots of log ([Ca™]/[V!¥}) 
against time were obtained for at least 80% of reaction (¢.g., Fig. 1B), showing a first-order 
dependence upon each of the reactants. From such plots values of hk) = 
—(d{Co™}/d#)/[Co™][V""] were obtained in the usual way for a second-order reaction. 
The effects of high initial concentrations of the products of reaction were investigated. 
Vanadium(v) (0-024m) had little effect on the rate of reaction. Cobalt(m) (ca. 0-1m) 
increased the rate of formation of vanadium(v), and chloride ions were found in the reaction 
mixture. Experiments showed that although solutions of vanadium(Iv) in perchloric acid 
are fairly stable, reduction of this acid and oxidation of vanadium(Iv) occur in the presence 


Fic. 1. Typical kinetic plots. 


























wis Fic. 2. Dependence of concentrations of reactants 
and products upon time in the cobalt(t11)- 
vanadium(ttl) system, 
OOF 
40+ \co™ 
q 
8 @ sor 
"o w 
74+ A xR ya y 
¢ 20r 
.S) 
< 
& 
v 
3-8 
1] /0 20 jo Oo 1 L l 1 
Time(min.) O 20 40 60 80 
A log {{Co™"}/[Hg!,} against ¢ (min.) (Table 2). Time (min.) 
Blog {{Co™)/[V"Y}} against ¢ (min.) (Table 3). Initial concns.: 4-99 x 10-°m-Co™l; 2-93 x 
C log {{Co™)/(keko*(V] + [V™})} against ¢ 10-*m-V41; 3 x 10-°m-VIY; 2-96m-H*; ionic 


(min.) (Table 4). 


Initial concentrations of reagents are shown in 
the Tables indicated. 


strength 3-0; temp. 5-0°. 


of high concentrations of cobalt(1). In 0-75m-perchloric acid at ionic strength 3-0 the 
half-life of 0-0053M-vanadium(Iv) was 36 min. at 20° in the presence of 0-54m-cobalt(I1). 
In the cobalt(111)-vanadium(Iv) reaction solutions, with little cobalt(1) initially present, 


TABLE 3. 
Initial concns, Initial concns. 
{H*] (m x 108) hy fH*} (mM x 108) > 
(m) Coll viv (1. mole~? min.~!) (m) Coll viv (l. mole~! min.~1) 
At —2-1° At 15-0° 
2-93 4:79 20-6 4-6 2-95 2-75 8-90 35-9 
2-00 4-78 17-15 6-0 2-50 2-74 8-90 37-8 
1-00 4-77 13-7 12-8 2-00 2-72 5-34 45-0 
0-50 2-38 10-3 21-6 1-50 2-71 3-56 52-2 
At 5-0° At 20-0° 
2-94 6-49 10-7 9-6 2-94 2-50 7-00 57-1 
2-00 6-42 10-7 12-2¢ 2-70 2-75 5-34 61-5 
1-50 3-20 8-90 15-4 2-20 2-75 3°56 71-2 
0-75 3-19 5-34 28-0 1-80 1-38 1-78 84-0 
0-75 3-14 5-34 25-2° 
0-75 3-16 5-34 ° 26-2¢ 
At 10-0° # Plot shown in Fig. 1B. ®* Initial [VY] = 
2-92 3-18 8-90 17:3 0-024m. ¢ Ionic strength made 3-0 by addition 
2-50 3-18 7-12 19-1 of La(ClO,)3; final congn. of La(ClO,), = 0-37M. 
2-00 3-17 5-34 21-7 
1-50 3-16 3-56 24-6 
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tests for chloride ions showed that none was formed. Together with the observation that 
the cobalt(111)—vanadium(Iv) reaction is stoicheiometric under these conditions, this shows 
that the low concentrations of cobalt(II) formed are insufficient to cause appreciable loss 
of vanadium(Iv) by catalysing its oxidation by perchloric acid. At a fixed temperature 
the results summarised in Table 3 can be expressed in the form hy = k, + k,/{H*}. 
Arrhenius plots for k,; and k, enable these constants to be expressed as 


k, = antilog (17-7 + 2-0) x exp {—(21,800 + 2700)/RT} 1. mole? min.+ 
ky = antilog (13-8 +- 1-3) x exp {—(15,900 + 1300)/RT} min.+ 


Although the formation of intermediates of abnormal oxidation state is improbable 
in this reaction, unlike the oxidation of thallium(I) or mercury(I), the stable oxidised and 
reduced forms of vanadium involved in this reaction differ in their degree of hydrolysis, 
It is not clear from our experiments whether VO** is oxidised to VO** which subsequently 
undergoes rapid hydrolysis to VO,*, or whether in the transition complex some degree of 
hydrolysis has already occurred. The reaction path corresponding to k, does not incor- 
porate hydroxyl ions in the transition complex, but this does not rule out the possibility 
of a spread of charge within the complex and its associated water molecules so that there 
is incipient formation of solvated protons. From the pre-exponential terms in k, and 
k, we calculate entropies of activation of 12 + 9 and —5 + 6 cal. deg.! mole™ respectively. 

Cobalt(111)—-V anadium(111).—Fig. 2 shows the concentrations of cobalt(111), vanadium(tm1), 
vanadium(Iv), and vanadium(v) at various times in a solution in which cobalt(III) was 
present in excess of vanadium(III1). Until the concentration of vanadium(t11) falls to 
about one tenth of its original value (¢ = ca. 28 min.) the overall reactio.. is simply the 
oxidation of vanadium(I1) to vanadium(Iv). At this point vanadium(v) appears, and 
from ¢ = ca. 37 min., when the concentration of vanadium(111) becomes zero, the reaction 
follows the course expected of the cobalt(111)-vanadium(Iv) system. However, from this 
and other preliminary experiments we deduced that the rates of the cobalt(im)- 
vanadium(Ii1) and cobalt(111)-vanadium(Iv) reactions are very similar at the same tem- 
perature and concentration of hydrogen ions. Since a small concentration of vanadium(tIv) 
was present initially, cobalt(111) is being reduced by vanadium(Iv) throughout the reaction, 
as well as by vanadium(t11) during the first half-hour. As the reaction proceeds, oxidation 
of vanadium(Iv) contributes an increasing proportion of the total reduction of cobalt(u1), 
but the product of this oxidation, vanadium(v), does not appear in measurable con- 
centrations until virtually all the vanadium(I11) has disappeared, on account of the rapid 
reaction V™! + VY —» 2V'Y, At 5°, 2-96m-hydrogen ions, and ionic strength 3-0 the 
second-order velocity constant for this reaction is ca. 5 x 1081. mole+ min.1.4 A simple 
stationary-state calculation shows that in the experiment referred to above, the con- 
centration of vanadium(v) is ca. 5 x 10°mM when 90% of the vanadium(11) has been 
oxidised. Provided that vanadium(t) is initially present in excess of cobalt(t!), 
vanadium(v) cannot accumulate in significant concentrations, and similar calculations 
show that the maximum stationary-state concentration of this ion does not exceed ca. 
2 x 10m in any of the experiments summarised in Table 4. Under these conditions, the 
rate constant of the reaction between vanadium(III) and vanadium(v) does not enter into 
the rate equation for the system and we have 


—d{Co™/dt = k[Co™][V™] + k,[Co™] [V7] 
On integration we obtain 
In {{Co™}/(Reky*(V™] + [V%])} = 
{he([Co™]o — [V™]o) — Rv([Co™]g + [VV ]q)}¢ — In {(he[ Vo + Ao[V*¥]q)/Av[Co™]o} 


where subscripts zero denote initial concentrations, k, is the apparent bimolecular rate 
* Sykes, Thesis, Manchester, 1958. 
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constant at a given hydrogen-ion concentration, temperature, and ionic strength for the 
cobalt(111)-vanadium(Iv) reaction, and k, is the corresponding rate constant for the 
cobalt(I11)-vanadium(I1I) reaction. In plotting the left-hand side of this equation against 
t it is necessary to assume a value of k,/p, since k, is unknown. Corresponding values of 
k, and k, proved to be very similar, so we initially assumed their ratio to be 1-00. From 
the gradient of the plot obtained with this assumption, &, was found, k, being known from 
the experiments described above on the cobalt(i11)-vanadium(Iv) system. Thus an 
improved value of k,/k, was obtained and the results replotted. By repeating this pro- 
cedure a few times, a value of k, can be obtained equal to that used in evaluating the 
left-hand side of the equation. A typical plot is shown in Fig. 1C. 


TABLE 4. 

Initial concns. ke Initial concns. k, 
fH‘) (m x 103) (Il. mole=? [H+] (m x 108) (Il. mole 
(m) Coll vil viv min.~!) (M) Colt vil viv min,.~') 

At —2-1° At 5-0° 
2-91 3-15 13-8 0-84 3-4 2-89 3-12 13-1 1-53 8-1 
2-00 3-14 13-7 0-89 4-7 2-50 3°12 13-1 1-53 9-34 
1-00 3-13 13-3 1-34 8-0 2-00 1-56 6-55 0-76 10-0 
0-50 3-13 13-3 1-39 20-5 1-50 1-56 6-55 0-76 12-1 
At 0-0° At 7:-5° 
2-91 3-13 13-2 1-39 4-0 2-95 1-18 5-1 0-21 12-0 
2-00 3-13 13-2 1-44 6-1 2-50 1-18 5-1 0-21 13-8 
1-50 3-12 13-2 1-49 6-9 2-20 0-59 2-55 0-10 18-0 
1-00 3-12 13-1 1-49 11-5 1-80 0-59 2°55 0-10 19-6 
At 2°5° 
2-91 3-14 13-1 1-54 5-6 * Plot shown in Fig. 1C. 
2-50 3°13 13-1 1-53 6-0 
2-00 3-13 13-1 1-53 7-4 
1-50 3-12 13-1 1-53 9-5 


The proportion of cobalt(111) reduced by vanadium(Iv) in the cobalt(111)-vanadium(t11) 
system can be made small by using a large excess of vanadium(11!) over cobalt(111) and a 
low initial concentration of vanadium(Iv). In this way more precise values of k, should 
be obtained. However, it was convenient to follow the reaction spectrophotometrically 
at 400 my at which wavelength both cobalt(1m) (« = 42-5) and vanadium(mm) (« = 8-3) 
absorb light. Consequently, too large an excess of vanadium(It1) would reduce the relative 
change in optical density in an experiment and so increase the error in determining the 
concentrations of reactants. Also, at high concentrations of vanadium(11) the rate of 
reaction becomes too rapid to be followed satisfactorily by our technique. As a com- 
promise, vanadium(III) was generally used in about four-fold excess of cobalt(I1). 

Plots of k, against 1/[H*] at various temperatures, for the experiments summarised in 
Table 4, suggest that k, = ky + k,/[H*] + 2,/[H*]*, although evidence for a term in hk, 
comes only from the curvature of the plot at —2-1°, at which temperature it was possible 
to cover a wider range of concentrations of hydrogen ions than at the other temperatures. 
It is evident that we cannot obtain satisfactory values of the constants ky, k;, and k, from 
these results. In view of the much lower oxidation-reduction potential of the V3*+/VO?* 
couple (0-36 v) compared with the VO?*/VO,* couple (1-00 v), it is interesting that the 
rate of oxidation of vanadium(I11) by cobalt(11) is very similar to the corresponding rate 
of oxidation of vanadium(Iv) under similar conditions. 


‘ 


EXPERIMENTAL 


Except as described below, solutions of metal perchlorates were prepared from “‘ AnalaR”’ 
reagents by precipitating the oxide or hydroxide, followed by solution in aqueous perchloric 
acid or by double decomposition. Cobalt(111) perchlorate was prepared by electrolytic oxidation 
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of acidified cobalt(11) perchlorate solutions using platinum electrodes, as previously described.5 
The stock solutions, containing 0-1m-cobalt(111) and ca. 6m-perchloric acid were kept at —30°. 
The cobalt(11) perchlorate solutions used in this preparation were obtained by dissolving 
Johnson and Matthey’s high-purity cobalt sponge in an excess of aqueous perchloricacid. Owing 
to the presence of chloride ions, such solutions were unsuitable for use in kinetic experiments. 
For this purpose, the chloride ions were removed by electrolytic oxidation and the solution was 
heated to 100° to decompose cobalt(111). Vanadium(v) perchlorate solution was prepared by 
dissolving vanadium pentoxide in excess of aqueous perchloric acid; the pentoxide was obtained 
by heating ammonium vanadate at 500° for ca. 5 hr. Vanadium(iv) and vanadium(r1) per- 
chlorate solutions in excess of aqueous perchloric acid were prepared by electrolytic reduction 
of vanadium(v) perchlorate solution. The vanadium(111) perchlorate stock solution was kept 
under nitrogen at 0° to prevent oxidation by oxygen and by perchloric acid; * these solutions 
were tested for chloride ions, which were found to be absent. Mercury(1) perchlorate solution 
was prepared by shaking acidified mercury(1) perchlorate solution with excess of metallic 
mercury for 24 hr. All stock solutions were standardised by appropriate methods and the 
concentrations of other ions likely to be present, e.g., cobalt(11) in cobalt(11) solutions, 
vanadium(iv) in vanadium(111) solutions, were also found. 

Solutions for kinetic experiments were made with thermostatic control. Except where 
shown otherwise in the Tables, the ionic strength was made 3-00 + 0-02 by the addition of 
sodium perchlorate solution. In most experiments a part of the solution was rapidly transferred 
to a 1 or 4 cm. optical cell placed in the cell-compartment (thermostat) of a Unicam SP.500 
spectrophotometer. The reactions were then followed by measurements of the optical density 
of the solutions at appropriate wavelengths. Except in experiments in which a large excess 
of cobalt(11) was present the cobalt(111)—-mercury(1) reaction was followed at 603 muy (ego3+ = 
36-4), a small correction for cobalt(i1) being applied. With excess of cobalt(11) present the 
wavelength used was 236-5 my (eqg.2+ = 2-78 x 10*), corrections being applied for absorption 
by mercury(11), cobalt(i1), and cobalt(1m). In these experiments the reaction solutions were 
kept in a thermostat and samples were withdrawn at intervals, diluted 100-fold with 
2m-perchloric acid, and transferred to an optical cell. Measurements at 236-5 my were also 
made at the conclusion of other experiments to determine whether the reaction was quantitative. 
The cobalt(111)-vanadium(Iv) and cobalt(111)-vanadium(111) reactions were followed at 400 mu 
(€gos+ = 42°5, egor+ = 0°33, eyes: = 8:3, eyocr+ = 0, eyocr+ = 12-0). Stoicheiometry of these 
reactions was checked by measurements at 755 mu (eyo,+ = 17-0) and by measurements at 
401 my when reaction was complete. Measurements at 755 my were also made in following 
the oxidation of vanadium(rtv) by perchlorate ions in the presence of cobalt(11) as catalyst. 

It having been established that these oxidations by cobalt(111) were quantitative under the 
conditions cited, the concentrations of reactants at various times could be calculated from the 
corresponding optical densities at the wavelengths stated above. For the reactions of cobalt(111) 
with mercury(I) and vanadium(tv) the velocity constants k, and kp, respectively, were obtained 
from logarithmic plots of the ratio of the concentrations of reactants against time. We estimate 
the error of individual values of these constants as +4%. In the cobalt(111)-vanadium(t11) 
system, a more complex logarithmic function of metal-ion concentrations was plotted against 
time as described earlier in this paper. Values of ky at —2-1° and 5° which were used in evaluat- 
ing this function were those obtained in the experiments on the cobalt(111)-vanadium(tv) 
reaction. Values of k, at 0°, 2-5° and 7-5° were calculated from the corresponding values of 
k, and ky, these being obtained by interpolation from the appropriate Arrhenius plots. We 
estimate the error in individual values of k, to be ca. + 8%. 


We are grateful to Dr. L. H. Sutcliffe for advice, to Rhodes University for a Union Scholar- 
ship and to the South African Council for Scientific and Industrial Research for a research 
bursary (both to D. R. R.). 


THe UNIVERSITY, MANCHESTER 13. (Received, June 3rd, 1959.] 


5 Hargreaves and Sutcliffe, Trans. Faraday Soc., 1955, 51, 786. 
* King and Garner, J. Phys. Chem., 1954, 58, 29. 
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7. Nucleophilic Displacements in Organic Sulphites. Part VI.* 
Comparison of the Alkaline Hydrolyses of Cyclic and Open-chain 
Sulphites. 

By J. G. TILLett. 


The rates of alkaline hydrolysis of dimethyl and diethyl sulphite have been 
measured by conventional techniques at 0°. The reactions follow second- 
order kinetics and have the same rates whether measured by liberation of 
sulphur dioxide or uptake of alkali. By the use of oxygen-18, sulphur-oxygen 
bond-fission was found for dimethyl sulphite and is assumed for diethyl 
sulphite. The results are therefore qualitatively similar to those obtained 
earlier for the cyclic sulphites ! and indicate that the mechanism of hydrolysis 
in the two systems is very similar. The rates of hydrolysis of trimethylene, 
diethyl, and dimethyl sulphites have been measured in alkaline buffers 
at 25°. The absence of buffer catalysis has been established. An approx- 
imate rate of hydrolysis has been obtained for the very reactive ethylene 
sulphite at 0° by conventional means and at 25° in buffer solutions. These 
results in conjunction with those of earlier studies on cyclic sulphites are 
compared with the corresponding data for cyclic and open-chain phosphates 
and carbonates. 


In Part III? it was shown that the alkaline hydrolyses of 1,2-cyclic sulphites were too 
rapid for convenient kinetic measurement, but the rates of hydrolysis of 1,3-sulphites 
could be measured with conventional techniques at 0°. The present paper provides 
similar data for two dialkyl sulphites. The reactions were followed in the two different 
ways previously described for the cyclic sulphites,! by measuring both the rate of uptake 
of alkali and the rate of liberation of sulphur dioxide. Two different indicators were used 
for the acid—base titrations, to one of which sulphurous acid acts as a monobasic acid and 
to the other as a dibasic acid. 

The rates of alkaline hydrolysis of the dialkyl sulphites at 25° are too rapid for accurate 
measurement by either of the above methods unless the hydroxide-ion concentration is 
lower than 0-01m. Therefore a series of runs were carried out in alkaline buffer solutions, 
the sulphite concentration being sufficiently low not to exceed the buffer capacity. Since 
the buffer provides a constant hydroxide-ion concentration, the normally second-order 
hydrolysis becomes first order. The second-order rate coefficients are then calculated 
by use of the apparent hydroxide-ion concentration given indirectly by the measured pH 
of the buffer solution. 

Under these conditions the possibility of buffer catalysis exists and this has been 
examined by measuring the rate of hydrolysis of the least reactive sulphite (diethyl) both 
in an alkaline buffer solution and by the conventional method. 

The rate of hydrolysis of trimethylene sulphite at 25° in buffer solutions has also been 
measured. Approximate values of the rates of hydrolysis of ethylene sulphite at 0° by 
conventional means and in buffer solutions at 25° have been obtained. 

These results enable a comparison to be made between the rates of hydrolysis of the 
cyclic and open-chain systems. The data for the sulphite esters may then be compared 
with those for the corresponding cyclic and open-chain phosphates and carbonates. 


EXPERIMENTAL 
The sulphites were prepared by standard methods.** Diethyl sulphite had b. p. 156°/750 
mm., ”,”° 1-4130; dimethyl sylphite, b. p. 126°/760 mm., ”,*5 1-4070; ethylene sulphite, b. p. 
73°/27 mm., m,,** 1-4450; trimethylene sulphite, b. p. 89°/39 mm., m,** 1-4509. 


* Part V, J., 1959, 1766. 


? Bunton, de la Mare, Lennard, Pearson, Pritchard, and Tillett, J., 1958,/4761. 
2 Voss and Blanke, Annalen, 1931, 485, 273. 
5 Carlson and Gretcher, J. Amer. Chem, Soc., 1947, 69, 1953. 
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Position of Bond-fission.—The alkaline hydrolysis was carried out in water enriched in 
oxygen-18 in the previously described manner.‘ The sample of methyl alcohol finally extracted, 
of b. p. 65—65-5°, n, 1-3315, was isotopically analysed. The following values (atoms % 
excess of 18O) were obtained: H,O (solvent) 0-453, methyl alcohol 0-045. 

Alkaline Hydrolysis of the Dialkyl Sulphites.—The following are examples of typical kinetic 
runs for each of the methods used. 

Rate of disappearance of alkali. The sulphite (ca. 0-10 ml.) was added to 0-0500N-sodium 
hydroxide (100 ml.) at 0°. Nitrogen was bubbled through the alkaline solution for 30 min. 
before the start and was continued throughout to displace carbon dioxide. 

The solution was well shaken and at intervals samples (5 ml.) were withdrawn with ice- 
cooled pipettes of 3 sec. drainage time and quenched rapidly in excess of 0-0100N-hydro- 
chloric acid (25 ml.) in stoppered flasks which had been bubbled-out with nitrogen. The excess 
of acid was then back-titrated against 0-00993N-sodium hydroxide with a mixture of phenol- 
phthalein and «-naphtholphthalein as indicator, titrations being carried out with a slow stream 
of nitrogen passing over the solution. Results are in Table 1. 


TABLE 1. 
BG ED vic secivcscesines 0 1-50 3:27 7-00 9-97 15-11 20-63 oo 
rk! errr error 0-00 1-47 2-50 4-29 5-56 6-89 8-08 11-79 
BP BD wabvstacisrvansswienssins 0-00 1-17 2-20 3-97 5-29 6-56 774 11-50 
cot ee alg eg ee 4942 4708 4502 4148 3-884 3-630 3-394 2-642 
10* (sulphite] { ............... 1:150 1-033 0-930 0-753 0-621 0-494 0-376 0-00 
k, (1. mole min.) ......... — 1-49 1-38 1-43 1-34 1-33 1-36 — 


* 10°[NaOH] = 10%(b — 2x). + 10%{sulphite] = 10%(a — 2). 
Second-order coefficients are calculated from 
hk, = 2-303 {log,,) [a(b — 2x)/b(a — x)]}/t(b — 2a) 


where a and b are the initial molarities of sulphite and alkali respectively, and % is the molarity 
of sulphite used up at time #, one mole of sulphite being assumed to liberate one mole.of sulphur 
dioxide. Measurements were also made with a mixture of Methyl Red and Bromocresol 
Green as indicator. In this case also the above formula was used to calculate the rate- 
coefficients. 

Rate of liberation of sulphur dioxide. To 0-02288N-sodium hydroxide at 0° (100 ml.) was 
added dimethyl sulphite (ca. 0-03 ml.) as described above. The solution was well shaken and 
at intervals samples (10 ml.) were withdrawn and quenched in a mixture of 0-1N-hydrochloricacid 
(10 ml.) and 0-0100N-potassium iodate in potassium iodide (25 ml.). The excess of iodine was 
back-titrated with 0-01102N-sodium thiosulphate. Results are in Table 2. 


TABLE 2. 
Wie OD civisisicscisccss. 0 10-46 20-67 35:70 50-67 70-29 110-6 oa 
IEE i tcniececcssesicasets 0-00 1:71 2-68 3-83 4-51 5-01 5-66 6-00 
MEE. uastissiosencansandiesawass 0-00 9-43 14-73 21-13 24-88 27-65 31-21 33-00 
10°[sulphite] * ...........666 3-310 2-367 1-835 1:197 0-822 0-545 0-189 0-00 
DP EPUMIUEE TE ‘ddacnestdsesesaves 2-288 2-099 1-993 1-865 1-790 1-735 1-664 1-626 
k, (1. mole min.“) ......... — 1-48 1-36 1-40 1-40 1-34 1-42 - 


* 10°(sulphite] = 10%(a — x). + 10°{NaOH] = 10%(b — 2x 


~— 


Values of the second-order rate coefficients were calculated by the formula given above. 
Values obtained by the different methods are compared in Table 3. Iodometry was used 
unless otherwise specified. 

Hydrolysis in Alkaline Buffers at 25°.—The buffer solution used was the universal buffer 
mixture of Britton and Welford® which is 0-02857m with respect to diethylbarbituric acid, 
citric acid, potassium dihydrogen phosphate, and boric acid, neutralised with a specified 
quantity of 0-2n-sodium hydroxide. All solutions were prepared with freshly boiled-out 
distilled water. 


* Bunton, de la Mare, Greaseley, Llewellyn, Pratt, and Tillett, J., 1958, 4751. 
5 Britton and Welford, J., 1937, 1848. 
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Typical Run.—Trimethylene sulphite (ca. 1-0 ml. of 0-1m stock solution) was added to a 
buffer solution of measured pH 11-79 (100 ml.) at 25-0°. Nitrogen was bubbled through as 
described above. The solution was well shaken and samples withdrawn rapidly and pipetted 
into a mixture of 0-2N-h~urochloric acid (25 ml.) and 0-00100N-potassium iodate in iodide 
(25 ml.). The excess of iodine was back-titrated with 0-00129N-sodium thiosulphate. The pH 
of the solution was measured on a Cambridge pH-meter with calomel and glass electrodes. 
Values of the first-order rate coefficient (k,) were calculated from the usual formula k, = k,[OH~] 
by using the value of the hydroxide-ion concentration calculated from the measured pH of the 
buffer solution. The value of the ionic product of water used was 1-008 x 10 at 25°.6 
Results are in Table 4. 


TABLE 3. Alkaline hydrolyses of diethyl and dimethyl sulphites at 0°. 


10°(Diethyl sulphite] (m) ... 1-48 148 153 145 1-47 1:50 0-984 0-746 
10%/Sodium hydroxide] (mM) 4:92 5:89 800 985 199 487 240 481 
ky (1. mole“! min.) ......... 0-366 0-348 0354 0354 0354 0-348 0-360 0-348 
10%(Diethyl sulphite] (mM) ... 153 0-793 1:46 1:40 0-935¢ 0-938% 1-51¢ 4-31° 
10%(Sodium hydroxide] (m) 9-87 239 482 398 230 231 483 4-68 
ky (1. mole min.) ......... 0-336 0-348 0-360 0-336 0-354 0:366 0-336 0-342 


10*{Dimethy] sulphite] (m) 1-39 0-783 0-417 1-029 1-008 0-764 0-479 0-256 
10°{[Sodium hydroxide] (M) 4-80 4-87 4-94 2-51 2-51 2-51 2-51 2-43 


h, (1. mole* min.“) ......... 1-42 1-45 1-46 1-46 1-48 1-42 1-46 1:39 
10*°{Dimethy]l sulphite] (Mm) 0-500 0-331 0-915 0-286 1-15¢ 1:15 00-9724 0-963° 
10*(Sodium hydroxide] (Mm) 2-50 2-29 8-81 10-0 4-94 4-94 2-16 2-14 
k, (1. mole min.“*) ......... 1-38 1-40 1-49 1-51 1-40 1-40 1-44 1-47 


* Followed by acid-base titration with phenolphthalein and «-naphtholphthalein. % Followed by 
acid-base titration with Methyl Red and Bromocresol Green. 


TABLE 4. 
: ! ero 0 1-72 3°68 5-87 9-11 11-90 14-87 o 
EPID Shen aisseviecstcsenss 20-71 15-89 12-20 9-60 7-50 5-98 5-22 4°31 
Bs CET) sa vencnscsvcaecses — 2-00 1-95 1-88 1-74 1-86 1-81 as 
k, (i. mole? min.“) ......... — 32-7 31-2 30-1 27-8 29-8 30-0 = 


Iodometric Titrations—The end-point for the iodine-thiosulphate titration with solutions 
of concentration 0-001N was determined electrometrically using the ‘‘ dead-stop ”’ method of 
Foulk and Bawden.?® ‘ 

Runs in alkaline buffer solutions are summarised in Table 5. 


TABLE 5. Hydrolyses in alkaline buffer solutions at 25-0°. 


2 2 
ky (1. mole kh, (I. mole-? 
Sulphite PH 103[OH-] (min.') min.~) Sulphite pH 10°[OH~-] (min.~) min.~) 
Dimethyl ... 11-60 4-00 0-0366 9-20 Diethyl ... 11-60 4:00 0-0101 2-50 
6 ose EEG 6-25 0-0630 10-0 - ... 11-79 6-25 0-0160 2-56 
Trimethylene 11-60 4:00 0-119 29-9 Ethylene... 10-50 0-313 1-62 5200 
a 11-79 6-25 0-193 30-9 oo ... 10-79 0-625 3-78 6050 


Results of runs followed by conventional means are in Table 6. 


TABLE 6. Conventional runs . 
Temp. 10°[OH-] 10°(Ester] &, (1. mole? min.) Temp. 10°[OH~] 10°[Ester] &, (1. mole min.~) 


Ethylene sulphite Diethyl sulphite 
25-0° 1-00 0-347 ca. 7,000 25-0° 48-6 5-49 2-58 
0 1-00 0-305 ca. 1,000 25-0 23-6 4-65 2-68 
DIscUSSION 


‘ 


Hydrolysis of the Dialkyl Sulphites—The good agreement between the rate constants 
obtained by the different methods as indicated in Table 3 shows that the decrease in 
® Harned and Hamer, J. Amer. Chem. Soc., 1933, 55, 4496. } 


7 Foulk and Bawden, ]. Amer. Chem. Soc., 1926, 48, 2045. 
8 Evans, Analyst, 1947, No. 852, 72, 99. 
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concentration of hydroxide ion followed by acid-base titration with either indicator is 
the same as the increase in concentration of sulphur dioxide iollowed by titration with 
iodine. The results obtained are thus qualitatively similar to those recorded for the 
cyclic sulphites 1 and by analogous reasoning it may be assumed that the intermediate 
sulphinate ion does not build up to bulk concentration during the reaction but reacts 
instantaneously. The most probable reaction sequence is a two-stage process 


R-O fo 
S=0 + ~OH ——» R-O-S + R°OH 
R-O% No 
Ros -+- —OH ——» R-OH -+- SO,?- 
’ 


where the first step is slow and rate-determining and the second step is fast. 

Comparison of Open-chain and Cyclic Sulphites.—Tables 5 and 6 show that the rate of 
alkaline hydrolysis of diethyl sulphite is the same in alkaline buffer solutions as in weakly 
alkaline unbuffered solutions. This indicates that there is no buffer catalysis. The 
values of the second-order rate coefficients of the open-chain and cyclic sulphites can 
then be compared : 


Temp. Sulphite: Ethylene Trimethylene Dimethyl Diethyl 
0° ca. 1000 4:8 1-4 0-35 
25 ca. 6000 30 10 2-6 


Thus ethylene sulphite is hydrolysed about 10? times more rapidly than trimethylene 
sulphite which, although being hydrolysed faster than the open-chain sulphites, has a rate 
which is still roughly of the same order of magnitude. , 

It is of interest to compare these results with those obtained for the phosphate esters. 
The five-membered ethylene phosphate is hydrolysed about 10® times more rapidly than 
dimethyl phosphate in alkaline solution. Trimethylene phosphate is hydrolysed less 
than ten times more rapidly than dimethyl phosphate. The order of reactivity in the 
sulphite esters is therefore the same as that observed for the phosphates, 1.e., five-membered 
ring > six-membered ring ~ open-chain ester, although the ratio of the rates for five- and 
six-membered rings is reduced from 10® to ca. 10. 

Westheimer ! has suggested that the very high reactivity of ethylene phosphate is not 
entirely due to conventional ring strain but is due also to interelectronic repulsions between 
the lone pairs of electrons on the oxygen atoms of the ring and the adjacent exocyclic 
oxygen atoms. This strain would be relieved in the puckered trimethylene phosphate. 

It has been suggested }* that the reactivity sequence in the sulphite esters can be 
explained by the existence of similar repulsions. 

The idea that such repulsions may exist is supported by the data on organic carbonates. 
Ethylene carbonate ™ is hydrolysed about fifty times faster than dimethyl carbonate.” 
Thus the same type of reactivity sequence is observed for phosphates, sulphites, and 
carbonates. 


The author is indebted to Professor E. E. Turner, F.R.S., and Drs. P. B. D. de la Mare and 
C. A. Bunton for advice and encouragement, and to Dr. Bunton for carrying out the isotopic 
analyses. 


BEDFORD COLLEGE, 
REGENT’s ParK, Lonpon, N.W.1. [Received, July 10th, 1959.) 


Kumanoto, Cox, and Westheimer, J. Amer. Chem. Soc., 1956, 78, 4858. 

10 Khorana, Tener, Wright, and Moffatt, J. Amer. Chem. Soc., 1957, 79, 430. 
11 Cox, unpublished results, quoted by Westheimer in ref. 12. 

12 Westheimer, Chem. Soc. Special Publ., No. 8, 1957, 1. 

13 Bunton, de la Mare, and Tillett, J., 1959, 1766. 

14 Kempa and Lee, J., 1959, 1576. 

18 Skrabal and Baltadschieiva, Monatsh., 1924, 45, 95. 
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8. The Alkaloids of Ormosia dasycarpa Jacks. 
By R. T. CLARKE and M. F. GRuNDoN. 


(—)-Sparteine has been identified as a constituent of the seeds of Ormosia 
dasycarpa. Two new alkaloids have been isolated and characterised. 


Tue constituents of the seeds of Ormosia dasycarpa Jacks, a member of the Leguminosae, 
were examined by Hess and Merck; two isomeric alkaloids, C,)H3,N3, were characterised. 
The major alkaloid, ormosine, was obtained as a hydrate, m. p. 85—87°; the anhydrous 
compound was not crystalline. The minor alkaloid, ormosinine, crystallised from ethanol 
in prisms, m. p. 203—205°. 

Lloyd and Horning ? recently isolated three isomeric alkaloids, C,5H,N3, from Ormosia 
panamensis Benth. One compound, m. p. 219—220°, was thought to be identical with 
Hess and Merck’s ormosinine. A second alkaloid, ormosanine, m. p. 167—168°, contained 
at least one imino-group but no N-methyl group. The major alkaloid, panamine, was 
similar to, but apparently not identical with, ormosine. Panamine formed a hydrate. 
m. p. 388—40°, and contained an imino-group and an N-methyl group. 

Lloyd and Horning ? investigated a number of Ormosia species, not including Ormosia 
dasycarpa, and showed by paper chromatography that they contained ormosinine, ormo- 
sanine, and panamine. N-Methylcystisine was the only alkaloid present in Ormosia 
stipitata 

We have re-examined the alkaloids of Ormosia dasycarpa. 

Exhaustive extraction of the powdered seeds with boiling methanol gave an alkaloid 
fraction (1-47°%), yielding a crystalline compound (0-038%), which was insoluble in ether. 

A major alkaloid was isolated from the ether-soluble bases as its crystalline hydro- 
bromide (0-57%). Chromatography and distillation of the remaining bases afforded 
(—)-sparteine (0-09%). 

The failure of Hess and Merck to isolate sparteine from Ormosia dasycarpa may have 
been due to their use of ethanol for extraction; we found that ethanol gave an alkaloid 
fraction (0-82°%) not containing sparteine. Further extraction with methanol gave a basic 
fraction (0-58°%) from which (—)-sparteine was isolated. 

The major alkaloid was not crystalline, but was shown to be homogeneous by paper 
chromatography. The base, for which we propose the name dasycarpine, is apparently, 
not identical with either ormosine or panamine. Thus dasycarpine formed a tripicrate, 
a trihydrobromide, and a triperchlorate, while panamine formed derivatives with only 
two mols. of picric and perchloric acid. Ormosine gave a dipicrate. The most likely 
molecular formula for dasycarpine is Cy9)H,;N,. Dasycarpine, in contrast to panamine, 
did not contain an N-methyl group, but the presence of at least one secondary amino-group 
was shown by infrared absorption. Dasycarpine showed only very weak absorption in 
the 1800—1500 cm.* region, but its hydrobromide had a strong infrared peak at 1578 cm. 
([NH,*).4 The alkaloid resisted catalytic reduction. 

The crystalline alkaloid appears to have the composition C,)H;,0,N,, and is thus not 
identical with ormosinine, although the melting points of the two compounds are similar. 


EXPERIMENTAL 


Isolation of the Alkaloids.—(a) Powdered seeds of Ormosia dasycarpa (5 kg.) were defatted 
with hexane and then extracted with boiling methanol until a portion no longer gave a positive 


1 Hess and Merck, Ber., 1919, 52, 1976. 

2 Lloyd and Horning, J. Amer. Chem. Soc., 1958, 80, 1506. } 
* Lloyd and Horning, J. Org. Chem., 1958, 28, 1074. 

* Heacock and Marion, Canad. J. Chem., 1956, 34, 1782. 
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test with Mayer’s reagent. The methanol was evaporated and the brown residue treated with 
water (1 1.). After filtration, the aqueous solution was made alkaline with ammonia and 
extracted with ether (3 + 1 1.), and the ether solution was concentrated to 500 c.c. Alkaloid 
I (1-9 g., 0-038%) was deposited slowly. 

Evaporation of the ether solution gave a yellow gum (71-5 g., 1-43%). A solution in ethanol 
was acidified with hydrobromic acid; the precipitate of dasycarpine hydrobromide crystallised 
from ethanol in needles (54-0 g., 0-57%). 

The acid solution was evaporated, an aqueous solution of the residue was made alkaline 
with ammonia, and the alkaloids were obtained by ether-extraction. Their solution in benzene 
was chromatographed on alumina. 

Distillation of the benzene eluates at 50—60° (bath)/0-0001 mm. gave (—)-sparteine (4-5 g., 
0-09%). 

(b) The powdered seeds were extracted exhaustively with boiling ethanol. The total 
alkaloids (0-82%), obtained as described in (a), were shown by paper chromatography not to 
contain sparteine. 

Further extraction of the seeds with boiling methanol gave a basic fraction (0-58%). The 
alkaloids in benzene were chromatographed on alumina. Distillation of the benzene eluates 
gave (—)-sparteine (0-09%). 

(—)-Sparteine.—A sample, b. p. 86°/0-002 mm., was obtained as an oil, [a],,2* —14-7° (c 1-0 
in ethanol), »,®° 1-5275 (Found: C, 78-0; H, 11-5; N, 12-2. Calc. for C,,H,.N,: C, 77-9; 
H, 11-2; N, 12-0%), shown to be identical with an authentic sample by paper chromatography 
and by comparison of infrared spectra. 

The picrate separated from ethanol in yellow needles, m. p. 203—205° (decomp.) (Found: 
C, 46-6; H, 4:5; N, 16-2. Calc. for C,,H,,0,,N,: C, 46-8; -H, 4:7; N, 16-2%), shown by a 
mixed-m. p. determination, and by a comparison of infrared spectra to be identical with an 
authentic sample, m. p. 205—206° (decomp.). 

Dasycarpine.—After recovery from its hydrobromide, the base was obtained by distillation 
as an oil, [a],2° +12-5 (c 1-1 in ethanol), b. p. 160—165° (bath)/0-5 mm. (Found: C, 75-5; 
H, 11:0; N, 13-1; N-methyl, 0-0%; M, by mass spectrography, 314. C,).H,;N, requires 
C, 75-6; H, 11-1; N, 13-2%; M, 315). 

A sample of the hydrobromide separated from ethanol in needles, m. p. 270—274° (Found: 
C, 39:3; H, 7-2; N, 6-8; Br, 38-8. Found, after being dried at 110°: C, 40-2; H, 7:1. 
C,,>H,;N3,3HBr,3H,O requires C, 39-1; H, 7-2; N, 6-8; Br, 39-0. C,9H;,N;,3HBr,2H,O 
requires C, 40-3; H, 7-1%). 

The perchlorate, prepared in ethanol with perchloric acid, crystallised from ethanol-ether 
in needles, m. p. 240° (decomp.) (Found: C, 39-5; H, 6-4; N, 7-0. C.9H;,N5,3HCIO, requires 
C, 39-0; H, 6-3; N, 6-8%). 

Picrate. Dasycarpine (117 mg.) in ethanol was treated with excess of a solution of ethanolic 
picric acid. The picrate (342 mg., 96%), separated from ethanol—methanol as an amorphous 
powder, m. p. 150—152° (Found: C, 44-7; H, 46; N, 16-0. C, 9H 3;N3,3C,H,;0,N;,1H,O 
requires C, 44-6; H, 4-5; N, 16-4%). 

Alkaloid I.—This base crystallised from ethanol-ether in needles, [a],7° +25°3 (c 1-0 in 
chloroform), m. p. 205—207° (Found: C, 65-2; H, 10-0; N, 11-1. CO, 9H,,0,N; requires C, 65-4; 
H, 10-1; N, 11-4%). 


The authors thank Dr. R. I. Reed for the molecular-weight determination. 
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9. Diboron Tetrachloride—Olefin Compounds. Part I. Some 
Properties of Diboron Tetrachloride—Ethylene. 


By A. K. Hoiitipay and A. G. MAssEy. 


Diboron tetrachloride-ethylene forms a stable 1:2 adduct with 
trimethylamine, and this further adds hydrogen chloride without decom- 
position. With ammonia and methylamine, substances [B,(NR),,C,H,), 
(R = Me or H) are formed; dimethylamine reacts incompletely, to give 
B,[NMe,),,C,H,. Hydrolysis yields B,(OH),,C,H,, which loses water 
when heated, giving B,O,,C,H,. Oxidation produces variable amounts of 
ethylene, boron trichloride, hydrogen chloride, and a solid residue; a 
mechanism involving initial formation of >B-O-O linkages is suggested. 


SCHLESINGER and his co-workers ! found that diboron tetrachloride and ethylene formed 
7 a volatile 1:1 addition compound B,Cl,,C,H,, whose structure? contained a B-C-C-B 
7 bond system (I). The chlorine atoms are replaceable by alkyl or alkoxy-groups,! but no 
reactions involving the boron—carbon bonds have been reported. We report now some 
further reactions of diboron tetrachloride-ethylene primarily with regard to their stoicheio- 
metry, the products not having been studied in detail. 


(I) Cl,B*CH,*CH,"BCl, MesN—BCl_*CH,*CH,'BCI,—NMey (II) 


From the structure (I) either or both of the boron atoms might act as acceptor atoms. 
| Further, the B-Cl bonds should be attacked by donor molecules containing reactive 
hydrogen atoms (e.g., H,O, NH,) with elimination of hydrogen chloride, as is observed 
' with boron trichloride. If the B-C bonds resemble those in alkylborons they should 
suffer hydrolysis but might be cleaved by pyrolysis or oxidation. These expectations 
have been fulfilled. 

Diboron tetrachloride—ethylene reacted with trimethylamine in a 1:2 ratio, giving 
a white solid, which was thermally stable and not oxidised or hydrolysed at room tem- 


perature. Structure (II) would account: for this stability since in compounds such as 

Me,N*-BCl,~ and Me,N*-BMe,~ co-ordinative saturation of the boron precludes attack 
r by other molecules.* However, hydrogen chloride might be expected to remove the 
; trimethylamine and liberate the parent compound: hydrogen chloride in fact reacted 


with the trimethylamine adduct in the expected 2:1 ratio, but no diboron tetrachloride— 
ethylene was liberated and no other volatile products were formed; the solid product 
appeared to be stable. This certainly suggests the formation of a diboron hexachloride— 
ethylene anion, 7.e., [Me,NH],*(Cl,B-C,H,BCl,|?~. If this is correct, the anion is formed 
under less specific conditions than the simple borochloride ion BCl,~ and is possibly more 
stable. 

With ammonia or monomethylamine diboron tetrachloride-ethylene reacted according 
to the equation (R = Me or H): 


nBsCly,CgH, + 6nR*NH, —p> 4nR*NH,Cl + [By(NR)q,CoHyln 


we 8? 


'- 


Presumably the initial step was co-ordination of two ammonia or amine molecules and was 
followed by removal of hydrogen chloride as the quaternary salt. The salt could be 
removed from the other product by sublimation; the polymeric nature of the remaining 
boron compound is inferred from its non-volatility and high thermal stability (no volatile 
products were evolved below the melting point of glass). 

With dimethylamine, the reaction expected was: 


B,Cl,,CaH, + 8Me,NH ——p 4Me,NHCI + By(NMeg)g,CoHy, 
1 Urry, Kerrigan, Parsons, and Schlesinger, J. Amer. Chem. Soc., 1954, 76, $299. 
2 Moore and Lipscomb, Acta Cryst., 1956, 9, 668. 

3 Wiberg and Siitterlin, Z. anorg. Chem., 1931, 202, 35. 
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requiring a reaction ratio of 1:8. In fact, a ratio of 1: 7-5 was the best that could be 
achieved even after prolonged reaction. The monomeric character of the product was 
indicated by its volatility; it was distilled from the quaternary chloride, but could not be 
separated from unchanged diboron tetrachloride—ethylene. 

Diboron tetrachloride, on hydrolysis, gives the tetrahydroxy-compound B,(OH,) 
which readily loses water to give boron suboxide.t Diboron tetrachloride—ethylene 
reacted similarly, and there was no evidence of rupture of B-C bonds at temperatures up 
to 100°. The product, B,(OH),,C,H, was a white solid, sparingly soluble in water to give 
a very weakly acidic solution. Adding mannitol enhanced the monobasic acidity, but 
titration with alkali did not give a sharp end-point. Heating to 130° caused loss of water 
and gave a glass, B,0,,C,H,, which re-absorbed water on cooling whilst the solid assumed its 
original powdery appearance. The oxide B,O,,C,H, could be heated to 300° without any 
apparent decomposition; it did not show the peculiar thermal transformation noted 4 
for the suboxide BO formed by dehydration of B,(OH),. 

Diboron tetrachloride-ethylene appeared to be slowly oxidised in dry air; in pure 
oxygen a violent exothermic reaction, with a green flash, occurred at temperatures down 
to —3°. Below this, the oxidation proceeded rapidly but quietly. A complex mixture 
of products was obtained (Table, p. 46), but the following facts permit some inter- 
pretation of the oxidation mechanism: (a) The reaction ratio B,Cl,,C,H,:O, was 1:1 
where no ignition occurred, 1 : >1 when ignition was observed. (b) Ethylene was produced 
in varying amounts, e.g., at —23° nearly half that available was found, at —78° only a trace. 
At higher temperatures, ignition probably reduced the ethylene yield, and combustion 
products (carbon monoxide and dioxide) appeared, with traces of methane and hydrogen 
(probably pyrolysis products). The other combustion product, water, would react with 
any boron trichloride and give boric acid and hydrogen chloride; hence, in runs at the 
higher temperature, the amount of these two products increased while that of boron 
trichloride decreased. (c) Taking into account the formation of boron trichloride and 
hydrogen chloride as the only volatile products containing boron or chlorine shows that 
some of the boron and chlorine remaining in the solid residue was not brought into 
titratable form (as boric acid or chlorine ion) by hydrolysis. There was no evidence for 
peroxide in the hydrolysate. 

A 1:1 reaction ratio between oxygen and a trialkylboron R,B has been interpreted > 
in terms of initial co-ordination of the oxygen molecule to the boron atom, followed by 
rearrangement to give first the peroxy-compound R,BO-OR and then the dialkoxide 
R-B(OR),. With diboron tetrachloride-ethylene, the same initial co-ordination to one 
boron atom can be assumed, and this might then be followed by further co-ordination, 

arn Phe Tae cI Jo} 
ci“ \cH,-cH,’ Cl ci% Nea 


by the same O, molecule, to the second boron atom (as in IIT) or by re-arrangement (to IV). 
It is suggested that both these products are formed and give rise to the observed products. 
If product (III) is assumed to give ethylene, the entity left is Cl,B-O-O-BCl,. Now other 
simple x-bonded molecules can, like ethylene, add to diboron tetrachloride in a 1:1 
ratio. Hence, oxygen might add initially to diboron tetrachloride to give the same 
peroxide as is left after loss of ethylene from (III). However, oxidation of diboron tetra- 
chloride in fact yields boric oxide and boron trichloride at low temperatures, with chlorine 
additionally at higher temperatures.? We have confirmed this observation, and have not 
been able to isolate the peroxide Cl,B-O-O-BCl,. Hence product (III) seems likely to 
appear finally as ethylene, boric acid (appearing as “‘ titratable’ boron in the residue), 


* Apple and Wartik, J]. Amer. Chem. Soc., 1955, 77, 6400. 
5 Petry and Verhoek, ibid., 1956, 78, 6416. 
® Holliday and Massey, unpublished work. 
7 Apple and Wartik, J. Amer. Chem. Soc., 1958, 80, 6153. 
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boron trichloride, and possibly chlorine. If product (IV) undergoes fission at the point 
indicated, dimerisation of the Cl,BO- fragment would give the peroxide already discussed, 
and hence ultimately the same products. Re-arrangement of the other fragment might 
occur in more than one way. One possibility is the formation of an aldehyde Cl,B-CH,°CHO, 
in which the B-C bond is retained. Retention of this bond implies presence of non- 
titratable boron in the hydrolysed residue. The aldehydic oxygen would, however, 
react further with any boron trichloride present, since carbon-attached oxygen almost 
invariably acts as donor to boron trichloride; and this would inevitably be followed by 
evolution of hydrogen chloride, leaving a non-volatile residue. The observed evolution 
of hydrogen chloride can be explained in this way. The fate of any chlorine evolved in 
the decomposition of the peroxide Cl,B-O-O-BCl, is uncertain; no free chlorine or 
chlorinated hydrocarbons were observed in the volatile products. Attack on the fragment 
O-CH,°CH,*BCl, might give an alkoxychloro-compound such as Cl*-CH,°CH,°O-BCl,; this 
again would probably interact further with boron trichloride, but the carbon-attached 
chlorine would not be expected to appear as chloride ion in the hydrolysate. 


EXPERIMENTAL 


Diboron tetrachloride was prepared by passage of a high-tension discharge through boron 
trichloride vapour, the method being based on that used by Urry et al.§ and by Apple and 
Wartik.® Improvement in the yield due to use of a direct-current discharge has been reported; 1° 
later it was found that an equal yield was obtained by using an alternating-current arc with a 
high current. Yields of up to 0°2 g./hr. were obtained by using a triple-jet diffusion pump to 
circulate boron trichloride vapour, free from hydrogen chloride, from a trap at —78° through 
a water-cooled quartz H-shaped discharge cell with mercury electrodes and back to the trap. 
The discharge was supplied from a source giving 4 kv and 0-5 ampere. After fractionation 
from unused trichloride, the product had v. p. 44—46 mm. at 0°. 

Complete separation from the trichloride was unnecessary in preparing the compound with 
ethylene; excess of the latter was added to the partly purified tetrachloride, and unused 
ethylene and boron trichloride were removed by fractionation. The final product had v. p. 
5 mm. at 23° (Found: B, 11-6; Cl, 73-6. Calc. for B,Cl,,C,H,: B, 11-5; Cl, 74-0%). 

The fractionations required above, and those for purification of starting materials, were 
carried out in an all-glass high-vacuum apparatus provided with float-valves. The methods 
used to study the reactions in this apparatus, and the analytical methods, have been described 
previously." 

Reaction with Trimethylamine.—Excess (4-03 mmoles) of trimethylamine was condensec 
on to 0-60 mmole of diboron tetrachloride-ethylene at — 196°, and the mixture warmed to 20° 
and then to ~50° for 1 min. in a closed vessel. After cooling, the only volatile material was 
trimethylamine (2-82 mmole); hence 1-21 mmole had reacted. The solid product was purified 
by sublimation, and did not melt below 220° (Found: Cl, 46-1. 2Me,N,B,Cl,,C,H, requires 
Cl, 45-8%). Samples treated for 2 hr. with excess of methyl alcohol, water, and hydrogen 
chloride severally at 20° gave quantitative recovery of these reagents; but when 0-66 mmole 
of product was warmed with 5-17 mmoles of hydrogen chloride in a sealed tube only 3-86 mmoles 
of hydrogen chloride were recovered; no other volatile product and no diboron tetrachloride- 
ethylene was obtained. 

Reaction with Ammonia and Mono- and Di-methylamine.—Excess (6-80 mmoles) of ammonia 
was condensed on to 0-68 mmole of diboron tetrachloride-ethylene at —196°, and the whole 
was warmed to 20° in a sealed tube and left for 3days. 2-74 mmoles of ammonia were recovered, 
but no other volatile product. Heating the solid residue gave a sublimate of ammonium 
chloride (2:73 mmoles). Hence the reaction ratio (product : NH,: NH,Cl) was 1: 5-98: 4-02. 
Reactions with mono- and di-methylamine were carried out similarly, except that with di- 
methylamine other conditions were also investigated. Typical ratios obtained for 
product : amine : hydrochloride Were 1: 6-18: 4-12 for monomethylamine and 1: 7-1: 3-8 for 
dimethylamine. 

8 Urry, Wartik, Moore, and Schlesinger, J. Amer. Chem. Soc., 1954, 76, 5293. 

® Apple and Wartik, personal communication. j 


10 Holliday and Massey, J. Amer. Chem. Soc., 1958, 80, 4744. 
11 Holliday et al., J., 1952, 11; 1953, 530; 1956, 4653. 
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Hydrolysis.—Condensing an excess of water on 0-98 mmole of diboron tetrachloride-ethylene 
gave no volatile products other than hydrochloric acid; titration gave 3-83 milliequivalents of 
chloride ion. In another experiment, the whole excess of water and the hydrogen chloride were 
removed by prolonged distillation and pumping; 1-92 mmoles of diboron tetrachloride-ethylene 
then yielded 229 mg. of a white solid [1-92 mmoles B,(OH),,C,H, weighs 225 mg.], 0-66 mmole 
of which when heated evolved 1-29 mmoles of water; further heating, to 300°, gave no volatile 
product and no visible change. 

Oxidation.—Details of the runs are tabulated; units are mmoles unless otherwise stated. 
Excess of oxygen was condensed on to diboron tetrachloride-ethylene at —196°, and the 
sealed reaction vessel was warmed to the temperature indicated; excess of oxygen and other 
non-condensable gases was then removed, followed by the volatile products, the tube being 
warmed to effect complete removal of the latter. The residue was then hydrolysed and 
titrated for boron and chloride. 


Temp. — 78° — 23° —3-5° 20° 

Pees WOE Ses oveduccesvensicbetedesvssvacoiies 0-97 1-21 1-34 0-81 
eR ee sas cacwenexsesensocecsunesapeqvenseninniees 0-96 1-20 1-53 1-50 
PONTE. CAD cencnvincnseesunsensssascrvnccsseses —_— -~ 0-20 0-50 
Gls, sidancexeatsenpacsanatoneccotungtens _- --- 0-10 0-12 

TN. « asdenthodendcuiihayiublsuiemnnded 0-02 0-48 0-27 0-14 

CRG :dienncnennesiacs bediuiesiioeesesines -- —_ i Trace 

ile... sibpsihstcndabestnnendeémeappnniods — -- -— Trace 

IEE. uxeedesvevsesnpuasecdvetosanecnieed 0-71 0-65 1-48 1-56 

PEE econ hebonncesevececesetsesteecnes) 0-73 0-75 0-56 0-17 

Residue: Cl~ milliequiv. ............s.cccccceees 0-27 0-60 0-70 0-54 
B (titrn.) milliequiv................06+ 0-98 1-47 1-56 1-32 


One of us (A. G. M.) is indebted to the Department of Scientific and Industrial Research 
for a grant. 


DEPARTMENT OF INORGANIC AND PHYSICAL CHEMISTRY, 
THE UNIVERSITY OF LIVERPOOL. [Received, July 13th, 1959.) 





10. The Basic Properties, Infrared Spectra, and Structures of 
Triphenylamine and T'ri-p-tolylamine. 
By R. D. W. Kemmitt, R. H. NuttTatt, and D. W. A. SHARP. 


Complexes are formed between triarylamines and boron trichloride and 
boron tribromide. The preparations cf these adducts and also of some tri- 
arylammonium salts are described. From a consideration of the infrared 
spectra of triphenylamine and tri-p-tolylamine it is considered that there is a 
planar or almost planar arrangement about the central nitrogen atom in 
these molecules. 


It has generally been considered that triarylamines are almost non-basic since, apart 
from hydrofluoric ! and perchloric ? acids, they dissolve only in acids which oxidise them. 
In a recent publication * one of us has given preliminary details of the preparation of some 
triphenylammonium salts from non-aqueous solvents. We now give further details of 
these preparations and of the preparation of some tri-p-tolylammonium salts, and describe 
the preparation of some triarylamine complexes. 

Triarylamine Complexes.—Triphenylamine and tri-p-tolylamine solutions in benzene 
become slightly coloured when Lewis acids such as boron trifluoride, stannic chloride, and 
antimony tribromide are added. It seems likely that some form of weak complex is being 
formed and these are under investigation. On addition of boron trichloride or tribromide 
to the triarylamine solutions there is immediate precipitation of dark-coloured solids. The 

1 Weinland and Reischle, Ber., 1908, 41, 3617. 


2 Hofmann, Metzler, and Hébold, Ber., 1910, 48, 1080. 
3 Sharp, Chem. and Ind., 1958, 1235. 
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triphenylamine-boron trichloride adduct was too unstable to be isolated at room temper- 
ature, but 1 : 1 adducts were prepared between triphenylamine and boron tribromide and 
between tri-p-tolylamine and boron trichloride. An adduct in which the molecular 
proportions are nearly 1:2 was formed between tri-p-tolylamine and boron tribromide. 
The 1:1 adducts are presumably straightforward co-ordination compounds but the 
1:2 adduct recalls the 1:2 adducts formed between ethers and boron trifluoride * and 
between various amines and boron halides.5 It is possible to write structures which 
contain tetrahalogenoborate ions for these adducts but Brown and his co-workers ® consider 
that they probably contain halogen bridges. The infrared spectra of the 1:1 boron 
trichloride-tri-p-tolylamine adduct and the 2: 1 boron tribromide-tri-p-tolylamine adduct 
prepared in the present work are both very similar and it must be concluded that the 
bonding to the amine in the two adducts is very similar. This is not conclusive evidence, 
however, for the type of bonding present in the rest of the molecule. The order of stability 
of the boron halide adducts (BF; < BCl, < BBrg) is in accordance with the normal order 
of strengths of the boron halides as Lewis acids.® 

Triarylammonium Salis.—The addition of traces of moisture to the solution of tri- 
phenylamine and boron trifluoride in benzene precipitates a pale green oil which rapidly 
crystallises and which we formulate as triphenylammonium fluoroborate. Hydrolysis of 
boron trifluoride gives some tetrafluoroboric acid by disproportionation of hydroxytri- 
fluoroboric acid’ or alternatively the reaction could proceed by disproportionation of a 
precipitate of triphenylammonium hydroxyfluoroborate. The infrared spectrum of the 
crystalline product shows no hydroxyl groups. Tri-p-tolylamine gave a similar oil but 
this would not crystallise. Passage of hydrogen halide through a solution of triarylamine 
and the appropriate metal halide gave other triarylammonium salts. Because of the 
insolubility of the boron trichloride and boron tribromide adducts in benzene solution it 
was not possible to prepare the tetrachloroborates or tetrabromoborates; hydrogen halide 
passed through a solution of tri-p-tolylamine and stannic halide in benzene gave a deep blue 
precipitate which was probably the aminium salt. The triarylammonium salts are 
extremely sensitive to moisture and must be handled in the dry-box. They slowly lose 
hydrogen halide at room temperature, and analysis and examination of physical properties 
must be carried out immediately after preparation. The salts are soluble in chloroform 
but they cannot be recovered and it is very doubtful whether they are stable in solution. 

The formulation of these derivatives as triarylammonium salts is supported by their 
infrared spectra which, except for the fluoroborate, are almost identical over the range 
2000—650 cm.. The fluoroborate has the strong bands associated with the fluoroborate 
ion near 1000 cm. and at about 750 cm.+.8 The 1000 cm.* peak shows more splitting 
than is normally observed in fluoroborates and it is believed that this splitting and the 
occurrence of the normally infrared-inactive band at 750 cm." are due to strong hydrogen 
bonding between cation and anion. Over the range 1600—650 cm.* the spectra are very 
similar to those of related tetrahedral molecules such as triphenylmethane and tri-f-tolyl- 
chloromethane (see Figure), the spectra providing further evidence in favour of the formul- 
ation of these salts as triarylammonium derivatives. Between 4000 and 2000 cm.* the 
spectra depend on the anion. The normal aromatic C-H frequencies occur near 3000 cm." 
but the N-H frequencies are split and appear between 2900 and 2400 cm.1. The assign- 
ment of these bands has been confirmed by preparation of N-deuterotriphenylammonium 
fluoroborate, in which the corresponding N-D bands are observed between 2250 and 
2050 cm... The position and appearance of these bands provides additional evidence for 
the presence of hydrogen bonding between cation and anion in all these salts.® 

* Wirth, Jackson, and Griffiths, J. Phys. Chem., 1958, 62, 871. 

5 Brown, Stehle, and Tierney, J. Amer. Chem. Soc., 1957, 79, 2020. 

® Brown and Holmes, ibid., 1956, 78, 2173. 

: Wanmser, ibid., 1951, 78, 409. J 
9 


Coté and Thompson, Proc. Roy. Soc., 1952, A, 210, 217. 
Nuttall, Sharp, and Waddington, unpublished observations. 











48 Kemmitt, Nuttall, and Sharp: 


It would have been useful to have been able to compare the spectra of the present 
triphenylammonium salts with the spectra of triphenylamine-hydrofluoric acid and 
triphenylamine-—perchloric acid but we could not repeat the preparation of these latter 
adducts satisfactorily. Triphenylamine dissolves in anhydrous hydrogen fluoride to give 
a dark-blue solution but on removal of solvent the triphenylamine was recovered un- 
changed. Only unchanged triphenylamine could be recovered from aqueous hydrofluoric 
acid. Attempts to prepare the triphenylamine-perchloric acid adducts gave either 
unchanged triphenylamine or dark-coloured oxidised products. Triphenylamine is soluble 
in anhydrous hydrogen chloride to give a pale blue solution but once again only triphenyl- 
amine could be obtained at room temperature after removal of solvent. The blue solutions 
of triphenylamine in hydrogen fluoride and hydrogen chloride are presumably due to the 
presence of protonated species but it seems unlikely that the protonation is on the nitrogen 
only as triphenylammonium salts are colourless or pale green. 

Infrared Spectra and Structure of Triphenylamine and Tri-p-tolylamine.—The present 
demonstration that triarylamines have some basic properties leads to reconsideration of the 
evidence for the structure of these amines. The dipole moment of triphenylamine is 
0-65 p; # such a small value may not be significantly different from zero. From a study 
of the ultraviolet spectrum Jaffé 4 considers that there is extensive conjugation in the 
molecule. The chemical properties of triphenylamine are in accordance with a stable 
conjugated system. We have now shown that the ultraviolet spectrum of tri--tolylamine 
is similar to that of triphenylamine and this is also evidence of the extensive conjugation 
between the lone-pair of electrons on the central nitrogen atom and the aromatic ring 
systems. Normally, lone pairs make a finite contribution to the stereochemistry of a 
molecule but to explain the low dipole moment it seems likely that in the triarylamines the 
lone pair of electrons is absorbed into the overall conjugated system. 

If the skeletal arrangement about the central nitrogen atom of triphenylamine is planar 
it would be expected, by analogy with the triphenylmethyl carbonium ion, that the molecule 
would be propeller-shaped having symmetry D,.!* If the molecule were slightly bent 
about the central nitrogen atom the highest possible symmetry would be C,. Ideally it 
should be possible to decide between these two configurations by a simple process of 
counting the number of components into which known vibrations are split but, as 
discussed previously, such a simple assessment is not possible for molecules of this 
complexity. 

The Figure shows the spectra of the amines, the corresponding ammonium salts, tri- 
phenylmethane, and tri-f-tolylchloromethane, the corresponding carbonium salts, and 
triphenylboron and the tri-f-tolylaminium cation. The differences between the spectr.. of 
the amines and the spectra of molecules such as triphenylmethane and the triphei:yl- 
ammonium ion which must be tetrahedral are sufficiently marked, particularly near 1600 
and 1300 cm., to make it unlikely that the triarylamines are fully tetrahedral. The 
strong bands at 1600 and near 1300 cm.+ are common to the amines, to the 
related carbonium ions, and to triphenylboron and the tri-f-tolylaminium ion and favour 
a planar skeletal arrangement in the amines although it could possibly be considered that 
these bands merely show the effect of the extensive conjugation in the molecules. The 
presence of only one absorption band in the C-H out-of-plane region of the spectrum of 
triphenylamine is anomalous since, even with a planar propeller-shaped structure, there 
should be two infrared-active components for this vibration; !* an all planar configuration 
would only give one band in this region. It is unlikely for steric reasons that the molecule 
is all-planar and there are two bands in the corresponding region in tri-p-tolylamine, so it 
must be assumed that the two vibrations are accidentally degenerate in triphenylamine. 
Thus, whilst not conclusive, the infrared spectra of triphenylamine and tri-f-tolylamine 

10 Klages and Langpape, Z. Elektrochem., 1959, 68, 533. 


1 Jafié, J. Chem. Phys., 1954, 22, 1430. 
12 Sharp and Sheppard, J., 1957, 674. 
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agree with other evidence in favouring a planar, or almost planar, arrangement about the 
central nitrogen atom. 

In having planar or near-planar structures, triarylamines, with conjugation between 
the lone pair of electrons on the nitrogen and x-electron systems of the aromatic rings, are 
very similar to trisilylamine, where the lone pair of electrons appears to be bonded to 
unfilled d orbitals on the silicon atoms.2%-14-15 

(Added in proof.| Recently Sasaki, Kimura, and Kubo * described electron diffraction 
measurements on triphenylamine. In the vapour at 200° the C-N-C bond angle is estimated 
to be 116 + 2°. The authors comment that their values could be interpreted as in- 
volving a flat, trigonally-bonded nitrogen at equilibrium, the molecule appearing pyramidal 


Infrared spectra of triarylamines and related compounds. 
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because of thermal bending motions. They prefer, however, a non-planar molecule of 
C,; symmetry. Since the infrared studies of the present work were carried out on the solid 
it is possible that a planar configuration is stabilised in that phase. 


EXPERIMENTAL 


Triphenylamine and tri-p-tolylamine in benzene gave dark-coloured products with boron 
trichloride and boron tribromide. These adducts were characterised by condensing excess of 
the halides on a solution of a known quantity of the amine in benzene or toluene, the whole 
experiment being carried out in a vacuum line. After allowing the solutions to warm, excess 
of reactants and solvent were removed in vacuo and the pale brown products weighed. The 
adducts are extremely sensitive to moisture and fume even in the dry-box. Analyses were 
made for halogen, the transfer to solution being made as quickly as possible. Although a 
solution of triphenylamine in benzene gave a dark-coloured precipitate with boron trichloride 
the product was unstable under vacuum at room temperature. We prepared triphenylamine— 
boron tribromide [1 mole of amine absorbs 0-9 mole of BBr,;. Found Br, 45-5. (C,H;),;N,BBr, 
requires Br, 48-4%]; and /ri-p-tolylamineboron trichloride [1 mole of amine absorbs 1-1 moles 
of BCl,. Found: Cl, 23-4. (C,H,),;N,BCl, requires Cl, 26-3%], and tribromide [1 mole of 
amine absorbs 1-8 moles of BBr;. Found: Br, 55-0. (C,H,);N,BBr, requires Br, 44-6. 
(C,H,),N,2BBr, requires Br, 60-8%]. 

Triphenylammonium salts were prepared as previously described.* N-Deuterotriphenyl- 
ammonium fluoroborate was prepared by shaking sodium-dried benzene with heavy water 
followed by passage of boron trifluoride through a solution of triphenylamine in the moist 
benzene. The following tri-p-tolylammonium salts were prepared by similar methods to those 


13 Hedberg, J. Amer. Chem. Soc., 1955, 77, 6491. 

14 Ebsworth, Hall, MacKillop, McKean, Sheppard, and Woodward, Spectroghim. Acta, 1958, 18, 202. 
18 Kriegsmann and Forster, Z. anorg. Chem., 1959, 298, 212. 

16 Sasaki, Kimura, and Kubo, J. Chem. Phys., 1959, 81, 477. 
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used for triphenylammonium salts * (tri-p-tolylammonium fluoroborate would not crystallise) ; 
chloroantimonite (Found: C, 44-3; H, 4-4; Cl, 24-4. (C,H,);NHSbCI, requires C, 45-7; H, 4-0; 
Cl, 25:7%], bromoantimonite [Found: C, 32-7; H, 3-4. (C,H,)s;NHSbBr, requires C, 34-5; H, 
30%]. The passage of hydrogen halide through a benzene solution of tri-p-tolylamine and 
stannic chloride or stannic bromide gave a deep blue precipitate. Attempts were made to 
prepare perchlorates and fluorides as described in the literature.¥? In all cases, after removal 
of solvent, only unchanged amine or very dark oxidised products remained. Triphenylamine 
dissolved readily in anhydrous hydrogen fluoride to give a deep blue solution. On evaporation 
of the solvent in a stream of dry nitrogen unchanged triphenylamine remained. Tripheny]- 
amine dissolved in liquid hydrogen chloride to give a pale blue solution but again only 
triphenylamine remained on removal of solvent. 

Ultraviolet spectra were recorded in methanol on a Unicam SP.500 spectrophotometer. 
The spectrum of triphenylamine was very similar to that recorded by Jaffé:™ An, 296— 
298 my, Emax, 19,900. Amin, 249—250, ein, 1600. That of tri-p-tolylamine had Ay,x, 298 my, 
Emax, 56,450; Amin, 252 my, Emin, 1470. 

Infrared spectra were recorded on a Perkin-Elmer Model 21 spectrophotometer with rock- 
salt or fluorite optics. Mulls were prepared in Nujol or hexachlorobutadiene (in the dry-box if 
necessary). 


We thank Borax Consolidated Ltd. for a gift of boron tribromide, Imperial Smelting Corpor- 
ation for a gift of boron trifluoride, and the Ministry of Education (R. D. W. K.) and the County 
Borough of Bolton (R. H. N.) for maintenance grants. 
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11. Elaboration Products of Podocarpic Acid. 
By R. Hopces and R. A. RAPHAEL. 


Podocarpic acid has been converted into trans-1,2,3,4,9,10,11,12-octa- 
hydro-7-methoxy-1,1,12-trimethylphenanthrene thus establishing the ab- 
solute stereochemistry of the latter. 


TueE total synthesis of racemic ¢rans-1,2,3,4,9,10,11,12-octahydro-7-methoxy-1,1,12-tri- 
methylphenanthrene (VIII; R = Me) has been reported. In view of the value of this 
compound for terpene syntheses it was obviously desirable to establish the absolute con- 
figuration of its enantiomorphs. This has now been achieved by the production of the 
dextrorotatory enantiomorph from podocarpic acid. 

Wolff-Kishner reduction of 1$-formyl-trans-1,2,3,4,9,10,11,12-octahydro-1,12-di- 
methyl-6-methoxyphenanthrene (obtained from podocarpic acid by published procedures) 
yielded the phenanthrene (I; R = Me, R’ = H) which on nitration could be converted 
into either the mononitro-compound (I; R = Me, R’ = NO,) or the corresponding dinitro- 
phenol (IV). It was hoped that the methoxyl group in the mononitro-derivative could 
be replaced by hydrogen via the corresponding thiophenol or disulphide. However, we 
were unable to obtain any useful products from the reaction of the phenanthrene (I; 
R = Me, R’ = NO,) with sodium sulphide or disulphide, either intractable gums resulting 
or starting material being recovered. 

As it was thought that displacement of the toluenesulphonyl group in the derivative 
(I; R = Ts, R’ = NO,) might take place more readily, the methoxy-compound (I; R = 
Me, R’ = H) was demethylated with sodamide in piperidine,? and the resulting phenol 
nitrated with cupric nitrate in acetic anhydride, giving (I; R = H, R’ = NO,). Allefforts 
to replace the toluenesulphonyl group in the nitro-toluenesulphonate (I; R = Ts, R’ = 
NO,) by sodium sulphide again failed. An attempt to remove the phenolic grouping in 


1 Barltrop and Rogers, J., 1958, 2566. 
2 Brotherton and Bunnett, Chem. and Ind., 1957, 80. 
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the nitro-compound (I; R =H, R’ = NO,) by conversion into the diethyl phosphate 
followed by reduction with lithium in ammonia® gave the amino-phenol (I; R = H, 
R’ = NH,). 

A new approach to the introduction of a substituent in the 7-position was then adopted. 
irans-1,2,3,4,9,10,11,12-Octahydro-18-hydroxymethyl-1,12-dimethylphenanthrene* was 
oxidised to the corresponding aldehyde (II). Wolff-Kishner reduction of the aldehyde 
(II) gave the hydrocarbon (III) together with a product corresponding to the azine. 


oe ee 








CHO (II) (11) 
ie. 
MeO,C 36 (VI) 6 (VII) 4 (vill) (IX) 


Controlled oxidation of the hydrocarbon (III) produced the expected 9-oxo-derivative 
(V; R =H) and a substance containing three oxygen atoms. It had infrared and ultra- 
violet absorptions consistent with its formulation as an «-diketone, and formed a quinoxaline 
which contained a hydroxyl group (infrared spectrum). In view of the known 5«-hydroxyl- 
ation of steroids by chromic acid * and the suggested formulation of a similarly derived 
substance (VJ),° structure (VII) seems the most probable for the by: product. 

Nitration of «-tetralone yields? a mixture of 7-nitro- and 5-nitro-«-tetralone in the 
ratio of 93:7. Hence, it was expected that nitration of the ketone (V; R = H) would 
yield almost exclusively (_V; R = NO,). Only one product was indeed isolated, which 
was shown in the sequel to possess the expected structure. Removal of the keto-group 
was achieved by reduction with sodium borohydride to the corresponding alcohol, followed 
by acetylation, and reduction with lithium in ammonia to give 7-amino-trans- 
1,2,3,4,9,10,11,12-octahydro-1,1,12-trimethylphenanthrene. The hydrochloride was 
diazotised, converted into the phenol (VIII; R= H), and thence into (+)-trans- 
1,2,3,4,9,10,11,12-octahydro-7-methoxy-1,1,12-trimethylphenanthrene (VIII; R = Me). 
In view of the established stereochemistry of podocarpic acid the absolute configuration 
of (VIII; R = Me) must therefore be represented as shown. 

Although precedents were strongly against it, there remained a possibility that the 
nitration of the ketone (V; R =H) had proceeded to give the corresponding 5-nitro- 
derivative rather than (V; R= NO,). To procure further evidence on this point the 
derived phenol was dinitrated. That the product was a 2,6-dinitrophenol (IX) as expected 
was confirmed by the comparison of its ultraviolet absorption spectrum in the range 
320—460 mu with 2,6- and 2,4-dinitrophenols of known structure, as shown in the Table. 

While this work was in progress a new diterpene phenolic ketone nimbiol ® was reported. 
The light-absorption data suggested structure (X) for this compound. Accordingly (X) 

% Kenner and Williams, J., 1955, 522. 

* Wenkert and Jackson, J. Amer. Chem. Soc., 1958, 80, 217. 

5 Martin-Smith, J., 1958, 523. 

: Ohta and Ohmori, Pharm. Bull. Japan, 1957, 5, 91. i] 
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Schroeter, Ber., 1930, 63, 1308. 
Sengupta, Choudhury, and Khastgir, Chem. and Ind., 1958, 861. 








52 Hodges and Raphael: 


Ultraviolet absorption of dinitrophenols in 0-005N-sodium hydroxide in 90°, methanol. 


Armax. (My) € Amax. (My) < 
6-Methyl-2,4-dinitrophenol ................0e.ee0e+ 371 16,600 403 13,900 
5,6,7,8-Tetrahydro-2,4-dinitro-l-naphthol ... 370 15,500 410 14,100 
4-Methyl-2,6-dinitrophenol .............se.seeeeeee 447 7600 
3,4-Dimethyl-2,6-dinitrophenol .................- 425 6300 
GREY ccccksscsvsncdacesshsaucsscsanneccisbsccsassocensoosss 437 5300 
CRUD adddencivviscsantectscbbcapsncinbavensnssconsrtansess 428 7100 


was prepared by the chromium trioxide oxidation of the acetate (I; R = Ac, R’ = H), 
However, the physical constants of compound (X) conclusively showed that it was not 
identical with nimbiol, although the two compounds obviously contain similar chromo- 
phores. 


EXPERIMENTAL 


Rotations were determined in chloroform at room temperature unless otherwise stated. 
M. p.s were determined on a Kofler block and are corrected. Alumina of activity III was 
employed for chromatography and the light petroleum used for elution had b. p. 60—80°. 

trans-1,2,3,4,9,10,11,12-Octahydro-6-methoxy-1,1,12-trimethylphenanthrene (1; R= Me, 
R’ = H).— 18-Formyl-trans -1,2,3,4,9,10,11,12-octahydro-6-methoxy -1,12-dimethylphenan- 
threne (23-7 g.) and hydrazine (60 ml.; 60%) were heated under reflux in diethylene glycol 
(400 ml.) for 90 min. The solution temperature was raised to 200° by distillation, potassium 
hydroxide (30 g.) was added, and the mixture was kept under reflux for a further 4 hr. The 
product, in benzene, was filtered through alumina (200 g.) and crystallised from methanol, 
forming needles (16-2 g.) of the methoxy-compound (I; R = Me, R’ = H), m. p. 30-5—31-5°, 
{a],, +72° (c 2-3) (Found: C, 83-3; H, 9-8; OMe, 11-6. C,,H,,O requires C, 83-65; H, 10-15; 
OMe, 12-0%). 

trans-1,2,3,4,9,10,11,12-Octahydvo-6-methoxy-1,1,12-tvimethyl-7-nitrophenanthrene (1; R= 
Me, R’ = NO,).—The methoxy-compound (I; R= Me, R’ = H) (710 mg.), cupric nitrate 
(355 mg. of trihydrate), and acetic anhydride (20 ml.) were stirred at room temperature for 
12 hr. The mixture was poured into water, and the product adsorbed on alumina (30 g.) from 
light petroleum. Elution with benzene-light petroleum (1:1) gave the nitro-compound (I; 
R = Me, R’ = NO,) as needles (260 mg.) (from aqueous methanol), m. p. 133—134-5°, [a], 
+ 274° (c 0-7) (Found: C, 70-9; H, 8-2; N, 4:7. C,,H,,O,;N requires C, 71-25; H, 8-3; N, 
46%). 

trans-1,2,3,4,9,10,11,12-Octahydro-6-hydroxy-1,1,12-trimethyl-5,7-dinitrophenanthrene (IV).— 
The methoxy-compound (I; R= Me, R’ = H) (1-90 g.), benzene (10 ml.), and nitric acid 
(8 ml.; 35%) were stirred for 1 hr. at 5°. Extraction from benzene with Claisen’s alkali gave 
a product which was adsorbed from benzene on alumina (100 g.) deactivated with 10% of 10% 
acetic acid, and eluted with ether. Crystallisation from aqueous methanol gave the dinitro- 
phenanthrene (IV) as yellow needles (550 mg.), m. p. 138-5—139-5°, [aJ,, + 273° (c 0-9) (Found: 
C, 60-85; H, 6-6; N, 8-15. C,,H,.O;N, requires C, 61-05; H, 6-65; N, 84%). The alkali- 
insoluble fraction afforded the mononitro-compound (I; R = Me, R’ = NO,) (80 mg.). 

Demethylation of trans-1,2,3,4,9,10,11,12-Octahydvro-6-methoxy-1,1,12-trimethylphenanthrene 
(I; R = Me, R’ = H).—The methyl ether (8-9 g.) was heated under reflux with a suspension 
of sodamide (from 10 g. of sodium) in dry piperidine (60 ml.) for 16 hr. The product crystallised 
from hexane as needles (7:95 g.) of trans-1,2,3,4,9,10,11,12-octahydro-6-hydroxy-1,1,12-tri- 
methylphenanthrene (I; R = R’ = H), m. p. 140—14l1°. 

Treatment with toluene-p-sulphonyl chloride in pyridine gave the corresponding toluene- 
sulphonate, which crystallised as needles (from methanol), m. p. 72—74°, [a], +56° (c 0-8) 
(Found: C, 72-75; H, 7-6. C,H ,,0,S requires C, 72-3; H, 7-6%). 

trans-1,2,3,4,9,10,11,12-Octahydro-6-hydroxy-1,1,12-trimethyl-7-nitrophenanthrene (I; R= 
H, R’ = NO,).—The hydroxy-compound (I; R = R’ = H) (2-75 g.), cupric nitrate (1-46 g. of 
trihydrate), and acetic anhydride (30 ml.) were stirred at room temperature for 20 hr., and then 
diluted with water. Cyrstallisation of the precipitate from aqueous methanol or light petroleum 
gave (I; R = H, R’ = NO,) as yellow needles (2-43 g.), m. p. 113-5—114-5° (Found: C, 70-6; 
H, 7:45; N, 5-2. C,,H,,0,N requires C, 70-55; H, 8-0; N, 485%). Attempts to nitrate the 
toluenesulphonate of (I; R = R’ = H) by this method afforded only starting material. 
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7+ Amino - trans - 1,2,3,4,9,10,11,12 - octahydro - 1,1,12 - trimethyl - 6 - toluene - p - sulphonyloxy - 
phenanthrene (1; R = Ts, R’ = NH,).—The nitro-compound (I; R = H, R’ = NO,) (1-79 g.), 
toluene-p-sulphony] chloride (1-25 g.), and pyridine (0-53 ml.) were heated under reflux in dry 
benzene (50 ml.) for 12 hr. After being washed with water, 2N-sulphuric acid, and sodium 
hydrogen carbonate solution, the benzene solution was filtered through alumina (70 g.) deactiv- 
ated with 5% of 10% acetic acid. Evaporation to dryness yielded crude ester (I; R = Ts, 
R = NO,) as a yellow oil (2-1 g.) which could not be crystallised. This oil (534 mg.) was 
hydrogenated in benzene (50 ml.), Adams’s catalyst (25 mg.) being used. After adsorption 
from benzene on alumina (50 g.) and elution with ether—methanol (19: 1), the ester (I; R = Ts, 
R’ = NH,) crystallised as neeales (276 mg.) (from light petroleum), m. p. 137—138°, [a], +72° 
(c 0-8) (Found: C, 69-7; H, 7-45. C,.,H,,O,NS requires C, 69-7; H, 7-55%). 

7-Amino-trans-1,2,3,4,9,10,11,12-octahydvo-6-hydroxy-1,1,12-trimethylphenanthrene (I; R= 
H, R’ = NH,).—The nitro-compound (I; R=H, R’ = NO,) (65 mg.) was subjected to 
Kenner’s deoxygenation procedure. The product would not crystallise from chloroform-light 
petroleum or aqueous methanol, a gelatinous suspension being formed. However, after sub- 
limation (3 times at 140°/0-003 mm.) it formed fine needles (26 mg.) of the amine (I; R = H, 
R’ = NH,), m. p. 174—176°, {a],, + 86° (c 0-15) (Found: C, 78-45; H, 9-65; N, 5-8. C,,H,,ON 
C, 78-7; H, 9-7; N, 54%). 

18-Formyl-trans-1,2,3,4,9,10,11,12-octahydro-1,12-dimethylphenanthrene (I1).—Oxidation of 
18-hydroxymethyl-trans-1,2,3,4,9,10,11,12-octahydro-1,12-dimethylphenanthrene (22-7 g.) in 
acetone (300 ml.) with chromic acid (8N) gave the aldehyde (II) which crystallised as flat prisms 
(17-6 g.) (from methanol), m. p. 106—108°, [aj,, +89° (c 1-4) (Found: C, 84-5; H, 8-95. 
C,,H.,O requires C, 84-25; H, 9-15%). 

trans-1,2,3,4,9,10,11,12-Octahydro-1,1,12-trimethylphenanthrene (III).—The aldehyde (II) 
(14-1 g.), hydrazine (50 ml., 60%), and diethylene glycol (250 ml.) were heated under reflux 
for 1 hr. Potassium hydroxide (15 g.) was added and the temperature raised to 210° by 
distillation. After 5 hr. the product was extracted with light petroleum, filtered through 
alumina (300 g.), and crystallised, forming prisms (12-9 g.) of the Aydrocarbon (III) (from chloro- 
form—methanol), m. p. 16—17°, b. p. 96—97°/18 mm., [a], + 63° (c 3-3) (lit.® [a], +65°) (Found: 
C, 89-65; H, 10-55. C,,H.4 requires C, 89-4; H, 10-6%). Further elution with benzene-ether 
(4: 1) gave the azine (110 mg.) as prisms (from aqueous methanol), m. p. 214—216-5°, [a|,, + 223° 
(c 0-6) [Found: C, 84-35; H, 9-0; N, 5-7%; M (mass spectrometer), 480 + 3. C,,H,,N, 
requires C, 84-95; H, 9:25; N, 5-85%; M, 480); Amax (hexane) 213 my (¢ = 37,600); v (Nujol) 
1630 cm.*1 (N=N). 

trans-1,2,3,4,9,10,11,12-Octahydro-1,1,12-trimethyl-9-oxophenanthrene (V; R= H).—The 
hydrocarbon (III) (8-13 g.), chromium trioxide (4-78 g.), and acetic acid (120 ml.) were heated 
at 70—75° for 10 min. The product was freed from acidic material and adsorbed on alumina 
(300 g.) from light petroleum. Elution with light petroleum gave unchanged hydrocarbon 
(III) (930 mg.). Elution with benzene gave the ketone (V; R = H) as prisms (5-5 g.) (from 
aqueous methanol), m. p. 82—83-5°, [aJ,, +18° (c 1-6) (Found: C, 84-55; H, 8-85. C,,H,,O 
requires C, 84:25; H, 9-15%), Amax (in methanol) 251 my (ec = 10,200). Further elution with 
methanol gave a yellow oil which was adsorbed from benzene-light petroleum (1 : 1) on alumina 
(20 g.) deactivated with 5% of 10% acetic acid, and eluted with benzene. Crystallisation from 
light petroleum-chloroform gave _ trans-1,2,3,4,9,10,11,12-octahydro-1la-hydroxy-1,1,12-tri- 
methyl-9,10-dioxophenanthrene (VII) (52 mg.) as yellow needles, m. p. 167—169°, [a],, +221° 
(c 0-6) (Found: C, 74-85; H, 7-5. C,,H O, requires C, 74:95; H, 7°-4%); Amax, (in methanol) 
281 my (ec = 6200); v (in carbon disulphide) 1690 and 1731 cm... The quinoxaline derivative 
crystallised as white needles (from light petroleum), m. p. 208—209° (Found: C, 79-75; H, 7-0; 
N, 8-55. C,,H,,ON, requires C, 80-2; H, 7-0; N, 8-15%). 

trans -1,2,3,4,9,10,11,12-Octahydro-1,1,12-trimethyl-7-nitro-9-oxophenanthrene (V; R= 
NO,).—A mixture of nitric acid (2°51 ml.; 70% w/w) and sulphuric acid (4-2 ml.) was added 
dropwise to a stirred solution of the ketone (V; R =H) (9-6 g.) in sulphuric acid (10 ml.) 
maintained at 0°. After being stirred for 10 min. the mixture was poured on ice, and the 
product crystallised from methanol, forming plates (10-67 g.) of the nitro-ketone (V; R = NO,), 
m. p. 169-5—170°, [a],, +36° (c 1-0) (Found: C, 70-7; H, 7-25; N, 4:95. C,,H,,O,N requires 
C, 71-05; H, 7-35; N, 485%); %Amax, (in methanol) 237 (« = 25,400), 268 (e = 10,250). 

trans - 1,2,3,4,9,10,11,12- Octahydro - 9 - hydroxy - 1,1,12 - trimethyl -7 - nitrophenanthrene.—The 
® Ohta and Ohmori, Pharm. Bull. Japan, 1957, 5, 96. 
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nitro-ketone (V; R = NO,) (380 mg.) was reduced with sodium borohydride (100 mg.) in 
dioxan (10 ml.) for 1 hr. at room temperature. Acetic acid and water were added, and the 
product was crystallised from aqueous methanol, giving needles (340 mg.) of trans- 
1,2,3,4,9,10,11,12-octahydro-9-hydroxy-1,1,12-trimethyl-7-nitrophenanthrene, m. p. 145—147-5°, 
[a], +115° (c 0-8) (Found: C, 70-85; H, 7:7; N, 4:8. (C,,H,,;0,N requires C, 70-55; H, 8-0; 
N, 4:85%). 

9-Acetoxy-trans-1,2,3,4,9,10,11,12-octahydro-1,1,12-trimethyl-7-nitrophenanthrene.—The 9- 
hydroxy-derivative (168 mg.), acetic anhydride (5 ml.), and sodium acetate (200 mg.) were 
heated under reflux for 3 hr. The product, isolated by precipitation with water, crystallised 
from methanol as flat prisms (152 mg.) of 9-acetoxy-trans-1,2,3,4,9,10,11,12-octahydro-1,1,12- 
trimethyl-7-nitrophenanthrene, m. p. 104—105-5°, [a], +79° (c 0-7) (Found: C, 68-65; H, 7-8. 
C,,H,,0,N requires C, 68-85; H, 7-6%). 

7-Amino-trans-1,2,3,4,9,10,11,12-octahydro-1,1,12-trimethylphenanthrene.—°- Acetoxy-trans- 
1,2,3,4,9,10,11,12-octahydro-1,1,12-trimethyl-7-nitrophenanthrene (8-14 g.) in ether (50 ml.) 
was added to liquid ammonia (250 ml.). Lithium (5 g.) was added, the mixture stirred for 
10 min., and the excess of lithium destroyed by the addition of ammonium chloride. The 
product was isolated as the amine hydrochloride (5-3 g.), precipitated from ether by hydrogen 
chloride. Acetylation gave 7-acetamido-trans-1,2,3,4,9,10,11,12-octahydro-1,1,12-trimethyl- 
phenanthrene, crystallising as long prisms, m. p. 151—154°, {a],, +75° (c 1-1), from chloroform- 
light petroleum (Found: C, 80-35; H, 9-6; N, 5-55. C,,H,,ON requires C, 79-95; H, 9-55; 
N, 5-6%). 

trans-1,2,3,4,9,10,11,12-Octahydro-7-hydvoxy-1,1,12-trimethylphenanthrene (VIII; R = H).— 
Sodium nitrite (33 mg.) in sulphuric acid (0-25 ml.) was added dropwise to a stirred solution of 
7-amino-trans-1,2,3,4,9,10,11,12-octahydro-1,1,12-trimethylphenanthrene hydrochloride (128 
mg.) in acetic acid (2 ml.) at 0°. After the mixture had been stirred for 30 min., ice (10 g.) was 
added, and the mixture was poured into a solution of sulphuric acid (20%) and sodium sulphate 
in water maintained at 120° under reflux. The product was extracted from benzene with 
Claisen’s alkali, adsorbed from petrol on alumina (20 g.) deactivated with 10% of 10% acetic 
acid, eluted with benzene-light petroleum (2: 3), and crystallised from light petroleum, giving 
needles of the phenol (VIII; R= H) (44 mg.), m. p. 132—134°, [a], +61° (c 1:3) (Found: 
C, 83-05; H, 10-3. C,,H,,O requires C, 83-55; H, 9-9%). 

trans - 1,2,3,4,9,10,11,12-Octahydvo-7-methoxy-1,1,12-trimethylphenanthrene (VIII; R= 
Me).—The potassium salt of the above phenol (800 mg.), prepared with molecular potassium 
in benzene, was methylated with methyl iodide. The product, in light petroleum, was filtered 
through alumina (50 g.) and crystallised from methanol, forming plates (644 mg.) of the methyl 
ether (VIII; R = Me), m. p. 86—88°, [a], +54° (c 1-7) (Found: C, 83-45; H, 10-4; OMe, 11-6. 
C,,H,,O requires C, 83-65; H, 10-15; OMe, 12-0%). 

trans-1,2,3,4,9,10,11,12-Octahydro-7-hydroxy-1,1,12-trimethyl-6,8-dinitrophenanthrene (IX).— 
Nitric acid (0-0087 ml.; 70% w/w) was added to a solution of trans-1,2,3,4,9,10,11,12-octahydro- 
7-1 ydroxy-1,1,12-trimethylphenanthrene (23 mg.) in acetic anhydride (2 ml.) at room tem- 
perature. The mixture was heated to 70° for 10 min. and then poured into water, and the 
product filtered off. Adsorption on alumina (5 g.) deactivated with 10% of 10% acetic acid, 
followed by elution with benzene gave the dinitro-compound (IX) (6 mg.) as yellow needles, 
m. p. 110—112°, from aqueous methanol (Found: C, 61-05; H, 6-7; N, 83. (C,,H,.O0;N, 
requires C, 61-05; H, 6-65; N, 8-4%). 

trans-1,2,3,4,9,10,11,12-Octahydro-6-hydroxy-1,1,12-trimethyl-9-oxophenanthrene (X).—trans- 
1,2,3,4,9,10,11,12-Octahydro-6-hydroxy-1,1,12-trimethylphenanthrene (115 mg.) was heated 
under reflux with sodium acetate (200 mg.) and acetic anhydride (5 ml.) for 1 hr. The crude 
product, in acetic acid (10 ml.), was treated with chromium trioxide (60 mg.) at 70—75° for 
10 min. Extraction with light petroleum, washing with sodium hydrogen carbonate solution, 
and adsorption on alumina (20 g.) followed by elution with ether gave the crude ketone (X). 
This was purified by chromatography on alumina deactivated with 5% of 10% acetic acid, 
the product being obtained as needles (24 mg.), m. p. 217—219°, [a),, +28° (c 1-0), from aqueous 
methanol (Found: C, 78-65; H, 8-65. C,,H,,O, requires C, 79-05; H, 86%); Amax, (in 
methanol) 230 (¢ = 11,550) and 286 my (ec = 12,950). Nimbiol has 2,,, 231 and 286 my 
(e = 11,800 and 11,500). The dinitrophenylhydrazone of our product formed needles, m. p. 
266—268°, from methanol (Found: C, 63-25; H, 5-75. C,,H,,O;N, requires C, 63-0; H, 6-0%); 
Amax. (in methanol): 400 my (ec = 23,000). 
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12. Studies of Dipole Moments, and Sorption Characteristics at the 
Solution—Solid Interface, of a Series of Substituted Phenols. 


By B. Eri¢, E. V. Goope, and D. A. IsBitson. 


Sorption of a series of substituted phenols from cyclohexane on activated 
alumina has been studied, and evidence provided that sorption is uni- 
molecular. From the isotherm data, standard thermodynamic free-energy 
changes have been calculated. The apparent dipole moments of the phenols 
in cyclohexane and dioxan have been determined from measurements on 
dilute solutions. Increases in O-H bond moment, brought about by 
hydrogen bonding between the hydrogen atom of the hydroxyl group and 
the oxygen atom of the dioxan molecule, have been calculated. The results 
indicate that hydrogen-bond formation is responsible for the sorption process, 
the magnitude of the standard free-energy decrease on sorption being a reflec- 
tion of the intensity of the O-H bond moment. Dipole moments of the para- 
substituted phenols in cyclohexane agree with the calculated values, indicat- 
ing no interaction between the groups in the para-positions. The moment of 
2,4,6-tribromophenol is almost identical with that of phenol, whereas the 
moment of 2,4,6-tri-t-butylphenol is between those of phenol and t-butyl 
alcohol. It is concluded that the large t-butyl groups in the ortho-positions 
cause steric inhibition of mesomerism in 2,4,6-tri-t-butylphenol. 


SorPTION of a solute in solution by a solid surface is a spontaneous process, associated 
with a decrease in free-energy whose magnitude might be expected to manifest the 
intensity of the electrical forces between the sorbent surface and the sorbate molecule. 

Many attempts have been made to correlate the dipole moment of the sorbate with 
sorbability, but Heymann and Boye,! Sata and Kurano,? Arnold,’ and Bhatnagar, Kapur, 
and Bhatnagar * all conclude that it has no significance in explaining the mechanism of 
sorption from solution. 

Molecules are sorbed with the functional group or groups in contact with the sorbent 
surface, and this investigation is an attempt to determine the importance of essential 
bond polarity in relation to thermodynamic free-energy decrease on sorption. Sorption 
of a series of substituted phenols from cyclohexane on activated alumina has been studied, 
and standard free-energy decreases associated with the sorption process evaluated. Dipole 
moments of the sorbates in cyclohexane and dioxan have also been determined. 


EXPERIMENTAL 

(1) Sorption Studies——(a) Materials. Activated alumina suitable for chromatographic 
analysis, and passing a 120 mesh B.S. sieve, was stored in bulk. 

Cyclohexane, dried first with anhydrous calcium chloride, then with sodium wire, was 
distilled, and the fraction boiling at 80-8°/760 mm., was collected. 

Phenol, m. p. 41-5°, p-cresol, m. p. 35-0°, p-chlorophenol, m. p. 43-0°, and p-bromophenol, 
m. p. 64-0° were distilled, and recrystallised from light petroleum (b. p. 40—-60°) p-t-Butyl- 
phenol, prepared by the Friedel-Crafts reaction from phenol and t-butyl chloride in the 

1 Heymann and Boye, Kolloid Z., 1932, 59, 153. 

2 Sata and Kurano, ibid., 1932, 60, 137. 


3 Arnold, J. Amer. Chem. Soc., 1939, 61, 1911. 
4 S. S. Bhatnagar, Kapur, and M. S. Bhatnagar, J. Indian Chem. Soc., 1946, 17, 361. 
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presence of anhydrous aluminium chloride and recrystallised from light petroleum, had m. p. 
99-0°. Mesitol, prepared by fusion of mesitylenesulphonic acid with potassium hydroxide at 
270—330° and recrystallised from methanol—water, had m. p. 70-0°. 2,4,6-Tri-t-butylphenol 
was prepared by passing isobutene into a solution of phenol in benzene, with sulphuric acid as 
catalyst; it was recrystallised from alcohol and had m. p. 131-0°. 2,4,6-Trichlorophenol, 
recrystallised from alcohol—water, had m. p. 69-0°. 2,4,6-Tribromophenol, prepared by direct 
bromination of phenol and recrystallised from alcohol—water, had m. p. 93-5°. 

(b) Method of sorption. Solutions of graded concentration of each sorbate were prepared. 
2-0 g. portions of alumina dried at 110° for 48 hr. were transferred directly from the drying oven 
to 50 ml. portions of solution contained in glass stoppered flasks. The flasks were shaken, 
sealed with a viscous solution of cellulose acetate in acetone, immersed in a thermostat at 35°, 
and allowed to attain equilibrium. After seven days the flasks were removed, and the 
equilibrium concentrations determined absorptiometrically on a Unicam SP.500 instrument. 
From initial and equilibrium concentrations amounts of solute sorbed were calculated. 


TABLE 1. Sorption and free-energy data 


— AG° — AG°® 
10° x, 10c ED (cal. mole-") 10° x, 10°¢ c/X% (cal. mole) 
Phenol p-Cresol 
0-450 0-10 —- 6860 0-350 0-10 -— 6720 
0-520 0-25 0-48 --- 0-540 0-20 — 6560 
0-620 0-40 as 6220 0-680 0-48 0-70 6270 
0-720 1-08 1-50 5640 0-720 0-60 — 6060 
0-770 2-46 3-20 5200 0-740 0-80 — 5900 
0-840 6-71 7-99 4750 0-760 1-06 1-40 5780 
0-880 12-28 13-95 = 0-780 , 1-56 2-00 5600 
0-900 18-23 20-25 3770 0-830 6-78 8-17 — 
0-820 12-37 15-08 — 
p-t-Butylphenol p-Chlorophenol 
0-280 0-05 = 7000 0-360 0-10 -— - 6740 
0-440 0-20 0-45 6430 0-490 0-49 1-00 6250 
0-550 1-16 2-10 5650 0-560 0-85 1-52 5810 
0-590 2-17 3-68 5200 0-630 1-67 2-65 5400 
0-630 6-36 10-10 4530 0-720 4-46 6-20 4830 
0-645 8-82 13-67 ~- 0-763 7-03 9-22 — 
0-655 12-24 18-69 —- 0-770 10-49 13-62 4350 
p-Bromophenol Mesitol 
0-370 0-10 = 6750 0-128 0-01 -- 7400 
0-470 0-28 0-60 6470 0-186 0-04 = 6950 
0-510 0-30 —- 6270 0-251 0-13 —- 6340 
0-590 1-00 1-70 5630 0-304 0-35 — 5860 
0-650 2-59 3-98 5080 0-346 0-80 2-32 5420 
0-687 4-54 6-61 -— 0-391 1-83 4-68 = 
0-710 7-81 11-00 4480 0-441 4-05 9-19 4590 
0-714 10-78 15-10 a 0-471 6-67 14:17 
0-490 9-52 19-42 -- 
2,4,6-Tri-t-butylphenol 2,4,6-Trichlorophenol 
0-054 2-10 39-60 — 0-260 0-05 -- 6970 
0-070 3-09 44-20 3710 0-400 0-20 _- 6370 
0-078 3-83 49-10 3640 0-470 0-63 1-35 5910 
0-084 4-49 53-40 3580 0-540 1-55 2-87 5320 
0-095 7-09 74-60 3320 0-566 2-31 4-09 -- 
0-102 9-17 89-90 3190 0-619 3-99 6-44 —- 
0-110 12-08 109-80 3070 0-620 6-68 10-77 4640 
2,4,6-Tribromophenol 
0-360 0-11 0-30 6690 
0-380 0-15 0-39 6520 
0-420 0-29 0-70 6150 
0-450 0-54 1-21 5830 


0-464 0-90 1-93 — 
1-30 _ 5320 














(1960) 


(c) Sorption results. 


100w € Np 


Phenol in cyclohexane 
0-000 2-0214 1-4240 
0-258 2-0265 1-4242 
0-571 2-0340 1-4243 
0-779 2-0381 1-4245 
1091 2-0441 1-4249 


1-250 20478 — 

2-065 1-4256 
3-416 1-4268 
3-798 1-4271 


p-Cresol in cyclohexane 
0-000 2-0185 1-4238 
0-293 2-0237 1-4240 
0-543 2-0282 1-4242 
0-817 2-0327 1-4244 
1-060 2-0374 1-4246 
1-292 2-0415 1-4247 
1-909 —  1-4250 


p-t-Butylphenol in 
cyclohexane 
0-000 2-0212 1-4238 
0-301 2-0249 1-4240 
0-524 2-0292 1-4242 
0-833 2-0335 1-4244 
1-026 2-0362 1-4246 
1-323 2-0407 1-4247 
1-420 —_— 1-4249 
1-704 _- 1-4252 


Mesitol in cyclohexane 
0-000 2-0208 1-4238 
0-261 2-0241 — 
0-497 2-0274 1-4241 
0-546 20278 — 
0-719 2-0301 1-4243 
0-943 2-0328 1-4245 
1-961 — 1-4255 
4-215 — 1-4267 


2,4,6-Tri-t-butylphenol 
in cyclohexane 
0-000 2-0203 1-4240 
0-510 20251 — 
0-865 2-0284 — 
1-040 — 1-4246 
1-270 — 1-4250 
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From the straight-line nature of the plots of c/7) against c, evidence 
was obtained of the applicability of the Langmuir equation to the sorption systems studied: 


c/% = 1/x,b + c/x, 


where c = equilibrium concentration in moles. 1.1, %) = moles of solute sorbed per 2 g. of 
alumina at equilibrium, +, = moles sorbed per 2 g. of alumina at saturation, and b = constant. 
Slopes were measured and +, calculated for each sorbate. 

If ¢ = thickness of sorbed film in cm., and s = surface area of 2 g. of alumina in cm.?, then 
the standard free-energy change per mole (AG°) on sorption is 


AG° = —RT In (10%x,/stc) 


TABLE 2 


100w € Np 


Phenol in dioxan 
0-000 2-2135 1-4200 
0-196 2-2235 — 
0-290 2-2278 — 
0-411 22-2346 — 
0-482 2-2380 — 
0-575 2-2427 -= 
0-860 — 1-4212 
1-975 — 1-4227 
2-750 — 1-4238 


p-Cresol in dioxan 
0-000 2-2135 1-4198 
0-207 2-2223 — 
0-382 2-2293 = 
0-418 2-2313 — 
0-579 2-2381 —- 
0-758 2-2455 — 


0-863 —  1-4209 
1-906 — 1-4222 
2-901 — 14235 

p-t-Butylphenol in - 


dioxan 
0-000 2-2147 1-4199 
0-094 2-2178 “= 
0-190 2-2217 —- 
0-313 2-2255 -- 
0-408 2-2293 ~~ 
0-502 2-2320 1-4205 
2-912 — 1-4230 
5-769 -- 1-4261 


Mesitol in dioxan 


0-000 2-2110 1-4202 
0-196 2-2165 1-4205 
0-382 2:2220 — 
0-580 2-2275 — 
0-770 2-2336 — 


0-960 2-2390 — 

1-000 — 41-4215 
1-620 — 1-4223 
1-940 —_ 1-4227 
2-390 — 1-4233 


2,4,6-Tri,t-butylphenol 
in cyclohexane 
1-342 2-0338 — 
1-604 = . 
1-809 2-0374 — 
3-860 1-4265 





100w € Np 


p-Chlorophenol in 
cyclohexane 
0-000 2-0218 1-4238 
0-225 2-0302 1-4240 
0-398 2-0361 1-4242 
0-615 2-0443 1-4243 
0-822 2-0513 1-4245 
0 


1-002 2-0578 1-4246 
2-333 — 1-4248 
4-191 — 1-4273 


p-Bromophenol in 
cyclohexane 
0-000 2-0205 1-4238 
0-236 2-0265 1-4241 
0-427 2-0318 1-4242 
0-542 2-0341 1-4243 
0-826 2-0414 1-4245 
1-042 2-0464 1-4247 


2,4,6-Trichlorophenol 
in cyclohexane 

0-000 2-0194 1-4238 
0-249 2-0225 1-4242 
0-549 2-0251 — 
0-944 20294 — 
1-281 2-0332 1-4250 
1-653 2-0368 — 
2-871 — 1-4260 
3-746 — 1-4267 


2,4,6-Tribromophenol 
in cyclohexane 
0-000 2-0203 1-4240 
0-235 2-0223 — 
0-371 2-0230 — 
0-760 2-0265 1-4245 
1-059 2-0291 1-4248 
1-560 2-:0325 — 
2-622 — 41-4260 
3-991 — 41-4271 


2,4,6-Tri-t-butylphenol 
in dioxan 
0-000 2-2112 1-4202 
0-310 22158 — 
0-490 2-2183 — 
0-670 2-2209 — 


(1) 


(2) 


100w € Np 


p-Chlorophenol in 
dioxan 

0-000 2-2113 1-4202 
0-290 2-2344 — 
0-482 2:2505 — 
0-673 2-2657 — 
0-864 2-2809 1-4213 
2-240 — 1-4230 
3-820 — 1-4250 


p-Bromophenol in 
dioxan 

0-000 2-2077 1-4199 
0-105 2-21388 — 
0-207 2:2191 — 
0-340 2-2272 — 
0-434 2-2327 
0-582 2-2410 1-4206 
2-932 — 1-4234 
5-465 — 1-4265 





2,4,6-Trichlorophenol 
in dioxan 

0-000 2-2122 1-4199 
0-200 2-2173 ~- 
0-482 2-2246 — 
0-674 2-2296 — 
0-864 2-2347 1-4209 
1-500 — 1-4217 
2-240 — 1-4226 
3-140 — 1-4238 


2,4,6-Tribromophenol 
in dioxan 
0-000 2-2134 1-4200 
0-106 22156 — 
0-491 2-2225 — 
0-569 22242 — 
0-712 2-2267 — 
0-902 2-2303 1-4212 


1-250 — 41-4216 
2-070 — 41-4226 
2-970 — 1-4238 


2,4,6-Tri-t-butylphenol 


in dioxan 
0-860 2-2237 1-4211 
2-000 — 1-4222 
2-953 — 1-4230 
5-736 — 1-4258 
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Assuming that sorption is unimolecular, we took the thickness of the sorbed layer to be 
4x 10*%cm. The surface area of 2 g. of alumina was determined 5 by Brunauer, Emmett, and 
Teller’s method from the sorption of carbon dioxide at —78-5° as 1-504 x 10®cm.*. Introduc- 
ing the sorption data into eqn. (2), we calculated standard thermodynamic affinities for each 
sorbate and plotted them against x). Sorption and free-energy data are in Table 1. 

(2) Dipole Moments.—(a) Materials. Dioxan and benzene were repeatedly refluxed with 
sodium, and then fractionally distilled under anhydrous conditions. 

(b) Apparatus andmethods. Dielectricconstants and refractive indices of solutions of graded 
concentrations of each sorbate in cyclohexane and dioxan were determined. All measurements 
were made at 25-0°. 

Dielectric constants, accurate to +0-0002, were measured with a heterodyne-beat apparatus 
by using the substitution technique. The linear condenser was calibrated in ‘‘ steps’ with a 
small fixed condenser. The dielectric cell was of the type first used by Sayce and Briscoe,* and 
the interior walls were silvered by Sugden’s method.’ The dielectric constants of the solutions 
were calculated relative to the value of 2-2725 at 25° for pure benzene. 

Refractive indices were measured with an Abbé refractometer of high accuracy. 

The results are summarised in Table 2, where the symbols have their usual significance. 

The molar orientation polarisation at infinite dilution, P,.., of each phenol was calculated 
from the equation: 


Pao = 3M, 0,{a/(e, + 2)? — v/(my? + 2)7} . 2. 1. ew C8) 


in which M, = molecular weight of solute, v,, ¢,, 2,, are specific volume, dielectric constant, and 
refractive index respectively of the solvent at 25-0°, a = (de/dw),,—0, v = (du?/dw),—o9. aand 
v were determined from the limiting slopes of the plots of ¢ against w, and ,? against w. 

Dipole moments () were calculated from the equation: 


w= 0012812 (P,, x TH. . . swe OM) 


DISCUSSION 


Polarisation and sorption data are summarised in Table 3. 

As is to be expected from the Van der Waals group diameters [CH, 4-0 A, Cl 3-6 A, 
Br 3-9 A, C(CH,), 5-6 A 8}, the x, values of 2,4,6-tribromophenol and mesitol lie between 
those for 2,4,6-trichlorophenol and 2,4,6-tri-t-butylphenol. 

The x, value for phenol indicates that the area occupied per molecule is 27 sq. A. This 
is near to the value (24 sq. A) quoted by Adam ® for phenols and other simple para- 
substituted benzene derivatives at zero compression, and therefore supports the view that 
the sorption is unimolecular. 

Table 3 indicates that dipole moment of the sorbate determined in either cyclohexane 
or dioxan is unrelated to comparable free-energy decrease on sorption. The results with 
mesitol and 2,4,6-tri-t-butylphenol suggest that the difference between the moments in 
dioxan and cyclohexane moves in a direction parallel to AG°, but a plot shows that this 
difference is not a satisfactory magnitude for comparison. If, however, the mechanism 
of sorption involves hydrogen-bond formation between the hydrogen atom of the hydroxyl 
group and the sorbent surface, then it is reasonable to suppose that the magnitude of the 
O-H bond moment may be significant in interpreting variations in sorption affinity. Few 
and Smith !1! and Smith have determined the dipole moments of aniline and nuclear- 
substituted anilines in dioxan and benzene, and note that in most cases dipole moments in 
dioxan are higher than the corresponding ones in benzene. These workers attribute the 


5 Jackson, M.Sc. Thesis, Leeds, 1958. 

® Sayce and Briscoe, J., 1925, 315. 

Sugden, J., 1933, 768. 

Pauling, ‘‘ The Nature of the Chemical Bond,’ Cornell Univ. Press, 1940. 
Adam, “‘ The Physics and Chemistry of Surfaces,” Oxford Univ. Press, 1941. 
10 Few and Smith, J., 1949, 753. 

11 Idem, J., 1949, 2781. 

12 Smith, J. 1953, 109. 
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TABLE 3. Polarisation and sorption data. 


—AG° Previous * 
Poo (cal. mole) 105x, values 
Compound Solv.* 10°« 10°y (c.c.) p(p) att @= 0-7 (eqn. 1) p (D) 

OS eee c 2090 24 41-7 1-43 6100 91-7 B1-53(4) ¢ 
NN Sa ccskexasiaect D 5023 39 71-0 1-86 
p-Cresol jinnteechhaeees Cc 1800 17 42-4 1-44 6500 82:0 B25° 1-64,’ 
p-Cresol (itiiniininiunes D 4251 37 68-5 1-83 B 1-57 °¢ 
p-t-Butylphenol ...... Cc 1470 23 44-6 1-48 6300 66-5 
p-t-Butylphenol peceue D 3582 31 80-5 1-98 e A 
p-Chlorophenol ...... Cc 3590 23 103-5 2-25 6000 770 B25° 2-68, 
p-Chlorophenol ...... D 8055 36 162-2 2-82 B 2:22 ¢ 
p-Bromophenol see Cc po Ps naa eo 6200 72-2 = to 

-Bromophenol ...... 577 ° 2-7. “12, 
p Bromophenol D Ley om 
RINNE ticetasusunbacsea Cc 1260 20 34-6 1-30 5400 50-6 B30° 1-36/ 
NE scusscasansesoouss D 2921 37 56-4 1-66 
2,4,6-Trichlorophenol 5 1050 22 39-0 1-38 6000 66-6 B1-629 
2,4,6-Trichlorophenol D 2600 35 72:1 1-88 
2,4,6-Tribromophenol C 760 22 42-4 1-44 6800 48-6 B1-569 
2,4,6-Tribromophenol D 1865 36 80-1 1-98 
2,4,6-Tri-t-butylphenol C 970 19 49-2 1-55 3280 14-2 
2,4,6-Tri-t-butylphenol D 1465 28 50-1 1-57 


* C = Cyclohexane; D = dioxan; B = benzene. 


aw Moles sorbed per 2 g. of alumina at equilibrium 
t & = ‘oles sorbed per 2 g. alumina at saturation : k 
offered little choice of attributing good typical values of —AG°, it was considered that at a surface 


coverage of @ = 0-7 reasonably comparable values are obtained. 


* Hulett, Pegg, and Sutton, J., 1955, 3901. ° Williams, J: Amer. Chem. Soc., 1928, 29, 683. 
¢ Donle and Gehrckens, Z. phys. Chem., 1932, 18, B, 316. 4 Williams and Fogelberg, J. Amer. Chem. 
Soc., 1930, 52, 1856. ¢ Anzilotti and Curran, ibid., 1943, 65, 607. 4 Brown, de Bruyne, and Gross, 
ibid., 1934, 56, 1291. % Hassel and Naeshagen, Z. physikal. Chem., 1931, 12, B, 79. 








Although the plots of —AG° against x, 


higher moments in dioxan to hydrogen bonding between the hydrogen atoms of the amino- 
group and the oxygen atoms of the dioxan molecule. The dipole moments of the phenols 
can be explained in the same way, since the values in dioxan are all greater than the 
corresponding ones in cyclohexane. When the electronegative oxygen atom of dioxan 


makes with the C—O bond. 





‘ 
Fic. 1. Calculation of the angle which the C-OH group moment in phenol ' 
‘ 


~— 





approaches the hydrogen atom of the hydroxyl group, and a hydrogen bond forms, the 
valency electrons of the O-H bond will presumably be displaced to a limited extent towards 
the oxygen atom of the hydroxyl group, thereby increasing the bond moment. 

In calculating increases in O-H bond moment, arising from hydrogen bonding, a 
C-O-H valency angle of 115° is assumed.!* The angle which the C-OH group moment in 
phenol makes with the C-O bond is calculated by Marsden and Sutton’s method from 
the dipole moments of phenol p, (1-43 D), p-cresol py (1-44 D), and toluene py, (0-37 D) to be 
84° 8’ (Fig. 1). 

The moments po and yoo associated with the O-H and O-C bonds in phenol 
are calculated to be 1-57 D and 0-52 D respectively, the oxygen atom being at the negative 
end of each dipole (Fig. 2). Assuming that the increase in O-H bond moment due to 
hydrogen bonding in dioxan is equal to the decrease in C-O bond moment due to 
an increased mesomeric effect, we can calculate this bond-moment increment Ay from 
equation (5): ’ 

wp = (1-57 + Au)? + (urnx + 0-52 — Ap)? 

+ 2(1:57 + Au)(urnx + 0°52 — Ay) cos 115° . (5) 


18 Anzilotti and Curran, J. Amer. Chem. Soc., 1943, 65, 607. 
14 Marsden and Sutton, /., 1936, 599. 
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where up is the observed dipole moment in dioxan and yppx the moment of the mono- 
substituted benzene compound in dioxan. The following values have been taken for the 
moments of the parent monosubstituted benzenes: toluene 0-37, t-butylbenzene 0-53, 
chlorobenzene —1-58, and bromobenzene —1-56, it being assumed that these moments 
determined in benzene, remain unaltered in dioxan. 


H 
Bor 
Fic. 2. Calculation of oy 
a. 0 and 9-0 in phenol. 
7848" 
e a fo 
a 





Smith and Walshaw," in their studies of the dipole moments of fara-substituted 
anilines, calculated by vector combination the additional moments along the N-C bond 
(Auvect) required to explain the observed increased dipole moments in dioxan. It is 


TABLE 4. 

Compound Apvect (D) tp (D) Compound Ap (Dd) Hc (D) 
PRD” cthenesiduenscinasdciies 0-33 1-53 1° ME Seandncbsddedadsvocincse 0-35 1-43 
lb ree 0-31 1-32 15 SED attedendersccnscssaceess 0-41 1-44 
p-Chloroaniline ............... 0-40 3-01 #4 p-Chlorophenol ............... 0-35 2-25 
p-Bromoaniline ............... 0-38 3-01 15 p-Bromophenol ............... 0-32 2-15 
p-t-Butylaniline............ -- — p-t-Butylphenol ............ 0-57 1-48 
2,4,6-Trichloroaniline ...... — — 2,4,6-Trichlorophenol ...... 0-37 1-38 
2,4,6-Tribromoaniline ...... 0-33 1-73 ¢ 2,4,6-Tribromophenol ...... 0-44 1-44 
2,4,6-Tri-t-butylaniline... -— — 2,4,6-Tri-t-butylphenol ... 0-13 1-55 
eet errr ore. 0-19 1-40 #4 NEL Uasstvedidcscigeccsusiess 0-20 1-30 

1-45 12 


pn = dipole moment in benzene; yo = dipole moment in cyclohexane. 
* Few and Smith, J., 1949, 2663. Other refs. as in text. 


expected that hydrogen bonding in dioxan would affect to approximately the same extent 
the electron-density distribution along the O-C bond in the case of para-substituted 
phenols (Ay). Table 4 shows that Ayyect values are comparable in magnitude with Ay 
values, thus providing grounds for the application of eqn. (5). 

r+ 


6000} aie 
Pa 


Fic. 3. Relationship between free energy decrease He 


on sorption, and O-H bond moment increment. 


A, p-Chlorophenol; B, 2,4,6-Trichlorophenol- 
C, Phenol; D, ~-Bromophenol; E, 2,4,6; 
Tribromophenol; F, p-Cresol; G, p-t-Butyl- 
phenol; H, Mesitol; J, 2,4,6-Tri-t-butyl- 
phenol. 


-A6c° 





3JOO0O0 lL! ! 
O-/ O-s 
ou 
Evidence that hydrogen bonding contributes to the mechanism of sorption of the 
phenols on alumina is provided by a comparison of free-energy decreases with Ay values 
(Fig. 3). The relatively small values of Au and —AG° for 2,4,6-tri-t-butylphenol indicate 
18 Smith and Walshaw, J., 1957, 3217. 
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that the steric effect of the large t-butyl groups in the ortho-positions permit only weak 
hydrogen bonding with either the dioxan molecule or the sorbent surface. Some steric 
opposition to hydrogen bonding exists in the case of mesitol, but the effect is much less 
pronounced, as is evident from the greater values of Au and — AG”. 

Presence of the groups CHs, Cl, or Br para to the hydroxyl group produces little change 
in either the O-H bond-moment increment of phenol or the sorptive affinity of the com- 
pound for alumina, indicating negligible interaction between the two groups in the para- 
positions. Confirmation is provided by agreement between calculated and observed 
dipole moments of the para-substituted phenols. Assuming no interaction between the 
groups in the para-positions, we calculated the following moments in cyclohexane from 
equation (6): phenol 1-43, p-cresol 1-44, p-t-butylphenol 1-47, p-chlorophenol 2-24, p- 
bromophenol 2-22. The absence of interaction between para-groups seems surprising in 


23 alc, ss 1-432 -f- pepnx +- 2(1-43) (upnx) cos 84° 8’ ° ° e ° (6) 


view of Hulett, Pegg, and Sutton’s** observations that changes of dipole moment which 
occur when trimethylamine forms complexes with /-cresol, phenol, and #-chlorophenol 
in cyclohexane increase with the acid dissociation constants in water, presumably because 
of an increase of the O-H bond moment. They also observe fairly good proportionality 
between the square of the dipole-moment change and the association constant for the 
complex in cyclohexane. 

Moments of the symmetrically trisubstituted phenols summarised in Table 4 are note- 
worthy in the light of Smith’s !” review of dipole-moment evidence for steric inhibition of 
mesomerism. In support of the evidence obtained by Smith and Walshaw * against any 
appreciable steric inhibition of mesomerism in 2,4,6-tribromoaniline, the moment of 2,4,6- 
tribromophenol is found to be almost identical with that of phenol. The moment of 
2,4,6-tri-t-butylphenol is intermediate between that of phenol and t-butyl alcohol 
(1-66 D),!® and it is concluded that mesomerism is hindered sterically in the trisubstituted 
phenol by the large t-butyl groups in the ortho-positions. The moment of 2,4,6-trichloro- 
phenol is slightly smaller than that of phenol, and this could be explained by the electron 
attraction of the ortho-chlorine atoms slightly increasing the mesomeric effect of the 
hydroxyl group. The moment of mesitoi in benzene has been reported to be much lower 
than that of phenol,”® and the present measurements in cyclohexane confirm this order. 
This result is hard to understand since some inhibition of mesomerism is present in durenol, 
the moment of which is reported to be much higher than that of phenol.*# 


The authors are indebted to J. Hall for assistance in the preparation and purification of the 
compounds, to N. W. Vale for the construction of the heterodyne-beat apparatus, and to 
Dr. A. G. Catchpole for his interest. 


DERBY AND District COLLEGE OF TECHNOLOGY. [Received, April 2nd, 1959.) 


16 Hulett, Pegg, and Sutton, J., 1955, 3901. 

17 Smith, ‘‘ Electric Dipole Moments,”’ Butterworths Scientific Publications, London, 1955, p. 211. 
18 Smith and Walshaw, J., 1957, 4527. 

18 Maryott, J. Amer. Chem. Soc., 1941, 68, 3079. 

20 Brown, De Bruyne, and Gross, ibid., 1934, 56, 129. 

*t Ingham and Hampson, /., 1939, 981. 
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13. Synthetical Studies of Terpenoids. Part III.‘ Syntheses of 
Azulene Derivatives. 


By J. R. MAHAjAN and PHANINDRA CHANDRA Dutta. 


Isomeric dimethylbicyclo[5,3,0]decen-2-ones, expected to be useful inter- 
mediates in the synthesis of guaianolides, have been prepared. 


THE present communication records preliminary steps towards the synthesis of guai- 
anolides.? For the synthesis of santonin and its isomers, the octalone (I) has been used ;43 
it was hoped that the isomeric ketone (II) would be suitable for the synthesis of 
related azulenic lactones, and a few methods have been successfully developed. 

The first approach gave only a minute yield. The unsaturated cyano-ester (III), 
prepared ° from ethyl 6-oxoheptanoate * and ethyl cyanoacetate, was catalytically reduced 
and the sodio-derivative of the product (IV) was condensed with bromomethyl ethyl 
ketone,® yielding diethyl 6-cyano-5-methyl-8-oxodecane-1,6-dicarboxylate (V). Reflux- 
ing this with hydrochloric and acetic acid and subsequent esterification gave cyano-free 
diester (VI). The derived ketal ester (VII) was subjected to ring-closure in the presence of 
potassium t-butoxide in xylene, by a modified high-dilution technique.? The cyclised 


Me EtO,C -[CH,] ,-CMe=C(CN)+CO,£t (III) 


EtO,C-[CH,] ,;CHMe-CRR’+CO,£t 
(IV) R=H, R’=CN 
(V) R=CH,-COEt, R’= CN 
(VI) R=CH,-COEt, R’=H 

, / 
(VII) R = CH, ~C=Et, R =H 


Oo .O 
| 





CO3H (VIII) 


product could not be purified and was, therefore, treated directly with methanolic hydro- 
chloric acid followed by potassium hydroxide. A crystalline acid was obtained, but the 
expected neutral product (II) could not be isolated. Elementary analyses of the acid, 
its methylation with diazomethane, ultraviolet absorption maximum at 227 my (log « 
3-9), no loss of carbon dioxide in refluxing collidine in the presence of copper powder, 
failure to respond to carbonyl tests, and recovery after attempted reduction with sodium 
borohydride, together with analogy from the cyclopentenone series,* indicate that 
the acid is the furan derivative (VIII). In another attempt the crude cyclised material 
was first subjected to ketonic hydrolysis by alkali; the neutral product, on removal 
of the ketal group and ring-closure, afforded a ketone [Amax, 242 my (log ¢ 4-0)] in a very 
poor yield. This gave a mixture of 2,4-dinitrophenylhydrazones from which a minute 
quantity of one component corresponding to that of ketone (II) was isolated by laborious 
fractional crystallisation. The structure of ketone (II) was established by an independent 
synthesis (see below). 


1 The papers by Chakrabarti, Dutt, and Dutta, J., 1956, 4978, and Mahajan, Dutt, and Dutta, /., 
1957, 5069, are held to constitute Parts I and II respectively. 

2 Cf. Barton and de Mayo, Quart. Rev., 1957, 11, 207. 

* Abe, Harukawa, Ishikawa, Miki, Sumi, and Toga, J. Amer. Chem. Soc., 1956, 78, 1416. 

* Ruzicka, Siedel, Schinz, and Pfeiffer, Helv. Chim. Acta, 1948, $1, 422. 

5 Cope, Hofmann, Wyckopp, and Hardenbergh, J. Amer. Chem. Soc., 1941, 68, 3452. 

* Catch, Elliott, Hey, and Jones, J., 1948, 272. 

7 Leonard and Sentz, J. Amer. Chem. Soc., 1952, 74, 1704; Leonard and Schimelpfenig, J. Org. 
Chem., 1958, 23, 1708. 

. § Wilds and Close, J. Amer. Chem. Soc., 1946, 68, 83; Baumgarten, Creger, and Villars, ibid., 1958, 

80, 6609. 
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in the ketone (II) the double bond is in 1,9-position. It will be difficult to introduce a 
suitable side-chain at position 2 of 3-methylcycloheptanone in order to have the double 
bond in the desired position. For this reason, a side-chain was introduced before ring- 
closure in the preceding scheme. It may, however, be noted that owing to the high 
mobility of the double bond in a cyclopentenone system, the 3,10-double bond, even if 
first formed, would be expected to shift to the more substituted 1,9-position under the 
experimental conditions. This has now been experimentally realised and the ketone (II) 
synthesised, as follows: The tri-ester (IX), obtained from ethyl 6-bromohexanoate ” and 
diethyl methylmalonate in the presence of sodium ethoxide, was converted by acid or 
alkaline hydrolysis and subsequent esterification into diethyl «-methylsuberate (X). On 
ring-closure as mentioned above, this gave the cycloheptanone (XI). Condensation with 
1-bromoethyl methyl ketone was then disappointing but subsequent hydrolysis gave some 
of the ketone (II), characterised by its absorption maximum at 242 my (log ¢ 4-0) and a red 
2,4-dinitrophenylhydrazone. As expected, condensation with bromomethyl ethyl ketone 


Me Me Me 
ite O° O Me O 
Et 2C -[CH3] C+ CO,Et Lg Lo 
; =co he CO,Et 
Gx) Soe ' Eo,c Me EtO,C 
(X) R=H (XI) (XII) 
Me ' Me Me Me 
Me O° ° 
fe) fe) Me 
° ’ — | | 
CO,R Me Me 
R Me 
(XII) (XIV) R= CO,Et, R’=Et (XVI) (XVI) 


(XV) R=R’=H 


gave a very good yield of the isomeric ketone (XIII), which also was characterised by 
absorption at 242 my (log « 4-1) and a red 2,4-dinitrophenylhydrazone. The two dinitro- 
phenylhydrazones were not identical and this ruled out the possibility of isomeric change 
in 1-bromoethyl methyl ketone during condensation. However, owing to the extremely 
poor yield of the ketone (II), this route had also to be abandoned. 

Next it was planned to fuse the cyclopentenone moiety to the cycloheptane system by 
the action of methylmagnesium iodide on the lactone (XVI), derived from the keto-acid 


x00 . O-MgX 
{ cal — { S @288 7 
Me Me 


M 


0. te) Me 
(XVII) _— co { og alin lL” — (il) 
= e 


Me 


(XV), because conversion of the carboxyl group into acetyl through the acid chloride 
has been found inapplicable in a closely related system.1! The Grignard procedure has 
been successfully developed for building up the cyclohexenone system,” but it failed 
when applied to cyclopentenones.!* The 6-keto-ester (XI) and ethyl «-bromopropionate 


* Barton and de Mayo, /., 1956, 142. 

10 Brown and Partridge, J. Amer. Chem. Soc., 1944, 66, 839. 

11 Dutta, J. Indian Chem. Soc., 1957, 34, 761. i] 
12 Fujimoto, J. Amer. Chem. Soc., 1951, 78, 1856. 

13 Jacob and Takahashi, ibid., 1958, 80, 4865. 
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readily gave the diester (XIV) which yielded the keto-acid (XV) on hydrolysis with barium 
hydroxide and this in refluxing acetic anhydride containing a catalytic amount of fused 
sodium acetate afforded the lactone (XVI) in good yield, the double bond being con- 
jugated with the carbonyl group since the absorption maximum is at 220 my (log « 4-05). 
This lactone was allowed to react with methylmagnesium iodide but gave a mixture, 
whose components (XV), (XVII), and (II), may be accounted for as follows. Regen- 
eration of the acid (XV) may arise by enolisation of the lactone (XVI) under the 
influence of the Grignard reagent, leading to the formation of the hydroxyfuran and 
eventually to the acid (XV). Dehydration of the intermediate hydroxy-compound 
may proceed by paths (a) and (b). The yields of the products, which are easily 
separated by distillation, depend on the conditions used in decomposing the Grignard 
complex. An excess of mineral acid and higher temperatures increased the yield of the 
furan (XVII), and use of ammonium chloride solution brought about no noticeable improve- 
ment in the yield of desired ketone (II). Use of dilute acetic acid was found to be the 
best. The product (XVII) has been characterised as a tetrasubstituted furan derivative 
by its absorption maximum at 223 my (log ¢ 3-8),!° its colour reactions, and its tendency to 
polymerise in contact with mineral acids or on storage. The ketone (II) had an absorption 
maximum at 242 my (log e 4-1) and afforded a red 2,4-dinitrophenylhydrazone identical 
with that mentioned above. 

With the ultimate object of attaching the lactonic group, characteristic of guaianolides, 
preliminary attempts were made to introduce the dienone system into the ketone (II) by 
use of N-bromosuccinimide and collidine. About a third of the ketone (II) was recovered, 
coloured blue by an azulene: the rest was tar. The other alternative route was through 
the action of per-acids on the enol-acetate and subsequent dehydration; but acetic 
anhydride and acetyl chloride resinified the ketone (II). 


EXPERIMENTAL 


Ultraviolet spectra were measured for ethanolic solutions. 

Diethyl 2-Cyano-3-methyloct-2-enedioate (II11).—Ethyl 6-oxoheptanoate (224 g.), ethyl cyano- 
acetate (147 g.), acetic acid (24 c.c.), ammonium acetate (15 g.), and benzene (350 c.c.) were 
refluxed under a water-separator for 8 hr. The cooled mixture was washed with water, the 
low-boiling products were removed, and the residue was finally distilled, affording the product 
(262 g.), b. p. 175—180°/0-6 mm. (Found: C, 63-0; H, 8-0. C,,H,,O,N requires C, 62-9; H, 
79%). 

Diethyl a-Cyano-8-methylsuberate (1V).—The ester (III) (70 g.) in ethanol (70 c.c.) was 
hydrogenated in the presence of 10% palladium-—carbon (300 mg.). The suberate (69 g.) had 
b. p. 163—165°/0-7 mm. (Found: C, 62-6; H, 8-6. C,,H,,0,N requires C, 62-5; H, 8-6%). 

Diethyl 6-Cyano-5-methyl-8-oxodecane-1,6-dicarboxylate (V).—The cyano-ester (IV) (124 g.) 
was allowed to react overnight with sodium dust (11-5 g.) under benzene (250 c.c.). Next, bromo- 
methyl ethyl ketone (83 g.) in dry benzene (100 c.c.) was added to the ice-cold mixture, and the 
whole set aside for 4 hr., then refluxed on a water-bath for 8 hr. The cooled mixture was 
washed with water, the low-boiling products were removed, and the residue was distilled in a 
vacuum. A fraction (106 g.) was collected up to 200°/0-5 mm. Extensive decomposition 
ensued on further heating and distillation was abandoned at this stage. The above distillate 
was fractionated to separate unchanged cyano-compound (28 g.) from the condensation 
product (76 g.), which redistilled as a pale yellow liquid, b. p. 194—198°/0-5 mm. (Found: C, 
63-6; H, 8-5. C,,H,,O,;N requires C, 63-7; H, 8-5%). 

Diethyl 5-Methyl-8-oxodecane-1,6-dicarboxylate (V1).—The ester (V) (75 g.), as well as the 
residue (ca. 40 g.) from the first distillation, were refluxed for 20 hr. with hydrochloric (600 c.c.) 
and acetic acid (120 c.c.), and the dried residue left after removal of the low-boiling products 
under reduced pressure was esterified with alcohol and sulphuric acid), to afford the keto-diester 


' Woodward, Sondheimer, Taub, Heusler, and McLamore, J. Amer. Chem. Soc., 1952, 74, 4223. 
15 Ames, Bowman, and Grey, /., 1954, 375. 
16 Cocker, Cross, Duff, Edward, and Holley, J., 1953, 2540. 
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(64 g.) as a pale yellow liquid, b. p. 160—165°/0-5 mm. (Found: C, 65-1; H, 9-5. C,H 0, 
requires C, 65-0; H, 95%). In later batches only the unchanged cyano-ester in the preceding 
experiment was distilled off and the residue was directly hydrolysed and esterified as above, 
thereby improving the yield slightly. 

Ethylene Ketal of the Ester (V1).—The ester (VI) (20 g.), freshly distilled ethylene glycol 
(6 c.c.), dry benzene (100 c.c.), and toluene-p-sulphonic acid (100 mg.) were refluxed under a 
water-separator for 8hr. The cooled mixture was washed with 10% sodium carbonate solution 
and water, the solvent removed, and the residual ketal (VII) distilled as a pale yellow liquid 
(16 g.), b. p. 175—177°/0-5 mm. with a forerun (8 g.) up to 170°/0-5 mm. (Found: C, 63-9; 
H, 9-2. C,,H,,O, requires C, 63-7; H, 9-5%). 

5’-Ethyl-7-methylcyclohepteno(2’,1’ : 2,3) furan-3-carboxylic Acid (VIII).—Potassium (4-2 g.) 
was dissolved in t-butyl alcohol, and the excess of the solvent was then distilled off. Dry 
xylene (500 c.c.) was introduced and a portion of the solvent distilled off to remove last traces 
of alcohol. A high-dilution apparatus was fitted to the reaction flask and the ketal (VII) 
(26 g.) in xylene (100 c.c.) was dropped in. The cyclisation period was reduced to about 4 hr., 
as compared with several days mentioned by previous workers. The critical factors were slow 
and gradual addition of the diester, continuous removal of the butyl alcohol formed, efficient 
stirring, and an atmosphere of nitrogen. At the end of experiment, the dark brown mixture 
was cooled to room temperature and acidified with acetic acid. The xylene layer was separated 
and washed with water, and the solvent removed under reduced pressure. The dark brown 
residue decomposed on attempts at distillation in a high vacuum. The first few drops which 
passed over gave greenish-blue colour with alcoholic ferric chloride. The crude residue (ca. 
20 g.) was refluxed for 0-5 hr. with methanol (100 c.c.) containing hydrochloric acid (4 c.c.). 
Next morning, potassium hydroxidé (11 g.) in methanol (100 c.c.) was added and the mixture 
heated on water-bath for 10 hr. under nitrogen. The cooled mixture was acidified with acetic 
acid, and methanol removed on the water-bath. The residue was diluted with water, rendered 
alkaline with sodium carbonate solution, and extracted with ether to remove traces of the 
neutral material. The alkaline solution was acidified with hydrochloric acid and extracted with 
ether, affording a brown semi-solid mass, which gave crystals on sublimation at 120— 
130°/0-3 mm. This acid crystallised from light petroleum (b. p. 60—80°) as rhombs, m. p. 124° 
(1-2 g.), Amax, 227 my (log ¢ 3-9) (Found: C, 69-9; H, 8-0. C,,H,,O, requires C, 70-3; H, 
8-1%). With diazomethane it (1-2 g.) gave an ester (1 g.), b. p. 130°/5 mm., which polymerised 
in a few months (Found: C, 70-9; H, 8-4. C,,H,.O, requires C, 71-2; H, 8-5%). 

2,3,4,5,6,7,8, 10-Octahydro-1,4-dimethyl-2-oxoazulene {2,8-Dimethylbicyclo[5,3,0\dec-7-en-9-one} 
(II).—(a) The crude cyclised product (ca. 5 g.) described in the last paragraph was refluxed under 
nitrogen for 15 hr. with potassium hydroxide (3-5 g.) in water (35 c.c.). The mixture was 
diluted with water and extracted with ether to afford a brown mass which was heated with 
hydrochloric acid (1 c.c.) in water (15 c.c.) for 1 hr. Next, potassium hydroxide (4-5 g.) in 
water (30 c.c.) was added, and the mixture refluxed under nitrogen for 6 hr., cooled, diluted with 
water, and extracted with ether. The product was finally distilled [ca. 0-3 g.; b. p. 114— 
116°/3 mm., Amax. 242 my (log e« 4-0)]. It gave a 2,4-dinitrophenylhydrazone from which a small 
amount of red needles, m. p. 176—177°, was isolated by laborious fractional crystallisation 
(Found: C, 60-4; H, 6-2; N, 15-9. C,,H,.O,N, requires C, 60-3; H, 6-1; N, 15-6%). 

(b) See p. 66. 

Triethyl Heptane-1,6,6-tricarboxylate (IX).—Ethyl 6-bromohexanoate (70 g.) was refluxed 
for 8 hr. with diethyl methylmalonate in the presence of sodium (7-2 g.) in ethanol (100 c.c.). 
The product (85 g.) had b. p. 165—168°/3 mm. (Found: C, 60-5; H, 8-5. C,,H,,O, requires C, 
60-7; H, 8-9%). 

Diethyl a-Methylsuberate-—-(a) The above product (IX) (85 g.) was refluxed for 17 hr. 
with hydrochloric (450 c.c.) and acetic acid (85 c.c.). The low-boiling products were distilled 
off under reduced pressure and the residue was esterified. Diethyl «-methylsuberate (60 g.) had 
b. p. 135—140°/6 mm. 

(b) The product (IX) (72 g.), dissolved in ethanol (100 c.c.), was refluxed for 10 hr. with 20%, 
aqueous solution of potassium hydroxide (66 g.). The substituted malonic acid so obtained 
{m. p. 141° (decomp.)] was decarboxylated and the residue esterified, to afford diethyl a-methyl- 
suberate (50 g.) (Found: C, 63-6; H, 9-5. C,,;H,,O, requires C, 63-9; H, 9-8%). 

Ethyl 3-Methyl-2-oxocycloheptanecarboxylate (XI).—Diethyl a-methylsubérate (49 g.) in 
xylene (100 c.c.) was cyclised with dry potassium t-butoxide [from potassium (9 g.)] in boiling 
D 
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xylene (500 c.c.) during 4 hr. by the high-dilution technique described above. It gave a colour- 
less ester (30 g.), b. p. 115—116°/6 mm. (purple colour with alcoholic ferric chloride) (Found: 
C, 66-8; H, 8-9. C,,H,,0, requires C, 66-7; H, 9-1%). 

A fraction (3 g.) of this product was hydrolysed with hydrochloric (12 c.c.) and acetic aciq 
(2 c.c.) to afford 2-methylcycloheptanone (1-7 g.), a liquid with a strong peppermint smell, whose 
semicarbazone, crystallised from dilute alcohol, had m. p. 131—132° (lit., 129—131°). 

Ethyl 3-Methyl-2-0xo-1-2’-oxobutylcycloheptanecarboxylate (XII).—The ester (XI) (10 g.) was 
allowed to react overnight with sodium dust (1 g.) under dry benzene (50 c.c.). Next, bromo- 
methyl ethyl ketone (7-5 g.) was added to the thoroughly chilled mixture, and the whole was 
kept cold for 2 hr., then refluxed on a water-bath for 4 hr. The product (XII) (5-5 g.) had b. p. 
155—160°/5 mm. (Found: C, 67-5; H, 9-0. C,;H,,O, requires C, 67-2; H, 9-0%). 

2,3,4,5,6,7,8,10-Octahydro-1,8-dimethyl-2-oxoazulene {6,8-Dimethylbicyclo[5,3,0]dec-7-en-9-one} 
(XIII).—The ester (XII) (4-5 g.) was refluxed for 20 hr. under nitrogen with potassium hydroxide 
(4 g.) in methanol (50 c.c.). The cooled mixture was acidified with acetic acid, methanol was 
removed on the steam-bath, and the residue diluted with water and extracted with ether to 
afford the product (XIII) (1-7 g.), b. p. 110°/3 mm., Agax 242 my (loge 4-1). The 2,4-dinitro- 
phenylhydrazone crystallised from ethyl acetate as rosettes of red needles, m. p. 161° (Found: 
C, 60:0; H, 6-0; N, 15-9. C,,H,.O,N, requires C, 60-3; H, 6-1; N, 15-6%). The semi- 
carbazone had m. p. 212° (from alcohol) (Found: C, 66-4; H, 9-1; N, 17-7. C,,H,,ON, 
requires C, 66-4; H, 8-9; N, 17-9%). 

Ethyl «-(1-Ethoxycarbonyl-3-methyl-2-oxocycloheptyl)propionate (XIV).—Diethyl «-methyl- 
suberate (50 g.) was cyclised as described above, but at the end of the reaction more xylene 
was distilled off until the total volume of the distillate amounted to about 300c.c. The mixture 
was cooled and ethyl «-bromopropionate (55 g.) added. After 1 hr. at room temperature with 
occasional shaking, the mixture was heated at 100—110° for 5 hr. On being worked up in the 
usual manner, it gave the desired product (46 g.), b. p. ee mm. (Found: C, 64-2; H, 
8-3. C,,H,,O, requires C, 64-4; H, 8-7%). 

a-(3-Methyl-2-oxocycloheptyl)propionic Acid (XV).—The ester (XIV) (24 g.), barium hydr- 
oxide (70 g.), and methanol (280 c.c.) were refluxed for 20 hr. Excess of methanol was then 
distilled off and the residue acidified with cold dilute sulphuric acid. Extraction wih ether 
and distillation afforded the acid (14 g.), b. p. 141—142°/0-5 mm. (Found: C, 66-8; H, 9-0. 
C,,H,,O, requires C, 66-7; H, 9-1%). 

4,5,6,7,8,8a-Hexahydro-3,8-dimethyl-2H-cyclohepta[b]furan-2-one (XVI).—The  keto-acid 
(XV) (6-5 g.) and acetic anhydride (30 c.c.) were refluxed under nitrogen for 4 hr. with sodium 
acetate (50 mg.). Acetic anhydride was then distilled off under reduced pressure. The residue 
afforded the lactone (XVI) (5-5 g.), b. p. 125—130°/4 mm. Aggy 220 my (log ¢ 4-05) (Found: C, 
72-9; H, 88. (C,,H,,O, requires C, 73-3; H, 8-9%). 

The Azulene Derivative (II) (cf. p. 65).—(b) Methylmagnesium iodide (from magnesium, 
600 mg.) in ether (12 c.c.) was added in 45 min. under nitrogen to a chilled solution of the lactone 
(XVI) (4 g.) in benzene (22 c.c.) and ether (22 c.c.), stirred for a further 20 min., then slowly 
treated with cold dilute acetic acid. The organic layer was separated and washed with water, 
2% sodium carbonate solution, and water, and evaporated. The residue was refluxed under 
nitrogen with potassium hydroxide (3-5 g.) in methanol (70 c.c.) for 4. hr. The cooled mixture 
was acidified with acetic acid, methanol was removed, and the residue diluted with water and 
extracted with ether. The ethereal extract was washed with sodium carbonate solution [whence 
the original keto-acid (1 g.) was recovered]. The neutral fraction on distillation afforded two 
fractions: 90°/2-5 mm. (0-7 g.), Amax, 223 my. (log ¢ 3-8), giving a bluish-green colour 
with bromine in carbon tetrachloride, and a deep green colour with sulphuric acid in acetic 
anhydride, and polymerising in contact with acids or on storage, which showed it to be 5,6,7,8- 
tetrahydro-2,3,8-trimethyl-4H-cyclohepta[b] furan (XVII) (Found: C, 80-5; H, 10-1. C,,H,,0 
requires C, 80-9; H, 10-1%). (ii) The azulene derivative (II), b. p. 115—118°/2-5 mm. (1-4 g.), 
Amax, 242 my (log ¢ 4:1), whose 2,4-dinitrophenylhydrazone crystallised from ethyl acetate as 
red needles, m. p. 176—177° alone or mixed with the sample described above. The semi- 
carbazone had m. p. 166° (from alcohol) (Found: C, 66-5; H, 9-0; N, 17-8. C,,H,,ON, requires 
C, 66-4; H, 8-9; N, 17-9%). 

(c) a-Bromoethyl methyl ketone (7-5 g.) was added to a chilled solution of the sodio- 
derivative prepared from ethyl 3-methyl-2-oxocycloheptanecarboxylate (10 g.) and sodium dust 
(1 g.) under benzene (50 c.c.). After being kept cold for 2 hr. the mixture was refluxed on the 
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water-bath for 4 hr., cooled, and washed with water, the solvent was removed, and the dark- 
brown residue distilled. The starting ester (4 g.) was recovered and a pale yellow liquid (ca. 
2 g.), b. p. 145—165°/5 mm. was obtained; a tar (ca. 5 g.) was left in the flask. The distilled 
product was contaminated with bromine, so it was refluxed with zinc dust and acetic acid. The 
promine-free product was then cyclised with methanolic potassium hydroxide, as described 
earlier. The product (II) (500 mg.) had Amax 242 my (log e 4-0). The 2,4-dinitrophenyl- 
hydrazone, after repeated crystallisation from ethyl acetate or ethyl acetate-alcohol, melted at 
175—176° alone or mixed with the sample described in the previous paragraph. 


Analyses were carried out by Mrs. Chhabi Dutta at the Micro-analytical Laboratory of the 
University College of Science, Calcutta, and by Mr. Akhil Bandhu Dutta at the analytical 
section of this Institute. 


INDIAN ASSOCIATION FOR THE CULTIVATION OF SCIENCE, JADAVPUR, 
CatcuTta-32, INDIA. [Received, June 1st, 1959.] 





14. Synthetical Studies of Terpenoids. Part IV.1 Syntheses of 
Decalin Derivatives. 


By SOUMYENDRA LAL MUKHERJEE and PHANINDRA CHANDRA DuTTA. 


Synthesis of an acetoxytetramethyldecalone and its stereochemistry are 
reported.? 


As a step in the synthesis of di- and tri-terpenoids we have synthesised the trimethyl- 
decalone derivatives (I; R = H and OAc) in two forms and have prepared therefrom the 
tetramethyl derivative (XVII) of known configuration.* 

The starting material was 1,10-dimethyl-A‘®-2-octalone* (II). After a series of 
experiments, its methylation to the trimethyl ketone (III) in presence of potassium 
t-pentyloxide * was carried out in 92% yield: the previous method ° had given only a poor 
yield. The trimethyl ketone (III) was reduced by sodium and ethanol to the alcohol (IV) 
with a view to obtaining 3-hydroxyl group in the desired equatorial position. The derived 
acetate (V) with t-butyl chromate or, better, sodium dichromate,’ afforded the unsaturated 
ketone (VI) in good yield. In the hope of introducing a chain at position 4 of this 
ketone and having a functional group which could be used for coupling of two bicyclic 
units, it was desired to build up a dienone system: the ketone was converted § into the 
bromide (VII) but attempts at dehydrohalogenation failed, the major product, formed 
by reductive dehalogenation,® being the original acetoxy-ketone (VI). Another attempt, 
by oxidation with selenium dioxide, gave a phenol (pink colour with ferric chloride) and 
no well-defined ketonic derivative could be obtained. The double bond in the ketone was 
then hydrogenated in presence of palladium-—charcoal in acetic acid to afford a mixture of 
acetoxy-ketones (IX, XIII) in the ratio 1:~4. [The preponderance of the trans-form 
(XIII) arises from steric reasons," but appears to be enhanced ?* in the catalytic reduction 


* All the products were racemic although only form is shown in the formule. 


1 Part III, preceding paper. 

2 For a preliminary communication see Proc. Chem. Soc., 1958, 351. 

8 Gunstone and Heggie, J., 1952, 1437; Chakravarty, Dutt, and Dutta, J., 1956, 4978. 

4 Conia, Bull. Soc. chim. France, 1959, 690, 943. 

5 Yanagita, Hirakura, and Seki, J. Org. Chem., 1958, 28, 841. 

® Heusler and Wettstein, Helv. Chim. Acta, 1952, 35, 284. 

7 Corey and Urspring, J. Amer. Chem. Soc., 1956, 78, 183. 

8 Abe, Harukawa, Ishikawa, Miki, Sumi, and Toga, ibid., p. 1422. 

® Wendler, Graber, Snoddy, and Bollinger, ibid., 1957, 79, 4476. 

10 Ringold, Rosenkranz, and Sondheimer, J. Org. Chem., 1956, 21, 239; Yanagita, Inayama, 
Hirakura, and Seki, ibid., 1958, 28, 690. 

11 Woodward, Patchett, Barton, Ives, and Kelly, J., 1957, 1131; Stork and Schulenberg, J. Amer. 
Chem. Soc., 1956, '78, 250. } 

12 Cf. Halsall, Rodewald, and Willis, Proc. Chem. Soc., 1958, 231. 
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of the hydroxy-ketone (VIII)]. Complete separation of the mixture requires extensive 
chromatography and indeed the cis-form (IX) was only obtained pure by that process. To 
determine the nature of the ring-junction the ketone (XIII) was subjected to Huang. 
Minlon reduction and the alcohol (XII) obtained was oxidised with chromic acid jn 
acetone * to afford the ketone (XI). This gave an orange 2,4-dinitrophenylhydrazone, 
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H H H 
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which showed no depression in melting point with a sample obtained through the courtesy 
of Dr. Halsall.4 This establishes the ¢rans-junction of the rings in the ketone (XIII). To 
prove that the isomers (IX) and (XIII) differ only in their ring-junctions, each ketone was 
hydrolysed to its hydroxy-ketone and oxidised to the diketones (X) and (XIV). Their 
non-identity being established, the cis-junction of the rings in compounds (IX) and (X) is 
proved. The acetoxy-group in both ketones is probably equatorial, arising as it does 
through chemical reduction of the carbonyl group followed by acetylation. The ratio 
of cis- and trans-isomers on catalytic reduction! of the unsaturated ketone (VI) 
supports this statement. 

Next we wished to introduce a methyl group in the «-position to the carbonyl group. 
The ethoxalyl derivative # was obtained in an excellent yield; with methyl iodide and 
potassium carbonate, it afforded a neutral material which on alkaline hydrolysis and 
acetylation gave the starting material (XIII). Apparently methylation failed; regener- 
ation of the ketone (XIII) can be explained as follows: because of the tvans-ring-junction, 
the ethoxalyl derivative enolises preferentially!” to afford (XV); this structure will also 
be favoured by the tendency of the cyclohexane ring to accommodate the double bond in 
the endo-position;'* apparently, the neutral material obtained on methylation has 
structure (XVI) which regenerates the ketone (XIII) during working up. 

The ketone (XIII) was formylated, acetylated, and catalytically reduced ™ without 
isolation of the intermediates (XIII —» XVII). To ensure the stereochemistry of the 
newly introduced methyl group, the product was treated with alkali, which led after 

13 Bowers, Halsall, Jones, and Lemin, J., 1953, 2548. 

4 Gaspert, Halsall, and Willis, J., 1958, 624. 

18 Kalvoda and Loeffel, Helv. Chim. Acta, 1957, 40, 2340. 

16 Cf. Sondheimer and Elad, J. Amer. Chem. Soc., 1957, 79, 5544. 

17 Taylor, Chem. and Ind., 1954, 250. 


18 Brown, Brewster, and Shechter, J. Amer. Chem. Soc., 1954, '76, 467; Turner and Garner, ibid., 
1958, 80, 1424. 
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acetylation to the more favourable equatorial form of the tetramethyl compound (XVII). 
This was crystalline; in one experiment the tetramethyl compound crystallised directly 
after catalytic reduction and no epimerisation with alkali or subsequent acetylation was 
necessary. 





AcO Me Me 
CH-OR Me 
= (XH1) —> — 
(XV) R=H AcO ‘ Oo AcO B ° 
0 = H 
(XV1) R = Me Me Me Me Me 
(XVI) 


Preliminary attempts to introduce a 3,4-double bond into the ketone (XVII) appeared 
promising; however, 1,4-addition of potassium cyanide to the unsaturated ketone so 
obtained afforded a crystalline but unidentified acid. 


EXPERIMENTAL 


Ultraviolet spectra were measured for ethanol solutions. 

1: 1: 10-Tvimethyl-A’-2-octalone (III).—To an ice-cold solution of potassium t-pentyloxide 
(from potassium 6 g.) in benzene (450 c.c.) was dropwise added 1,10-dimethyl-A®-2-octalone (II) 
(20-4 g.) with occasional shaking. The mixture was kept at 50—60° for an hour, then cooled 
in ice, treated slowly with methyl iodide (28 c.c.), and refluxed for 2 hr. The product was 
worked up and, on distillation, furnished the ketone (III) (20-4 g., 93%) with a fruity odour, 
b. p. 105—107°/2 mm. Its yellow 2,4-dinitrophenylhydrazone had m. p. 163° (from ethyl 
alcohol) (lit., 159—160°) (Found: C, 61-0; H, 6-3; N,14-5. Calc. for C,,H,,O,N,: C, 61-3; H, 
6-4; N, 15-0%). 

1: 1: 10-Tvimethyl-A8-2-octalol ([V).—The ketone (III) (20 g.) in warm dry ethanol (240 c.c.) 
was added quickly to sodium (17-4 g.). After 25 min., the mixture was heated at 140—145° 
(bath-temperature) till all the sodium dissolved. After cooling to room temperature, the 
solution was diluted with water (ca. 2 1.), saturated with sodium chloride, and extracted with 
ether. The extract was washed with water and on distillation furnished the alcohol (18-3 g., 
90-5%), with a sweet odour, b. p. 112—115°/2 mm., ,?** 1-5110 (Found: C, 79-9; H, 11-2. 
C,,;H.20 requires C, 80-3; H, 11-4%). 

To the alcohol (13-58 g.) in cold pyridine (27-65 g.) was slowly added a mixture of acetic 
anhydride (23-31 g.) and acetyl chloride (10-99 g.). The whole was treated with ether (25 c.c.) 
and kept overnight at room temperature. The acetate (V) (14:7 g., 89%) had b. p. 122— 
123°/3—4 mm., 7,,**° 1-4997 (Found: C, 76-4; H, 10-3. C,,H,,O, requires C, 76-3; H, 10-2%). 

7-Acetoxy-8,8,10-trimethyl-A’®-2-octalone (V1).—(a) Oxidation with t-butyl chromate. To the 
acetate (V) (14:5 g.) in carbon tetrachloride (150 c.c.) was added, at room temperature, 
with stirring, a mixture of t-butyl chromate (216 c.c.), acetic acid (67 c.c.), and acetic 
anhydride (27 c.c.), and the solution was kept overnight. It was next stirred at 80° for 3— 
4hr., then cooled to room temperature. Oxalic acid (45 g.) in water (450 c.c.) was added with 
ice-cooling in 20 min. After 15 min., more solid oxalic acid (31-5 g.) was added and the whole 
stirred for 2 hr., while attaining room temperature. The pale yellow carbon tetrachloride layer 
was separated and the aqueous layer extracted with carbon tetrachloride. The combined 
organic layers were washed with water, 5% sodium hydrogen carbonate solution, and again 
water, dried (Na,SO,), and evaporated. The residue, on distillation, furnished an orange- 
yellow viscous liquid (9-7 g., 63%), b. p. 150—175°/4 mm. This was kept with potassium 
hydroxide (15 g.) in methanol (150 c.c.) overnight at room temperature, then refluxed for 
1-5 hr., and neutralised with 12N-hydrochloric acid. Distillation furnished the ketone (VIII) 
(6-3 g., 43%), b. p. 165—170°/4 mm.,’n,,*75 1-5255 (Found: C, 74:8; H, 9-9. C,,;H..O, requires 
C, 75:0; H, 9-6%). Its 2,4-dinitrophenylhydrazone crystallised from ethyl acetate in needles, 
m. p. 210° (Found: C, 58-4; H, 6-0; N, 14-1. C,,H,,O;N, requires C, 58-7; H, 6-2; N, 14-4%). 
With pyridine—acetic anhydride, acetyl chloride, and ether, as above, it gave the acetoxy-ketone 
(VI) (77%), b. p. 172—175°/4 mm., m,,?7° 1-5058, Amax, 240 my (log ¢ 4-05) (Found: C, 72-1; H, 
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8-8. C,;H,,O, requires C, 72-0; H, 8-8%), whose deep-red 2,4-dinitrophenylhydrazone crystal- 
lised from ethyl acetate in flakes, m. p. 248° (Found: C, 58-8; H, 5-8; N, 12-7. C,,H.,0,N, 
requires C, 58-6; H, 6-0; N, 13-0%). 

(b) Oxidation with sodium dichromate in acetic acid. A solution of the acetoxyoctalin (V) 
(23-6 g.) and sodium dichromate (60 g.) in glacial acetic acid (900 c.c.) was kept overnight at 
room temperature, then heated at 95—100° for 2 hr. Ethanol (30 c.c.) was added to the hot 
solution to decompose the excess of dichromate, and the resulting green solution was diluted 
with hot water (2550 c.c.). The product, on distillation, furnished the acetoxy-ketone (19-5 
g., 78%), b. p. 150°/0-1 mm., Anax 240 my (log ¢ 4-05), m,,275 1-5058 (2,4-dinitrophenylhydrazone, 
m. p. and mixed m. p. 248°). 

7-Acetoxy-5,8,10-trimethyl-2-decalone (IX, XIII).—The ketone (VI) (36-5 g.) was hydrogen- 
ated (1 mol. in 24 hr.) in glacial acetic acid (45 c.c.) over palladium-charcoal (1 g., 10%), to 
a sweet-smelling liquid (32-6 g., 89%), b. p. 150—155°/5 mm. The distillate, on trituration in 
the cold with light petroleum (b. p. 40—60°) afforded needles (10-4 g., 32%). From the 
mother-liquor further crystals (2 g.) separated or ‘cuz storage in the cold. The operation was 
repeated, the yield of solid in third and the foui\’, cperation being 1-6 and 0-8 g. respectively. 
The solids collected from first three batches had m. p. 110—111°, which on subsequent crystallis- 
ations rose to 113—114° (Found: C, 71:1; H, 93. C,,H,,O, requires C, 71-4; H,9-5%). This 
trans-acetoxy-ketone (XIII) formed quantitatively a yellow 2,4-dinitrophenylhydvazone, m. p. 
220—221° [from ethanol-ethyl acetate (3: 1)] (Found: C, 58-1; H, 6-3. C,,H,,O,N, requires 
C, 58-3; H, 6-5%). 

The fourth batch of crystals (m. p. 92—94°) even on repeated crystallisation showed an 
anomalous m. p. This (800 mg.) was chromatographed on neutral alumina (30 g.) and eluted 
with light petroleum (b. p. 40—60°), fractions 1—15 being of 20 c.c. each, and fractions 16— 
43 of 100 c.c. each. Fractions 12—29 gave prisms (180 mg.), m. p. and mixed m. p. 1l1— 
112° [unchanged on crystallisation from light petroleum (b. p. 40—60°)] of the cis-compound 
(IX) (Found: C, 71-4; H, 9-4%). The yellow 2,4-dinitrophenylhydrazone (from ethanol) had 
m. p. 172—173° (Found: C, 58-5; H, 6-5%). The mixed m. p. of the ketones was 88° and of 
2,4-dinitrophenylhydrazones was 167—168°. 

1,1,10-Tvimethyl-trans-2-decalol (XII).—The acetoxy-ketone (XIII) (756 mg.) in redistilled 
diethylene glycol (6-3 c.c.) was heated under reflux with 100% hydrazine hydrate (0-45 c.c.) 
and potassium hydroxide (405 mg.) for 1 hr. and then 185—190° for lhr. Dilution with water, 
acidification, and ether-extraction gave the decalol (431 mg.), b. p. 120°/4 mm. (Found: C, 79-5; 
H, 12-1. (C,3H,.,O requires C, 79-6; H, 12-2%). 

1,1,10-Tvimethyl-trans-2-decalone (XI).—The decalol (431 mg.) in acetone (10 c.c.) with 8n- 
chromic acid (1-5 c.c.) gave a liquid ketone (XI) (300 mg.), whose 2,4-dinitrophenylhydrazone 
separated from ethanol in orange needles, m. p. 185-5—186-5° (186—187° on admixture with an 
authentic sample). 

1,1,10-Trimethyl-trans-decalin-2,7-dione (XIV).—The acetoxy-ketone (XIII) (500 mg.) was 
refluxed with potassium hydroxide (1 g.) in ethanol (10 c.c.) for 2hr. Working up gave a liquid 
(400 mg.) which was treated in acetone (15 c.c.) with 8N-chromic acid (1 c.c.) as above. The 
usual working up afforded the dione (380 mg.), needles [from light petroleum (b. p. 40—60°)], 
m. p. 121—122° (Found: C, 74:8; H, 9-6. C,,;H, .O, requires C, 75-0; H, 9-6%). 

1,1,10-Tvimethyl-cis-decalin-2,7-dione (X).—The acetoxy-ketone (IX) (180 mg.) was hydro- 
lysed and the crude semisolid residue (146 mg.) was oxidised as above. The gummy product 
afforded a solid (122 mg.) on trituration with light petroleum (b. p. 40—60°) in the cold. 
Chromatography over neutralised alumina (7 g.) gave traces of an oil [elution with light petrol- 
eum (b. p. 40—60°)] and a semisolid mass (90 mg.) (elution with ether). On crystallisation 
from light petroleum (b. p. 40—60°) the latter afforded the cis-diketone, m. p. 87—88° (mixed 
m. p. with tvans-dione, 77—79°) (Found: C, 74-8; H, 9-7%). 

3-Bromo-7-acetoxy-8,8,10-trimethyl-A»°-2-octalone (VII).—The ketone (VI) (2-9 g.) in dry 
ether (100 c.c.) at 0° with bromine (1-5 g.) in acetic acid (10 c.c.) gave the bromo-compound, 
needles (from methanol) (2-3 g.), m. p. 146—147°, Amax, 240 my (log ¢ 4-11) (Found: C, 54-4; H, 
6-4; Br, 24:1. C,,H,,O,Br requires C, 54-7; H, 6-4; Br, 24:3%). 

This product (1-3 g.), when kept in collidine (10 c.c.) at 170° under nitrogen for an hour, re- 
generated the ketone (VI) (0-7 g.), b. p. 150—155°/0-6 mm. Amax, 239 my (log ¢ 4:1) (Found: 
C, 72-0; H, 8-5%) [2,4-dinitrophenylhydrazone (from ethyl acetate), m. p. 243°, or 246° when 
mixed with the authentic derivative (m. p. 248°)]. 
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7-Acetoxy-3,8,8,10-tetramethyl-trans-2-decalone (XVII).—To a stirred suspension of freshly 
prepared sodium methoxide (2-975 g.; dried in a high vacuum) in dry thiophen-free benzene 
(85 c.c.), ethyl formate (12-8 c.c.) was added under nitrogen with exclusion of moisture. After 
ca. 30 min., the trimethyl-ketone (XIII) (900 mg.) in benzene (42-5 c.c.) was added dropwise 
with cooling. The mixture was then stirred for 20 hr. at room temperature and subsequently 
poured into ice-water. The benzene layer was extracted with ice-cold 5% sodium carbonate 
solution, and the combined aqueous portions were slowly acidified with cold 17% hydrochloric 
acid. The acid solution was saturated with sodium chloride and extracted thrice with ether. 
The viscous brown oil (890 mg.) left after removal of the ether gave a deep violet colour with 
ethanolic ferric chloride and was treated without purification with acetic anhydride (38-2 c.c.) 
and pyridine (12-8 c.c.). The solution was left at 20° for 18 hr. A neutral oil (1-08 g.), giving 
no colour with ferric chloride, was isolated, which crystallised. It was, however, at once 
hydrogenated in acetic acid (40 c.c.) over 10% palladium-charcoal (750 mg.). In 40 min., 
2 mols. of hydrogen were taken up and reaction then ceased. The product (800 mg.) was 
refluxed with 10% ethanolic potassium hydroxide (10 c.c.) for 2 hr. The crude solid hydroxy- 
ketone was treated in pyridine (1-7 c.c.) slowly with acetic anhydride (1-5 c.c.) and acetyl 
chloride (0-7 c.c.) in the cold. The crude acetate (750 mg.) solidified; it was chromatographed 
in light petroleum (20 c.c.; b. p. 40—60°) on neutral alumina (11 g.), elution with this solvent 
yielding the acetoxy-tetramethyl-ketone (670 mg.), m. p. 87—88°, in 11 fractions (100 c.c. each). 
After two crystallisations from light petroleum (b. p. 40—60°), needles were obtained melting at 
89—90° (Found: C, 72-1; H, 9-6. C,,H,,O, requires C, 72-2; H, 98%). The yellow 2,4-di- 
nitrophenylhydvazone crystallised from ethyl acetate in flakes, m. p. 245—246° (Found: C, 59-2; 
H, 6-6; N, 12-6. Cy.HgpO,N, requires C, 59-2; H, 6-7; N, 12-5%). 


We thank Mrs. Chhabi Dutta for microanalyses and the Council of Scientific and Industrial 
Research for a maintenance grant (to S. L. M.). 


INDIAN ASSOCIATION FOR THE CULTIVATION OF SCIENCE, JADAVPUR, 
CatcuTta-32, INDIA. (Received, June 1st, 1959.) 





15. Polarographic Study of Manganese, Technetium, and 
Rhenium. 


By R. Corton, J. DatzieL, W. P. GRIFFITH, and G. WILKINSON. 


The polarographic reduction of potassium permanganate, potassium 
pertechnetate, potassium per-rhenate, and potassium octacyanorhenate(v) 
has been studied in aqueous solution with a variety of supporting electrolytes. 
The polarographic reduction of manganese and rhenium carbonyls and 
carbonyl halides has been studied in non-aqueous solution, a quaternary 
ammonium salt being used as supporting electrolyte. 

Three new valency states have been observed for technetium. A novel 
method of purification of the element is described and several analytical 
procedures are suggested. 


THE object of this work was to investigate and compare the valency states exhibited by 
the three elements manganese, technetium, and rhenium under different conditions. It 
was hoped that by comparing potassium pertechnetate and potassium per-rhenate especially 
this information would suggest differences in the stabilities of the oxidation states of the 
elements which could be exploited on the preparative scale. 

The polarographic reduction of potassium permanganate with barium chloride as 
supporting electrolyte has been investigated.1 It was found that the manganese was 
easily reduced to the 2+ state and at a higher potential to that of the metal itself. 

No detailed polarographic study of technetium has been reported, although it has been 


1 Stackelberg, Klinger, Koch, and Krath, Tech. Mitt. Krupp Forschungsber., 939, 2, 59; Arch. 
Eisenhuttenw., 1939, 18, 249. 
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mentioned that technetium is reduced polarographically to the 4+ state in 2N-sodium 
hydroxide.” 

The polarographic reduction of per-rhenate ion has been studied by Lingane,’ Rulfs 
and Elving,* and Geyer.5 

No previous polarographic work has been reported on the carbonyls and carbonyl] 
halides of manganese and rhenium. 


EXPERIMENTAL 

Purification of Technetium.—The starting material was impure ammonium pertechnetate 
solution provided by the Atomic Energy Authority, Harwell. The solution contained other 
ammonium salts, but was known from spectrographic analysis to be free from rhenium and 
manganese. 

The solution was evaporated almost to dryness twice with concentrated ammonia, and 
traces of a brown gelatinous precipitate were centrifuged off. The solution was evaporated to 
dryness and the ammonium pertechnetate reduced to technetium metal in a platinum boat by 
hydrogen at 350° as described by Cobble et al.6 Unlike rhenium metal, technetium is reported 
to be insoluble in hydrogen peroxide,’ but we have found it to be very soluble in bromine water 
(0-5 ml. of bromine per 10 ml. of water), especially on warming, as is rhenium.’ The solution 
was evaporated to a small volume to expel the excess of bromine and then neutralised with 
potassium hydroxide. On evaporation a mixture of potassium bromide and potassium 
pertechnetate was obtained. 

The bulk of the potassium pertechnetate was purified by recrystallisation from water 
(solubility of KTcO, ca. 12 g./100 ml.; of KBr ca. 70 g./100 ml.) and washing with alcohol. 

Potassium pertechnetate could be recovered from the supernatant liquids, washings, and 
other residual solutions by addition of ‘‘ nitron’”’ acetate solution (5 g./100 ml.). The white 
precipitate of nitron pertechnetate was collected in a Schwartz—Bergkampf filter beaker and 
then kept in contact with 4n-ammonia solution for 2—3 days. This treatment converts the 
precipitate into nitron (insoluble), and a solution of ammonium pertechnetate is formed from 
which, after filtration and evaporation, the salt was obtained as fine white crystals. The 
purity was checked by quantitative conversion to the potassium salt by evaporation with a 
stoicheiometric amount of potassium hydroxide solution. 

Potassium pertechnetate prepared by both methods gave identical polarographic results, 
confirming the high purity of both samples. 

The procedure of reduction to the metal followed by subsequent dissolution in bromine 
water and nitron precipitation is recommended as an excellent method for recovery of technetium 
from laboratory residues. 

Preparation of Other Compounds for Polarographic Study.—Potassium per-rhenate was 
prepared by dissolving pure rhenium metal (Johnson, Matthey and Co. Ltd.) in 20-vol. hydrogen 
peroxide, neutralising this with potassium hydroxide, and filtering off the precipitate of 
potassium per-rhenate. The compound was recrystallised twice from distilled water. 

Potassium octacyanorhenate(v) was prepared from potassium hexaiodorhenate(iv) by the 
action of potassium cyanide in methanol.® Manganese !° and rhenium carbonyls ™ and the 
corresponding pentacarbonyl halides 1* were prepared by the usual methods and purified by 
steam distillation, chromatography, and recrystallisation. 

Polarographic Measurements.—All polarograms were recorded on a Tinsley Model 19/2 
recording polarograph and against a saturated calomel electrode. All supporting electrolytes 
were of analytical grade and the solutions were de-aerated by oxygen-free nitrogen. 

The valency states to which the elements were reduced were calculated by use of the Ilkovié 
Rogers, J. Amer. Chem. Soc., 1949, 71, 1507. 

Lingane, J]. Amer. Chem. Soc., 1942, 64, 1001. 

Rulfs and Elving, J. Amer. Chem. Soc., 1951, 78, 3281. 

Geyer, Z. anorg. Chem., 1950, 268, 47. 

Cobble, Nelson, Parker, Smith, and Boyd, J. Amer. Chem. Soc., 1952, 74, 1852. 
Fried, J. Amer. Chem. Soc., 1948, 70, 442. 

Theobald and Stern, Analyst, 1952, 77, 99. 

Colton, Peacock, and Wilkinson, Nature, 1958, 182, 393. 

Closson, Buzbee, and Ecke, J. Amer. Chem. Soc., 1958, 80, 6167. 

Hieber, Schuh, and Fuchs, Z. anorg. Chem., 1941, 248, 243. 


For references see Abel and Wilkinson, J., 1959, 1507. 
Kolthoff and Lingane, “‘ Polarography,” Vol. I, Interscience Publishers Inc., New York, 1952. 
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equation, ig/c = 607nDtmitt, where ig is the diffusion current (uamp.), ¢ is the concentration 
(mmoles/1.), D is the diffusion coefficient (cm.* sec.~1), m is the rate of flow of mercury (mg./sec.), 
andtis the droptime. The value of D for the per-rhenate ion was taken as 1-37 x 10 cm.? 
sec.1, and this value was also assumed for the pertechnetate ion. The constant mitt was 
determined in the usual manner to be 2-20. 

The reversibility of the waves was investigated 1° by plotting E against log [i/(¢q — i)] and 
comparing the slope with the theoretical value of 0-059/n. The waves were shown to be 
diffusion-controlled by plotting h? against i. 

The ‘‘” values for the carbonyl reductions were checked by using cobalt octacarbonyl 
as reference. 


RESULTS 


Potassium permanganate in 2m-potassium chloride is reduced to Mn™ at about —0-1 v, and 
this is further reduced to the metal at about —1-7 v. Similar behaviour was observed in 0-1M- 
potassium cyanide solution. Potassium permanganate was not studied further as it was 
found that technetium behaved far more like rhenium, as was expected. 


4 


/0 


Fic. 1. Polarographic reduction of per-rhenate 
ion; variation of ‘“‘n”’ value with concen- 
tration. 


O Present work. x Lingane. 


© 9 








8 





7 L 1 1 1 1 1 4 
0 O04 O08 %/2 16 20 24 28 
ReO,- (mmoles/I.) 





Potassium Pertechnetate and Potassium Per-rhenate.—The polarographic reductions of these 
two compounds were compared, in a variety of supporting electrolytes, as follows. 

(a) 2m-Potassium chloride. Lingane* found that potassium per-rhenate was polaro- 
graphically reduced in 2m-potassium chloride to the rhenide state Re™, but the “’”’ values 
calculated from the Ilkovi¢ equation varied with concentration, tending towards the theoretical 
value of 8 at the highest concentration studied. The reduction has now been examined over a 
wider concentration range and it has been found that when the concentration of per-rhenate 
ion exceeds 0-4mm, the “‘»”’ value is truly 8, but below this concentration it rises rapidly. 
This effect is shown in Fig. 1. 

The wave is well defined although it always showed a slight maximum. It was also confirmed 


TABLE 1. Polarographic reduction of per-rhenate ion in 2m-potassium chloride. 


Concn. (mM) ...... 2-67 2-05 1-57 1-25 0-62 0-32 0-16 0-08 
8 aa 105 80-8 58-5 48-6 24-0 12-7 6-5 4-3 
eo aE 17-7 17-8 17-2 17-7 17-6 18-0 18-6 24-4 
DE ngttiessttenscovacape 8-04 8-09 7-90 8-04 8-00 8-20 8-40 11-20 
|, ere —1-61 — 1-57 — 1-56 — 1-56 — 1-55 —1-55 — 1-55 —1-55 
TABLE 2. Polarographic reduction of pertechnetate ion in 2m-potassium chloride. 
Concn. (mM) ......... 0-094 0-075 0-063 0-037 0-030 0-024 0-012 
Be AGD ccenccccosccesesis 3:8 3-2 2-6 1-55 1-24 0-96 0-60 
RAED ne vinsseetiiense 18-3 19-4 18-7 19-0 18-8 20 23 
DD Gadesevisosincsacsguenss 8-3 8-8 8-5 8-6 8-5 9-09 10-5 
UE sncstheccehaiss —115 —1145 -1140 -114 —1-13 —112 —1-12 


that the half-wave potential varied with concentration (Table 1). The rt 6 ore behaviour 
of pertechnetate ion in 2M-potassium chloride is very similar to that of per-rhenate, but more 
dilute solutions must be used to obtain satisfactory results (Table 2). Above 0-1 mm the wave 
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is distorted by a large maximum and this remains to a certain extent at all the concentrations 
studied (Fig. 2). In very dilute solutions the ‘‘ ””’ values increase as for rhenium (Fig. 3). 

In order to calculate the ‘‘ ”’’ values from the Ilkovié equation the value of the diffusion 
coefficient for the pertechnetate ion is assumed to be the same as for the per-rhenate ion. This 
assumption is justified since it is known that the pertechnetate and per-rhenate ions are of 
almost the same size and any small error in D is reduced as only the square-root is used in 
the Ilkovié equation. 

The assumed value of D = 1:37 x 10° cm.* sec.“ gives a steady ‘‘n”’ value of 8-54. The 
deviation from 8-0 is probably due to the difficulties of measuring the limiting current accurately 
because of the maximum. The wave is highly irreversible, the plot of log [7/(ig — 7)] against E 
being non-linear. 

(b) 4m-Perchloric acid. Potassium pertechnetate showed no reduction in 4mM-perchloric 
acid; the current merely increased gradually to the voltage of the reduction of the supporting 


Fic. 2. Polarogram of pertechnetate ion in 2m- 
potassium chloride [(a) 0-037mm-KTcO,; 
(b) residual current of 2m-KCI). 





Fic. 3. Variation of ‘‘n”’ value with concentration 
for pertechnetate ion. 
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E, the decomposition voltage, is given in volts 
against S.C.E. in this and later diagrams. 


electrolyte. This behaviour is in direct contrast to that of per-rhenate, which shows a well 
defined wave at about —0-4 v corresponding to a three-electron reduction.** 

(c) 4m-Hydrochloric acid. Per-rhenate ion is reported to be polarographically reduced to 
Re!V in 4m-hydrochloric acid in a single wave. 

Pertechnetate ion is also reduced to the +4 state in 4m-hydrochloric acid, but a double wave 
is obtained, the components corresponding to a one- and a two-electron reduction, respectively. 
The waves are rather poorly defined (Fig. 4) with half-wave potentials (vs. S.C.E.) of —0-52 v 
and —0-68 v respectively. 

Both waves are irreversible; the slopes of the log plot were 0-035 and 0-050, compared with 
required values of 0-059 and 0-029, respectively. 

(d) 0-1M-Potassium hydroxide. Potassium per-rhenate in 0-1M-potassium hydroxide gave a 
large, poorly defined wave (Fig. 5). The ‘‘ x” values from the Ilkovié equation were not 
constant, varying with concentration as shown in Table 3. However, it seems that per-rhenate 
ion is reduced to the rhenide (Re™) in 0-1m-potassium hydroxide. 


TABLE 3. Polarographic reduction of per-rhenate ion in 0-1M-potassium hydroxide. 


GA WUD posececscncacedecseseene 1-01 1-01 0-71 0-49 0-49 
DRE scinchdsdebiccesevedhieipaccnsse 48-0 48-0 34:5 18-0 18-0 
GEUNED  ckciieintetnntdersthacpeiacneess 21-6 21-6 18-3 16-7 16-7 
D nitineiaviccnscessaeiwincicedenesesees 9-8 9-8 8-3 7-6 7-6 
BAG) enti deitintnerccseesssnscsveeesse —1-72 —1.72 — 1-68 — 1-66 — 1-66 


Pertechnetate, in marked contrast, is reduced only to the 4+ state in two stages, corre- 
sponding to a two- and a one-electron reduction at —0-85 and —1-15 v, respectively. The 
waves, especially the first one, are well defined (Fig. 6) and there is no marked variation of ‘‘ n”’ 


14 Ahrens, Geochim. Cosmochim. Acta, 1952, 2, 155. 
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value with concentration (Table 4). 
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Both technetium waves are irreversible, the slopes of-both 


log plots being 0-077; theoretical values were 0-029 and 0-059. 


(e) 0-lm-Potassium cyanide. 
the polarography of per-rhenate ion. 


Potassium cyanide is a very poor supporting electrolyte for 
A large wave was obtained which seemed to consist of 


TABLE 4. Polarographic reduction of pertechnetate ion in 0-1M-potassium hydroxide. 


Concn. 
(mM) ig(wa) ia/cmitth mn Ej (v) 
0-130 1-24 4:95 2:25 —0-85 
- 1-20 4-80 2-20 on 
Wave A 0-108 1-04 4-60 2:05 —0-86 
~~ 0-96 4-50 2-03 - 
0-087 0-72 4-30 195 —0-85 
a 0-76 4:50 2-05 


Concn. 
(mM) ig (ua) ta/cmite n Ej (v) 


0-130 0-56 2-2 100 —1-14 
™ 0-56 2-2 1-00 ” 
Wave B 0-108 0-56 2-6 1:20 —1-16 
- 0-56 2-6 1-20 - 
0-087 0-36 215 095 —1-16 
- 0-36 215 0-95 


two components, but they were so poorly defined that no reliable measurements could be made 
upon them, although they were possibly a two-electron and a four-electron reduction. 
Potassium pertechnetate gave a single well defined wave (Fig. 7) with a half-wave potential 


Fic. 4. Polarogram of pertechnetate ion in 4m-hydro- 
chloric acid [(a) 0-1380mmM-KTcO,; (0) residual 
current of 4mM-HCl]. 
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of —0-81 v, corresponding to a three-electron reduction to Tc!Y. 


Fic. 5. Polarogram of potassium per-rhenate in 
0-1m-potassium hydroxide [(a) 0-71mM-KReO,; 
(b) 0-49mM-KReO,; (c) residual current of 
0-Im-KOH]. 
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The wave was irreversible, the 


slope of the log plot being 0-042 compared with the theoretical value for m = 3 of 0-019. 
Table 5 summarises the results obtained for pertechnetate and per-rhenate ions. 


TABLE 5. Summary of oxidation states of technetium and rhenium from polarography. 


Supporting electrolyte 


GUE civecenininbeserinatacie +7 
SII © sisdssnsuolecsbetihciionia +7 
| __ it anee Soa +7 
SI sinsincasbiadebistiniimien +7 
DO IIGUD ” sissccecicrctsctaies +7 +5?; 


Per-rhenate 


Pertechnetate 
at +7 —1 
+454 no reduction 
+454 +7 +6; +6 +4 
= +7 +5; +5 +4 
+5 +1? +7 +4 


It may be noted finally, with regard to the reduction of rhenium to the —1 state, that 
preliminary nuclear magnetic resonance measurements !* have shown that the so-called rhenide 
ion is a complex ion with a rhenium-hydrogen bond of the type [HRe(OH)(H,0),;]~, 


[H,Re(OH),H,O]~, etc. 


Further work will be described subsequently. 


Potassium Octacyanorhenate(v).—Potassium octacyanorhenate(v), K,;Re(CN),, was polaro- 
graphed in 2m-potassium chloride and in 0-1M-potassium cyanide. 
In potassium chloride the compound showed a well defined wave (Fig. 10). the half-wave 


potential being about —1-5 v (Table 6). 


18 Colton, Dalziel, Griffith, and Wilkinson, Nature, 1959, 188, 1755. 
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Fic. 6. Polarogram of pertechnetate ion in 0-1M- 
potassium hydroxide [(a) 0-130mM-KTcO,; 
(b) 0-108mM-KTcO,; (c) residual current of 
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Fic. 8. Polarogram of octacyanorhenate(v) in 2m- 
potassium chloride [(a) 0-9mm-K,Re(CN),; 
(b) 0-54mm-K,Re(CN),; (c) residual current of 
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Fic. 10. Polarogram of Re,(CO),.» in 0-3m-tetra- 
methylammonium chloride in ethanol [(a) 
0-62mm-Re,(CO),9; (6) residual current). 
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being about —1-75 v (Table 7). 





Concn. (mM) ............ 1-8 0-9 

RG DORD ccsrssccsccescceccece 31-5 15-3 15-5 
EUEEN . sacakaeaxecabanece 7-95 7-73 7-82 
THE ED: Wertewtacnspceseciese —145 —1-50 


Fic. 7. Polavogram of pertechnetate ion in 0-\m- 
potassium cyanide {[(a) 0-130mM-KTcO,; 
(6) 0-108mMm-KTcO,; (c) residual current of 
0-1m-KCN]. 
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Fic. 9. Polarogram of octacyanorhenate(v) in 0-1m 
potassium cyanide [(a) 0-27mm-K,Re(CN),; 
(b) residual current of 0-1M-KCN]}. 
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Fic. 11. Polarogram of Mn,(CO),. in 0-3M-tetra- 
methylammonium chloride in ethanol {[(a) 
0-65mM-Mn,(CO),,9; (5) residual current). 
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In 0-1mM-potassium cyanide another good wave was obtained (Fig. 11), the half-wave potential 


TABLE 6. Polarography of potassium octacyanorhenate(v) in 2M-potassium chloride. 


0-54 0-378 0-378 0-378 

9-6 6-4 6-2 6-4 

777 7-77 7-73 7-77 Mean 7:79 
—152 —152 -—152 —1-52 
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TABLE 7. Polarography of potassium octacyanorhenate(v) in 0-1M-potassium cyanide. 


SN GID scsssccesicecossveses 1-8 0-9 0-54 0-27 

ig (pA) .----- viaheninehnvilendudeieceenle 20-25 21-0 10-2 6-05 3-1 

REE. abasasainadocpsccsiicioones 5-09 5-27 5-14 5-09 5-23 Mean 5-16 
BERD satnscccvsccececuvncecbinebces —1-80 —1-76 —1-74 —1-72 


In order to calculate the ‘‘ » ”’ values it is necessary to make some assumption as to the value 
of the diffusion coefficient. Jezowska 1* found that the diffusion coefficient of the [ReO,(CN) ,]°~ 
ion is 0-7 xX 105 cm.* sec. and that in potassium chloride this ion is reduced to Ke™ and in 
potassium cyanide to Re*?}. 

The ratio of ‘““n”’ values for K;Re(CN), in the two supporting electrolytes studied 
is the same as the ratio of the i,/cmit* values, i.e., 7-79/5-16 = 1-504/1 = 6:4. In view 
of Jezowska’s results it seems far more likely that the ratio is 6 : 4, that is, in potassium chloride 
K,Re(CN), is reduced to Re™ and in potassium cyanide to Re*4. Ifa rough calculation is made 
for D on this basis, the value obtained is 0-55 x 10 cm.?* sec.“ in fair agreement with Jezowska’s 
value for the oxycyanide. 

This interpretation is also in agreement with the behaviour of per-rhenate in potassium 
chloride and potassium cyanide. 

Manganese and Rhenium Carbonyl Complexes.—The polarographic reduction of manganese 
and rhenium carbonyl and carbonyl halides was studied in absolute ethanol containing 0-3mM- 
tetramethylammonium chloride as supporting electrolyte. The results are shown in Table 8. 


TABLE 8. Polarographic reduction of manganese and rhenium carbonyls and carbonyl 


halides. 

Mn,(CO),9; S = 0-114 Re,(CO),9; S = 0-15 
Concn. (mM) ... 1-84 0-65 0-42 0-20 0-10 0-05 1-25 0-78 0-62 0-52 
es eee 14-0 45 2-9 1:4 0:72 0-38 9-2 5:8 4-4 4-00 
SOIR coccccees 2-9 2-66 2-66 2-69 2-77 2-77 2-83 2-86 2-74 2-96 
| pene —1-16 —115 —115 —1-14 —114 —1-14 —1-83 —1-82 —1-82 —1-82 

Mn(CO),I; S = 0-17 t Re(CO),I Re(CO),Cl 

Concn (mm) ... 262 1:73 164 O31 O15 0-08 0-04 3-93 0:77 
Cl) 19-8 13-2 10-6 2-3 1-12 0-60 0-30 15-2 2-7 
igicmitt = ......... 2-91 2-94 (2-5) 2-86 2-88 2-88 2-88 2-96 _ 
_ § eee see —0-83 —0-79 —0-79 —0-79 —0-79 —0-78 —0O-78 —1-18 —1-27 


S = Slope of log plot. + Half-wave potentials for the bromide and chloride are —0-85 v and 
—0-91 v respectively. 


All the waves were irreversible. It was found, in accordance with chemical evidence, that the 
halides were more easily reduced than the simple carbonyls and furthermore that in the halide 
series the half-wave potentials were in the sequence I < Br < Cl. In all cases the number 
of electrons gained in the reduction of each species was 2, so that reduction to Mn™ and Re™ 
occurred, presumably to the carbonyl hydride anions [Mn(CO,)] 2” and [Re(CO),]~.18 

The value » = 2 was checked by comparison with reduction polarography of cobalt octa- 
carbonyl ?* and oxidation polarography of ferrocene.*® 

The tetracarbony] halides of manganese ?* and rhenium *! were not reduced polarographically. 


DISCUSSION 
Up to the present time, the only significant chemical difference between technetium 
and rhenium is that technetium forms only a tetrachloride ** whereas rhenium forms a 


pentachloride. 
The polarographic study of pertechnetate and per-rhenate ions has indicated several 


16 Jezowska, personal communication. 

17 Hieber and Wagner, Z. Naturforsch., 1958, 18b, 339. 

18 Hieber and Braun, Z. Naturforsch., 1959, 146, 132. 

19 Vléek, Coll. Czech. Chem. Comm., 1959, 24, 1748. 

20 Page and Wilkinson, J. Amer. Chem. Soc., 1952, 74, 6149. } 

*t Abel, Hargreaves, and Wilkinson, J., 1958, 3149. 

22 Knox, Tyree, Srivastava, Norman, Bassett, and Holloway, J. Amer. Chem. Soc., 1957, 79, 3358. 
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important differences in behaviour, at least one of which may have important preparative 
consequences. 

In 2m-potassium chloride the elements behave similarly, the only noticeable difference 
being that pertechnetate is reduced at a potential which is about 0-4 v less negative than 
that required to reduce per-rhenate, thus indicating that Tc’ is more easily reduced 
than Re‘ as might be expected. 

We are unable to suggest why such a marked difference occurs between the elements 
in 4m-perchloric acid. 

In 4m-hydrochloric acid the main difference between the elements is that technetium 
shows the intermediate 6+ state, which has not previously been shown unambiguously 
to be exhibited by the element. 

In 0-1M-potassium hydroxide, rhenium is reduced to the rhenide ion which agrees with 
the known chemical evidence that rhenides can be prepared by reduction of per-rhenate 
in alkali solutions. The fact that pertechnetate does not reduce beyond Tc!” suggests 
that technides may be more difficult to prepare than rhenides. 

The results obtained in 0-1m-potassium cyanide are most interesting. Although the 
waves for per-rhenate were very poor, it seems possible that Re¥" is first reduced to ReY 
and then to Re*!. This would be in agreement with the known chemical behaviour of 
rhenium. If potassium per-rhenate is reduced with hydrazine hydrate in the presence of 
potassium cyanide, the compound K,{Re¥O,(CN),] is obtained,!® which in solution may be 
K,{Re(OH),(CN),]. The tendency for cyanide to stabilise octaco-ordination of Re’ is 
demonstrated by the preparation of potassium octacyanorhenate(v).? Both compounds 
are reduced to Re*! in potassium cyanide medium. 

Technetium in contrast shows a single wave. If pertechnetate is unaltered in potassium 
cyanide, then the reduction corresponds to three electrons, 7.e., Tc¥!—» Tcl’, 
Technetium is in such a position in the Periodic Table that it is difficult to predict on 
chemical grounds alone whether it would form an octaco-ordinate or a hexaco-ordinate 
complex cyanide. 

In view of the polarographic results, it seems more likely that a cyanide of the type 
K,Tc(CN), will be found. This point is being pursued on the preparative scale. 

Analytical Procedures for Technetium.—There is no very satisfactory analytical 
method for technetium on the micro-scale. Nitron pertechnetate and tetraphenylarsonium 
pertechnetate are both more soluble than the corresponding rhenium compounds and the 
gravimetric method is not very satisfactory for determinations on 1—5 mg. of technetium. 
It appears from the present work that technetium can be determined easily by polarography. 

Technetium compounds can be easily oxidised to Tc’™ and after removal of excess of 
oxidising agent the solution can be polarographed in the most convenient supporting 
electrolyte. 

For accurate determination the wave in 0-1M-potassium cyanide and the first wave in 
0-1M-potassium hydroxide are probably best because they are well defined. For merely 
detecting technetium the wave in 2M-potassium chloride is undoubtedly the most sensitive. 


We thank the Department of Scientific and Industrial Research (W. P. G.) and the 
Atomic Energy Authority (R. C.) for maintenance grants. We are also indebted to the Atomic 
Energy Research Establishment, Harwell, for the loan of the technetium, to Johnson, Matthey 
and Co. Ltd. for the loan of rhenium, to Dr. J. Lewis for a sample of cobalt carbonyl, and to 
the U.S. Rubber Co. for certain research expenses. 
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23 Floss and von Grosse, J]. Inorg. Nuclear Chem., 1959, 9, 318. 
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16. Reactions of Aryl Radicals with Aliphatic Compounds. Part I. 
The Reactions of Phenyl Radicals with Carbon Tetrachloride, Chloro- 
form, and Bromoform. 


By D. H. Hey and J. Peters. 


The main products formed in the reactions of benzoyl peroxide, 
phenylazotriphenylmethane, nitrosoacetanilide, and benzene diazo-hydroxide 
and -acetate, with carbon tetrachloride, chloroform, and bromoform have been 
determined quantitatively. Some earlier qualitative results on these 
reactions require modification. Only the reaction between nitrosoacetanilide 
and chloroform gives both benzene and chlorobenzene but all the reactions 
with bromoform give both benzene and bromobenzene. The formation of 
the www-trichlorotoluic acids in the reactions of benzoyl peroxide with carbon 
tetrachloride and with chloroform is discussed. 


In recent years considerable attention has been devoted to the quantitative investigation 
of the reactions between aryl radicals from various sources and aromatic compounds. No 
similar systematic work has been undertaken on the reactions between aryl radicals and 
saturated aliphatic compounds. The two problems are essentially different in that in the 
aromatic series the overall reaction is one of substitution, probably proceeding by addition 
followed by elimination, whereas in the aliphatic series the primary reaction is abstraction 
of hydrogen (or halogen), which may be followed by a chain-reaction. The present 
communication describes the results of investigations designed to provide both qualitative 
and quantitative information on the reactions between aryl radicals from different sources 
and some saturated aliphatic halogenated hydrocarbons. 

Reactions with four sources of phenyl radicals have been chosen for investigation, 
namely (a) benzoyl peroxide, (b) phenylazotriphenylmethane, (c) nitrosoacetanilide, and 
(d) benzene diazo-hydroxide and -acetate. Earlier work on some of these reactions is 
qualitative. Boeseken and Gelissen! reported the reactions between benzoyl peroxide 
and both carbon tetrachloride and chloroform and they isolated, as the main products, 
chlorobenzene and benzene, respectively, together with hexachloroethane and aww- 
trichloro-p-toluic acid. The reaction with carbon tetrachloride was re-investigated by 
Ikeda and Wakita 2 with substantially the same results. The reactions of nitrosoacetanilide 
and benzene diazohydroxide with both carbon tetrachloride and chloroform were reported 
by Grieve and Hey * and by Waters. The former reagent gave chlorobenzene with both 
carbon tetrachloride and chloroform, whereas the latter reagent gave chlorobenzene with 
carbon tetrachloride and benzene with chloroform. The reaction between phenylazo- 
triphenylmethane and carbon tetrachloride gave chlorobenzene and _1,1,1-trichloro- 
triphenylethane.5 Bromoform has been used only in reaction with nitrosoacetanilide, 
which led to the formation of bromobenzene.* 

Quantitative study of the reactions between phenyl radicals and carbon tetrachloride, 
chloroform, and bromoform requires an accurate method for the estimation of benzene, 
chlorobenzene, and bromobenzene in the presence of a large excess of the halogenated 
solvent. For this purpose a method based on dinitration was developed and tested with 
experimental mixtures of known composition. Both benzene and chlorobenzene could 
be converted under standardised conditions into the dinitro-derivatives in more than 95% 
yield and bromobenzene could be dinitrated in at least 97% yield after the removal of the 
excess of bromoform by alkaline hydrolysis. The methods employed for the isolation of 


Boeseken and Gelissen, Rec. Trav. chim., 1924, 43, 869. 

Ikeda and Wakita, Bull. Liberal Arts College, Wakayama Univ., 1955, 5, 12. 
Grieve and Hey, J., 1934, 1797. j 
Waters, J., 1937, 113. 

Wieland and Heyman, Annalen, 1934, 514, 145. 
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the other products from the reactions varied with the nature of the source of phenyl 
radicals used and are described in the Experimental section. 

In the reactions between phenyl radicals and carbon tetrachloride, chloroform, and 
bromoform it must be assumed that the primary reaction is abstraction of hydrogen or 
halogen from the solvent molecule to give benzene or a halogenobenzene. The subsequent 
behaviour of the halogenated alkyl radical thus formed will lead to the formation of further 
products. The yields of benzene and halogenobenzene obtained in the reactions with 
benzoyl peroxide, phenylazotriphenylmethane, nitrosoacetanilide, and benzene diazo- 
hydroxide and -acetate are summarised in the Table. The results obtained with carbon 
tetrachloride are in agreement with expectation. The yield of chlorobenzene is highest 
when benzoyl peroxide is used. The lower yields with the other reagents are a reflection 
of the tarry nature of the reaction mixtures. The very low yield obtained with benzene- 
diazonium chloride by method (C) is accompanied by a relatively high yield of phenol, 
which implies that a faster heterolytic reaction becomes predominant under these conditions, 

The reactions with chloroform show the expected formation of benzene in good yield 
with both benzoyl peroxide and phenylazotriphenylmethane and in moderate yield from 
benzenediazonium chloride by methods (A) and (B). The concomitant formation of 
benzene and chlorobenzene in almost equivalent yield from the reaction with nitroso- 
acetanilide is unexpected. Earlier qualitative work had recorded the formation of only 
chlorobenzene in this reaction. A similar abnormal result is found in the reaction with 
benzenediazonium chloride by method (C). Here again much phenol is formed. The 
formation of chlorobenzene is in keeping with the fact that the benzene diazoacetate formed 
in this reaction is tautomeric with nitrosoacetanilide, but the absence of benzene is un- 
expected. The reactions with bromoform are unusual in that they all give mixtures of 
benzene and bromobenzene. With phenylazotriphenylmethane the yields of benzene and 
bromobenzene are almost equivalent, but with the other reagents the yields of benzene 
and bromobenzene are in the approximate ratio of one to four. The foregoing results 
indicate that some of the earlier qualitative work has given misleading results. 


Average yields of products obtained in reactions of phenyl radicals with carbon tetrachloride, 
chloroform, and bromoform expressed as moles per mole of radical source (reaction tem- 
peratures are given in parentheses). 


With CCl, With CHCl, With CHBr, 
Radical source PhCl PhH PhCl PhH PhBr 
Benzoyl peroxide ............:ssseeesees 1:28 (76°) 1:37 0 (62°) 0-17 0-76 (80°) 
Phenylazotriphenylmethane ......... 0-27 (55°) 0-90 0 (55°) 0-31 0-40 (55°) 
Nitrosoacetanilide .................sss00s 0-32 (20°) 0-20 0-15 (20°) _- — 
Benzene diazonium chloride (A)* ... 0-28 (O—20°) 0-47 O (O—20°) — — 
- =" (B)* ... 035 (0O—20°) 0-49 0 (O—20°) 0-01 0-04 (0—20°) 
‘3 7 (C)* ... 006  (0—20°) 0 0-11 (0—20°) 0-04 0-20 (0O—20°) 


* For description of methods (A), (B), and (C), see Experimental Section. 


In the products from the reactions with phenylazotriphenylmethane, it is significant 
that no halogenotriphenylmethane was found, and that appreciable quantities of triphenyl- 
methane were isolated. The formation of the latter, even from the reaction with carbon 
tetrachloride, suggests that the phenylazotriphenylmethane used may not have been 
entirely free from benzene and ethanol. A similar problem was encountered by Kharasch, 
McBay, and Urry * in the reaction between acetyl peroxide and trichloroacetyl chloride, 
which gave significant quantities of methane and much less methyl chloride. 

Kharasch and Buchi ® have shown that methyl radicals derived from acetyl peroxide 
react with n-butyl, s-butyl and t-pentyl chlorides with abstraction of both hydrogen and 
chlorine, although hydrogen was abstracted more readily than chlorine. Edwards and 
Mayo’ obtained methyl chloride from the reaction between acetyl peroxide and carbon 


5¢ Kharasch, McBay, and Urry, J. Org. Chem., 1945, 10, 394. 
* Kharasch and Buchi, J. Amer. Chem. Soc., 1951, 73, 632. 
7 Edwards and Mayo, J. Amer. Chem. Soc., 1950, 72, 1265. 
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tetrachloride, and methane but not methyl chloride in a similar reaction with chloroform. 
Further, many investigations have been reported on the peroxide- or light-induced addition 
of carbon tetrachloride, chloroform, and bromoform to olefinic double bonds. Kharasch, 
Urry, and Jensen § showed that carbon tetrachloride, chloroform, and bromoform add to 
the olefin RCH:CH, to give RCHCI*CH,°CCl,, RCH,°CH,°CCl,, and R-CHBr-CH,°CHBr,, 
respectively. The formation of these products was regarded as indicating that chloroform 
loses a hydrogen atom in preference to a chlorine atom but that bromoform loses a bromine 
atom in preference to a hydrogen atom. The results now reported for the reactions with 
phenyl radicals are in agreement with these earlier observations with two important 
exceptions, namely (a) the reaction of nitrosoacetanilide with chloroform, which has been 
shown to involve both hydrogen and chlorine abstraction, and (b) the reactions with 
bromoform, which indicate that hydrogen and bromine abstraction is a general feature. 
It would appear that the factors which influence the severance of the C-H and C-Br bonds 
in bromoform are more delicately balanced than was previously suspected. 

The anomaly revealed in the reaction between nitrosoacetanilide and chloroform is not 
entirely unexpected because this reagent has also shown an abnormal behaviour in other 
investigations. For example, the very low yields of carbon dioxide obtained in its de- 
composition have been freely commented upon and again in its reaction with pyridine the 
relative yields of the three isomeric phenylpyridines are significantly different from those 
obtained with other sources of the phenyl radical. It has in fact been suggested by 
Huisgen and Horeld ! that in the decomposition of nitrosoacetanilide no truly free radicals 
are involved, but that a complex is formed between this compound and the solvent within 
which the homolytic reaction takes place. Within such a complex the chances of the 
formation of both chlorobenzene and acetic acid would be enhanced and the absence of 
hexachloroethane, another notable anomaly in this reaction, would not be unexpected. It 
is also possible that the decomposition reactions of nitrosoacetanilide involve the simul- 
taneous occurrence of a homolytic and a heterolytic reaction. 

The manner in which the ww-trichlorotoluic acids are formed in the reactions of 
benzoyl peroxide with carbon tetrachloride and chloroform is obscure, but it has now been 
established that the meta-isomer is absent and that the para-isomer is accompanied by a 
small proportion (2—3%) of the ortho-isomer. These results suggest the existence of a 
mesomeric benzoate radical as represented below: 
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This suggestion receives some support from the observation that the yield of aww-trichloro- 
toluic acids is not increased when benzoic acid is added to the reaction between benzoyl 
peroxide and carbon tetrachloride, thus indicating the improbability of a direct attack 
by the trichloromethyl radical on a benzoic acid molecule. 


EXPERIMENTAL 
General Procedure.—The solution of benzoyl peroxide, phenylazotriphenylmethane, or 
nitrosoacetanilide in a ten- to twenty-fold molar excess of the solvent, was contained in a 
flask fitted with a side-arm for the insertion of a thermometer and with a double-surface reflux 
condenser, the top of which was closed by a mercury seal. Air was flushed from the system by 
passage of nitrogen. The solution was brought rapidly to the desired temperature. The 
8 Kharasch, Urry, and Jensen, J. Amer. Chem. Soc., 1947, 69, 1100. } 


® Hey, Stirling, and Williams, J., 1955, 3963. 
10 Huisgen and Horeld, Annalen, 1949, 562, 137. 
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reactions with benzoyl peroxide were carried out at 80° during 3 days, those with phenylazo- 
triphenylmethane at 55° for 30 hr., and those with nitrosoacetanilide at room temperature 
(ca. 20°) for 2—3 days. When the solvent had a boiling point below 80°, the reaction with 
benzoyl peroxide was carried out at the boiling point for a suitably longer time. The reactions 
in the two-phase system with aqueous benzene diazohydroxide or diazoacetate were carried out 
at 0° for 3 hr. and then at room temperature for a further period up to 3 days. In experiments 
designed to measure the carbon dioxide evolved, this was done in small-scale reactions by means 
of a gas burette containing liquid paraffin, or by passage of the gases (carbon dioxide and 
nitrogen) through a tube containing paraffin wax chips and absorption of the carbon dioxide in 
a weighed tube containing either soda-lime or Carbosorb (B.D.H.). Most of the reactions were 
carried out at least in duplicate. 

Quantitative Analytical Methods.—(a) Estimation of small quantities of PhX, where X is H, 
Cl, or Br, in the presence of a large excess of carbon tetrachloride, chloroform, or bromoform. It 
was established that under the standard conditions employed benzene could be converted into 
m-dinitrobenzene, chlorobenzene into 1-chloro-2,4-dinitrobenzene, and bromobenzene into 
1-bromo-2,4-dinitrobenzene, in yields greater than 95% from mixtures of these compounds with 
chloroform, carbon tetrachloride, or bromoform. The detailed procedures are illustrated by 
the following examples: 

(i) Estimation of benzene in chloroform or carbon tetrachloride. To a mixture of benzene 
(4-03 g.) and chloroform (or carbon tetrachloride) (25 ml.) vigorously stirred at 0—5° was added 
dropwise a cooled mixture of nitric acid (d 1-51; 6 ml.) and sulphuric acid (d 1-84; 6ml.). The 
temperature was kept below 5° throughout the addition. Subsequently the mixture was 
warmed until the chloroform (or carbon tetrachloride) boiled under reflux and a further 12 ml. 
of the mixed acids were added slowly. The mixture was boiled under reflux for a further 
hour, after which the organic solvent was removed by distillation. When cold the reaction 
mixture was poured slowly into ice—water and the precipitate was collected in a weighed funnel 
and washed well with ice—-water until the washings were colourless. The filter and precipitate 
were dried to constant weight over sulphuric acid in vacuo. m-Dinitrobenzene (8-40 g., 97%), 
m. p. 80—82°, was obtained. 

(ii) Estimation of chlorobenzene in carbon tetrachloride. To a solution of chlorobenzene 
(2-00 g.) in carbon tetrachloride (25 ml.) was added sulphuric acid (d 1-84; 4 ml.), and the 
mixture was cooled to 5—10°. To this vigorously stirred mixture was added dropwise a 
mixture of nitric acid (d 1-51; 8 ml.) and sulphuric acid (d 1-€4; 4 ml.), the temperature being 
kept below 10°. After 30 min., the mixture was boiled under reflux for a further 30 min. and 
the solvent was then removed by distillation. The residue was poured slowly into ice—water 
and the product collected, washed, and dried as in (i) above. 1-Chloro-2,4-dinitrobenzene 
(3-53 g., 98%) m. p. 44—48°, was obtained. 

(iii) Estimation of bromobenzene in bromoform. A mixture of bromobenzene (1-39 g.) and 
bromoform (20 g.) was boiled under reflux for 8 hr. with aqueous sodium hydroxide (25 g. in 
150 ml.). The cooled mixture was extracted with chloroform (3 x 35 ml.), and the extract 
dried (CaCl,). This solution was then nitrated as described under (ii) above. 1-Bromo-2,4- 
dinitrobenzene (2-19 g., 100%), m. p. 68—70°, was obtained. 

(b) Estimation of benzoic acid. Because benzoic acid co-distils from the reaction mixtures 
during the removal of solvent by distillation, it was removed before distillation: it was extracted 
by washing the mixture several times with dilute aqueous sodium hydroxide or with saturated 
aqueous sodium carbonate. The aqueous extract was subsequently washed once with the 
solvent used in the reaction and this was added to the main bulk of the reaction mixture. The 
aqueous solution was then washed once with ether and warmed to 70—80° with stirring. When 
cold, the solution was acidified and the precipitated benzoic acid was extracted with several 
portions of methylene chloride. After being dried (MgSO,) the solvent was allowed to evaporate 
at room temperature, leaving dry crystalline benzoic acid. When other acids, in addition to 
benzoic acid, were present the method outlined above was suitably modified, as described 
later. 

Preparation and Purification of Reagents.—Carbon tetrachloride (B.D.H.; ‘‘ AnalaR ’’) was 
shaken several times with sulphuric acid (d 1-84) and then successively with water, aqueous 
sodium hydroxide, and water. It was dried (KOH), fractionated, and collected at 77-8—78-0°. 
Chloroform (M. and B. Analytical Grade containing 1% of ethanol), shaken with sulphuric 
acid and washed as for carbon tetrachloride, was dried over calcium chloride for 7 days and then 
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over phosphoric oxide. It was fractionated in a stream of nitrogen and collected at 60-8°. It 
was stored in darkness under nitrogen. Bromoform (B.D.H.) was purified by a modification 
of the method of Smyth and Rogers." It was shaken with sulphuric acid (d 1-84) until this no 
longer became coloured and was then shaken rapidly with two portions of aqueous sodium 
hydrogen carbonate and then with water. It was dried (CaCl,) for 3 days and fractionally 
frozen until approximately 95% had solidified. The liquid was then drained off. This oper- 
ation was repeated six times to give a product, m. p. 7-8—8-0°, which was stored under nitrogen. 
It was redistilled immediately before use and collected at 148-8—149°. 

Benzoyl peroxide (Hopkin and Williams) was dissolved in the minimum quantity of chloro- 
form, the solution filtered, and the upper layer removed. The peroxide was precipitated from 
the chloroform solution by the slow addition of cold anhydrous methanol at 0° with stirring. 
This operation was repeated twice and the residual chloroform was removed under a vacuum. 
The peroxide (m. p. 105°) was stored in a desiccator in darkness. Phenylhydrazotripheny]l- 
methane was prepared by Gomberg’s method !* and it was oxidised to phenylazotripheny]l- 
methane as described by Wieland, vom Hove, and Bérner.!* The azo-compound, purified by 
repeated precipitation from benzene solution with ethanol at 0°, had m. p. 108°. Nitrosoacet- 
anilide, m. p. 52—53°, was prepared by the method of France, Heilbron, and Hey,™ using 
nitrosyl chloride prepared as described by Girard and Pabst.® 

Reactions with Benzoyl Peroxide.—(i) With carbon tetrachloride. Benzoyl peroxide (24-2 g.) 
in carbon tetrachloride (200 ml.) was kept at the boiling point (76°) as described above under the 
general procedure. The mixture was then kept for 5 days in a refrigerator; crystalline material 
slowly separated (3-91 g.; m. p. 183—186°), and was recrystallised twice from carbon tetra- 
chloride. www-Trichloro-p-toluic acid (3-59 g.) separated in plates, m. p. 196-5° (Found: C, 
40-3; H, 2-3; Cl, 43-9. Calc. for C,H;O,Cl,;: C, 40-1; H, 2-1; Cl, 44:4%). Davies and 
Perkin 1 reported m. p. 196—197°. The carbon tetrachloride mother-liquid contained hexa- 
chloroethane (0-32 g.; m. p. 184° with sublimation). The main carbon tetrachloride solution 
was extracted with aqueous sodium carbonate and dried (CaCl,). The aqueous alkaline extract 
was boiled in order to hydrolyse the www-trichlorotoluic acids to the corresponding phthalic 
acids. Subsequent acidification with concentrated hydrochloric acid gave a bulky, gelatinous 
precipitate. This suspension of acids was saturated with sodium chloride and shaken with 
toluene (30 ml.) to remove benzoic acid, and the toluene layer, the aqueous layer, and the solid 
in suspension were separated by centrifugation. The toluene solution was extracted with 
aqueous sodium carbonate, the alkaline extract was acidified, and the benzoic acid was extracted 
with methylene chloride. This dried extract on evaporation at room temperature gave benzoic 
acid, m. p. 118—119° (0-13 g.) after recrystallisation from water. The m. p. of a mixture with 
an authentic specimen was 120°. The aqueous layer from the centrifugation was extracted 
with acetone—methylene chloride (1: 1 by vol), the extract was dried (Na,SO,), and the solvent 
allowed to evaporate. The residue (0-06 g.), m. p. 190—191°, was phthalic acid (strong 
fluorescein test and mixed m. p.). The insoluble residue from the centrifugation was washed 
successively with boiling water (100 ml.), glacial acetic acid (5 ml.), and ether (10 ml.), and then 
dried (H,SO,). The residue (2-50 g.), m. p. >300°, contained terephthalic acid. The water 
and acetic acid washings were combined and yielded more phthalic acid (0-04 g.; m. p. 180— 
190°). The ether washing gave terephthalic acid (0-03 g.; m. p. >300°). The combined 
samples of the acids melting above 300° were examined for the presence of isophthalic acid by 
application of the method of separation by means of the thallous salts.17 Isophthalic acid 
was not found but the identity of the terephthalic acid was confirmed by preparation of the 
methyl ester, m. p. 137—139° (mixed m. p. 139°), by Bryce-Smith and Turner’s method.8 

The main carbon tetrachloride solution, from which the acids had been extracted, was 
fractionated and the distillate collected at 76—80°. This was carefully refractionated and 
collected at 76—80°, the small residue being added to the combined fractions (a) and (b) below 
before nitration. The distillate (b. p. 76—80°) was treated with nitrating acids as described 

11 Smyth and Rogers, J. Amer. Chem. Soc., 1930, 52, 2227. 

12 Gomberg, Ber., 1897, 30, 2043. , 

13 Wieland, vom Hove, and Borner, Annalen, 1926, 446, 31. 

14 France, Heilbron, and Hey, J., 1940, 369. 

18 Girard and Pabst, Bull. Soc. chim. France, 1878, 30, 531. 

16 Davies and Perkin, J., 1922, 121, 2202. j 


17 Bryce-Smith, Chem. and Ind., 1953, 244. 
18 Bryce-Smith and Turner, J., 1953, 864. 
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above but no m-dinitrobenzene was found. The residue after the removal of the carbon tetra- 
chloride deposited large crystals of hexachloroethane (2-95 g.), m. p. and mixed m. p. 186°, 
which were collected by filtration. The filtrate was distilled and the following fractions were 
collected: (a) b. p. 70—100°/760 mm.; (b) b. p. 100—135°/760 mm. (a + b = ca. 25 g.); (c) 
sublimate/1 mm., m. p. 186° (8-27 g.); (d) b. p. 80—90°/1 mm. (0-14 g.); (e) b. p. 90—100°/1 mm, 
(0-18 g.); (f) b. p. 105—115°/ 1 mm. (0-18 g.). The residue weighed 1-8 g. Fractions (a) and 
(b) contained some carbon tetrachloride in addition to chlorobenzene, and nitration as described 
above gave 1-chloro-2,4-dinitrobenzene, m. p. 48° (27-33 g. = 15-2 g. of chlorobenzene) (Found: 
Cl, 17-8. Calc. for CsH,O,N,Cl: Cl, 17-5%). Fraction (c) consisted of pure hexachloroethane, 
Hydrolysis of fraction (f) gave phenol and terephthalic acid (methyl ester, m. p. 138°), which 
suggests that this fraction contains phenyl www-trichloro-p-toluate (Found: C, 54-6; H, 3-3: 
Cl, 28-5. Calc. for C,gH,O,Cl,: C, 53-3; H, 2-9; Cl, 33-7%). An authentic sample of this 
ester had b. p. 126—129°/2 mm. and behaved similarly on hydrolysis. The non-volatile residue 
had an odour of 4-chlorodiphenyl. It was boiled with aqueous sodium hydroxide; subsequent 
extraction with chloroform gave 4-chlorodiphenyl (0-03 g.), m. p. 73° and mixed m. p. 75°, 
The alkaline solution gave a trace of phenol and some benzoic acid (0-22 g.). 

In a second experiment with benzoyl peroxide (12-10 g.) and carbon tetrachloride (150 ml.), 
the carbon dioxide evolved (2-83 g.) was collected in a weighed soda-lime tube. The chloro- 
benzene, estimated by nitration, as in the first experiment, gave 1-chloro-2,4-dinitrobenzene, 
m. p. 47—48° (12-38 g. = 6-87 g. of chlorobenzene). In three other experiments benzoyl 
peroxide (12-1 g.) and carbon tetrachloride (30 ml.) gave terephthalic acid (2-36 g. = 3-41 g. of 
@ow-trichloro-p-toluic acid) but no benzoic acid; benzoyl peroxide (6-05 g.) and carbon tetra- 
chloride (200 ml.) gave terephthalic acid (1-71 g. = 2-47 g. of www-trichloro-p-toluic acid); 
and benzoyl peroxide (12-1 g.) and carbon tetrachloride (100 ml.) containing benzoic acid (6-1 g.) 
gave terephthalic acid (2-13 g. = 3-08 g. of www-trichloro-p-toluic acid). 

(ii) With chloroform. Benzoyl peroxide (24-2 g.) in chloroform (200 ml.) was allowed to 
decompose at the boiling point of the solution for 3 weeks. The odour of carbonyl] chloride was 
perceptible if the reflux condenser was left open to the atmosphere. The solution, after being 
kept in the refrigerator for 5 days, deposited www-trichloro-p-toluic acid (6-45 g.), m. p. and 
mixed m. p. 196-5° (Found: C, 39-5; H, 2-1; Cl, 43-9. Calc. for C,H,O,Cl,: C, 40-1; H, 2-1; 
Cl, 44.4%). The chloroform solution was extracted with aqueous sodium carbonate and dried 
(CaCl,). The aqueous extract was boiled and acidified, and the resulting suspension of acids 
was treated as described under (i) above to give benzoic acid (0-44 g.), phthalic acid (0-21 g.), 
and terephthalic acid (1-34g.). Isophthalic acid was not found. The dried chloroform solution 
was fractionated and a distillate (195 ml.) was collected at 60—80°. The total distillate [with 
fraction (a) below] was nitrated as described above and gave m-dinitrobenzene (22-2 g. = 10-32g. 
of benzene), m. p. 82—83°. The residue from the distillation was cooled to 0° and gave hexa- 
chloroethane (8-13 g.), m. p. and mixed m. p. 186° with sublimation, together with a liquid, 
which was distilled to give the following fractions: (a) b. p. 60—75°/760 mm. (14-0 g.); (b) b. p. 
75—140°/760 mm. (2-59 g.); (c) sublimate/1 mm. (4-87 g.); (d) residue (2-0 g.). Fraction (a) 
was nitrated with the main chloroform distillate. Fraction (b) was further fractionated with a 
3-cm. column to give (b, i), b. p. 75—80°/760 mm. (0-84 g.); (b, iz), b. p. 80—100°/760 mm. 
(0-61 g.); and (bd, iz), b. p. 1OO—140°/760 mm. (0-51 g.). On treatment with the nitrating acids, 
these fractions gave respectively m-dinitrobenzene (0-63 g.), m. p. 74—76° raised to 84—86° 
after one recrystallisation from aqueous ethanol, m-dinitrobenzene (0-07 g.), m. p. 76—80°, and 
hexachloroethane. Chlorobenzene was not found in these fractions. Fraction (c) consisted of 
hexachloroethane, m. p. 185° with sublimation. The residue, fraction (d), was boiled for 4 hr. 
with aqueous sodium hydroxide, and the cooled solution was extracted with benzene. Evapor- 
ation of the benzene gave impure diphenyl (0-42 g.), m. p. 60—62°, which after recrystallisation 
had m. p. and mixed m. p. 69°. Saturation of the alkaline solution with carbon dioxide gave a 
strong odour of phenol and further acidification gave benzoic acid (0-30 g.), m. p. 120° after 
recrystallisation from water. 

In a second identical experiment the following quantities of main products were obtained: 
m-dinitrobenzene (23-4 g. = 10-89 g. of benzene), www-trichloro-p-toluic acid (8-32 g.), and 
hexachloroethane (10-54 g.). 

(iii) With bromoform. A solution of benzoyl peroxide (24-2 g.) in bromoform (379 g.) was 
allowed to decompose at 80° under the conditions outlined above. Evolution of carbon dioxide 
was more rapid than in the reactions with carbon tetrachloride and chloroform. The solution 
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became-deep red-brown and deposited a pale yellow solid (1-88 g.; m. p. ca. 375°), which was 
insoluble in most organic solvents but soluble in warm aqueous alkali, from which it was 
recovered on acidification. Crystallisation from dimethylformamide containing a little ethanol 
gave a powder, m. p. 390° (Found: C, 45-9; H, 2-5; Br, 37-0%). The bromoform solution 
was extracted with aqueous sodium carbonate and dried (CaCl,). The aqueous extract was 
boiled and acidified. The resulting suspension of acids gave (as above) benzoic acid (4-51 g.), 
but no phthalic, isophthalic, or terephthalic acid. The dried bromoform solution was fraction- 
ated at atmospheric pressure and two fractions were collected: (a) b. p. 80—140° (20 g.) and 
(b) b. p. 140—150° (329 g.). Hydrolysis and nitration of fraction (a), as described above, gave 
m-dinitrobenzene (2-88 g. = 1-34 g. of benzene), m. p. 79—80° raised to 87° on recrystallisation 
from aqueous ethanol. Hydrolysis and nitration of a portion of fraction (b) gave 1-bromo-2,4- 
dinitrobenzene, m. p. and mixed m. p. 68—69°, in quantity equivalent to a total of 11-9 g. of 
bromobenzene in the whole fraction. The dark viscous residue from the distillation gave a 
solid tar which was separated and extracted with boiling ethanol to give a yellow solid (1-47 g.), 
m. p. ca. 170° with decomposition, and four recrystallisations from ethanol gave a colourless 
solid which decomposed at 200—210° (Found: C, 25-1; H, 2-0; Br, 56-1%). The liquid residue 
gave the following fractions: (a) b. p. 60—80°/12—15 mm. (16-70 g.); (b) b. p. 80°/12—15 mm. 
(4:77 g.); (c) b. p. 80—100°/12—15 mm. (1-44 g.); and (d) residue (8-0 g.). Fraction (a) was 
redistilled at atmospheric pressure, collected at 140—150°, and added to the bromoform distillate 
before nitration. Fraction (6) distilled at 150—200° with some decomposition and liberation 
of bromine and hydrogen bromide. Fraction (c) solidified; recrystallisation from aqueous 
ethanol gave carbon tetrabromide, m. p. and mixed m. p. 92°. 

Reactions with Phenylazotriphenylmethane.—(i) With carbon tetrachloride. A solution of 
phenylazotriphenylmethane (17-4 g.) in carbon tetrachloride (150 ml.) was heated to 55°; 
nitrogen was then evolved and the solution became deep red. After 8 hr. at 55° the solution 
was boiled under reflux for 24 hr. The solution was cooled to 0° but solid did not separate. 
The excess of carbon tetrachloride was distillated off, and treatment of the distillate with 
nitrating acids (as described above) did not give m-dinitrobenzene. The residue was distilled 
with steam until no more organic distillate was obtained. The aqueous distillate was washed 
with carbon tetrachloride (4 x 25 ml.), and the washings were combined with the organic 
distillate. The dried (MgSO,) solution distilled completely below 135°, and nitration of the 
whole gave 1-chloro-2,4-dinitrobenzene (2-50 g. = 1-39 g. of chlorobenzene), m. p. 48°. The 
residue from the steam-distillation was obtained as a yellow solid, which was dried over sulphuric 
acid. Subsequent trituration with ether (20 ml.) gave 1,1,1-trichloro-2,2,2-triphenylethane 
(2-01 g.), m. p. 214—220° raised to 236-5° on recrystallisation from benzene (Found: C, 66-4; 
H, 4-2; Cl, 29-4. Calc. for Cy9H,,Cl,: C, 66-4; H, 4:2; Cl, 29-4%). Wieland and Heyman 5 
have reported m. p. 237°. When the ethereal solution was allowed to evaporate tetraphenyl- 
methane (0-15 g.), m. p. 272°, separated. Recrystallisation from benzene raised the m. p. to 
280°, which was undepressed on admixture with an authentic specimen. Complete removal of 
the residual ether left a yellow oil, which slowly deposited more 1,1,1-trichloro-2,2,2-triphenyl- 
ethane (2-44 g.), m. p. 216—220°. The residual yellow liquid (10-64 g.) was triturated with 
cold benzene-light petroleum (b. p. 40—60°) (1:3; 20 ml.). On strong cooling triphenyl- 
methane (2-20 g.), m. p. 78—85°, separated. After two recrystallisations from aqueous ethanol 
the m. p. (and mixed m. p.) was 92° (Found: C, 93-4; H, 6-5. Calc. for H,,H,,: C, 93-4; 
H, 6-6%). The benzene-light petroleum solution was chromatographed on alumina and the 
column eluted successively with light petroleum, benzene-light petroleum, and benzene-ether 
with a gradually increasing ether concentration. The only products isolated were triphenyl- 
methane (1-10 g.), m. p. 89—90°, and 1,1,1-trichloro-2,2,2-triphenylethane (0-40 g.), m. p. 
232—-233°. The residue was recovered as a yellow oil (7-0 g.), which probably contained more 
of these products. Hexachloroethane was not detected nor was any triphenylmethanol isolated, 
which would have been formed during the working up if triphenylchloromethane had been a 
reaction product. In a second experiment with phenylazotriphenylmethane (11-51 g.) in 
carbon tetrachloride (150 ml.) and in which the steam-distillation was omitted, the following 
products were obtained: 1-chloro-2,4-dinitrobenzene (1-99 g. = 1-11 g. of chlorobenzene), 
1,1,1-trichloro-2,2,2-triphenylethane (3-63 g.), tetraphenylmethane (0-15 g.), and triphenyl- 
methane (2-40 g.). There was no evidence of hexachloroethane or triphenylchloromethane. 

(ii) With chloroform. A solution of phenylazotriphenylmethane (11-0 g.) in chloroform 
(200 ml.) was treated as described above for the reaction with carbon tetrachloride. The 
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colour changed from yellow to red and then to orange. After removal of excess of chloroform 
(150 ml.), carbon tetrachloride (3 x 50 ml.) was added, and the fractionation was continued 
until approximately 50 ml. remained. This was well-cooled and deposited 1,1,1-trichloro- 
2,2,2-triphenylethane (1-90 g.), m. p. 230—233°, m. p. and mixed m. p. 235° after recrystallisation 
from benzene. The remainder of the solvent was removed under slightly reduced pressure; 
nitration of the total combined distillates as described above gave m-dinitrobenzene (4-80 g. = 
2-23 g. of benzene), m. p. 75—76°. Trituration of the red gum with ether (50 ml.) gave 1,1,1- 
trichloro-2,2,2-triphenylethane (0-70 g.), m. p. 225—-228°. The ether was then removed and 
the residue was dissolved in benzene-light petroleum (b. p. 40—60°). On cooling triphenyl- 
methane (1-0 g.), m. p. 78—82°, separated and subsequent chromatographic treatment gave 
triphenylmethane (1-49 g.), 1,1,1-trichloro-2,2,2-triphenylethane (0-20 g.), and an orange- 
coloured oil (5 g.). No hexachloroethane or triphenylchloromethane was isolated or detected. 

(iii) With bromoform. A solution of phenylazotriphenylmethane (8-81 g.) in bromoform 
(189 g.) was kept at 55° until evolution of nitrogen had practically ceased, after which the 
solution was maintained for a further 28 hr. at 55—60°. The almost black solution did not 
deposit solid. Carbon tetrachloride (4 x 40 ml.) was added and removed by fractionation. 
Nitration of the total distillate gave m-dinitrobenzene (1-32 g. = 0-61 g. of benzene), 
Most of the bromoform was removed at 100°/ca. 25 mm., and distillation of the residue at 
atmospheric pressure removed the remainder. Hydrolysis and nitration (as described above) 
of a portion (30-64 g.) of the total distillate (168-0 g.) gave 1-bromo-2,4-dinitrobenzene (0-46 g. = 
0-29 g. of bromobenzene), which corresponds to a total of 1-60 g. of bromobenzene from the 
total distillate. Benzene (30 ml.) was added to the residue; after 24 hr. at 0° triphenylmethane 
(0-40 g.) separated (m. p. and mixed m. p. 92°). The benzene was removed at 40 mm. and the 
residue was dissolved in benzene-light petroleum (1:1) and chromatographed on alumina. 
Elution with benzene-light petroleum, benzene, benzene-ether, and ether gave only tar and 
buff-coloured solid (0-50 g.), m. p. 152—154°, which contained bromine. Further purification 
by crystallisation from ethanol and by further chromatography failed to raise the melting point. 

Reactions with Nitroacetanilide.—(i) With carbontetrachloride. Asolution of nitrosoacetanilide 
(16-4 g.) in carbon tetrachloride (300 ml.) was maintained at 20° for 4 days after which it was 
heated at 75° for l hr. The evolved gases were passed through a trap cooled in solid carbon 
dioxide—acetone, a weighed absorption tube containing ‘‘ Carbosorb,”’ and a trap cooled in 
liquid air. No condensate was collected in the cold traps but a small quantity of carbon 
dioxide (0-32 g.) was retained. The reaction mixture was filtered from tar (ca. 0-5 g.) and 
extracted several times with aqueous sodium hydroxide and twice with dilute hydrochloric 
acid, and dried (Na,SO,). The acid extract did not give a product on basification. The 
alkaline extract was washed with ether, saturated with carbon dioxide, and again extracted 
with ether. The latter extract yielded phenol (0-32 g.) on evaporation. The aqueous alkaline 
solution was shown to contain acetic acid (4-60 g.). The carbon tetrachloride was fractionated 
and the distillate collected at 75—78° until the residue was approximately 50 ml. Nitration of 
the distillate did not give either m-dinitrobenzene or 1-chloro-2,4-dinitrobenzene. The residue 
was fractionated first at atmospheric pressure and then at 30 mm. The total distillate was 
redistilled at atmospheric pressure and the whole was collected at 78—135°. Nitration gave 
1-chloro-2,4-dinitrobenzene (6-88 g. = 3-82 g. of chlorobenzene), m. p. 48°. The non-volatile 
residue (ca. 4-0 g.) did not yield more material below 150°/0-5 mm. Further experiments were 
carried out and the products were worked up with the aid of chromatographic columns but the 
results obtained were substantially as described above. 

(ii) With chloroform. A solution of nitrosoacetanilide (16-4 g.) in chloroform (244 ml.) was 
kept at 20° for 4 days and then boiled under reflux for 8 hr. The apparatus, conditions, and 
method of working up were the same as those used in the reaction with carbon tetrachloride. 
No condensate collected in the cold traps but carbon dioxide (0-38 g.) was absorbed. No 
phenol was found but acetic acid (4-1 g.) was present in the aqueous washings. Chloroform 
(200 ml.) was removed and carbon tetrachloride (2 x 50 ml.) was added to the residue. 
Distillation was continued until 120 ml. had been collected. Nitration of the combined dis- 
tillates gave m-dinitrobenzene (2-86 g. = 1-33 g. of benzene), m. p. 80—82°. The residue was 
dissolved in carbon tetrachloride and passed through alumina; the column was washed with 
sufficient carbon tetrachloride to displace all the reaction products. The total carbon tetra- 
chloride solution was distilled, first at atmospheric pressure, then at 14 mm. and finally at 
0-5 mm., and the total distillate thus obtained was redistilled. The fraction collected at 
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78—140° was nitrated and gave 1-chloro-2,4-dinitrobenzene (3-16 g. = 1-75 g. of chloro- 
benzene), m. p. 46—48°. A small fraction (0-70 g.) collected above 140° was shown to be 
phenyl acetate (b. p. 190—195°). Hexachloroethane was not detected and no other products 
could be isolated from the residue. A second experiment, with nitrosoacetanilide (16-4 g.) in 
chloroform (163 ml.) and omission of extraction of the acetic acid, gave m-dinitrobenzene 
(367 g. = 1-70 g. of benzene) and 1-chloro-2,4-dinitrobenzene (3-44 g. = 1-82 g. of chloro- 
benzene). 

Reactions with Benzenediazonium Chloride.—These reactions were carried out in three ways 
as follows: (A) An ice-cold aqueous solution of benzenediazonium chloride was added dropwise 
to a vigorously stirred mixture of the organic liquid and aqueous sodium hydroxide containing 
a two-fold excess of base over that necessary to neutralise all the acid present. The temperature 
was maintained at 0—5° during the addition and for a further 3 hr. It was then allowed to 
reach room temperature and the mixture was stirred for a further 24 hr. (B) The ice-cold 
aqueous diazonium chloride solution was mixed with the organic liquid and stirred vigorously 
at 0—5° during the addition of the aqueous sodium hydroxide. The conditions of temperature 
and time were the same as those of method (A). (C) The ice-cold aqueous diazonium chloride 
and the organic liquid were stirred together at 0—5° while an aqueous solution containing a 
slight excess of sodium acetate was added dropwise. The conditions of time and temperature 
were as in methods (A) and (B) except that it was necessary to continue stirring at room 
temperature up to 72 hr. 

(i) With carbon tetrachloride. The reactions were carried out with ‘‘ AnalaR”’ aniline 
(18-6 g.) and carbon tetrachloride (150 ml.). The reaction mixture from method (A) contained 
much insoluble tar and there was an.odour of phenyl isocyanide. It was distilled with steam, 
and the carbon tetrachloride distillate was dried (MgSO,) and fractionated. Approximately 
half of the liquid was removed and when this was nitrated m-dinitrobenzene was not obtained. 
The majority of the residual carbon tetrachloride was then removed and the orange residue was 
then distilled up to 140°. The small residue (ca. 1 g.) contained hexachloroethane. The 
distillate was combined with the second half of the main carbon tetrachloride fraction; nitration 
of the whole gave 1-chloro-2,4-dinitrobenzene (11-14 g. = 6-18 g. of chlorobenzene), m. p. 47— 
48°. Products were not obtainable from the tarry residue (13-2 g.) of the steam-distillation. 
The reaction mixture from method (B) similarly gave 1-chloro-2,4-dinitrobenzene (13-60 g. = 
7-55 g. of chlorobenzene), m. p. 47—49°. m-Dinitrobenzene was not obtained. In addition 
hexachloroethane (1-1 g.), m. p. 185° after recrystallisation from ethanol, was obtained. The 
reaction mixture from method (C) contained less tar and had an odour of phenol. It gave 
1-chloro-2,4-dinitrobenzene (2-62 g. = 1-45 g. of chlorobenzene), m. p. 50°, but no m-dinitro- 
benzene. Hexachloroethane was not detected. The alkaline washings of the carbon tetra- 
chloride steam-distillate gave phenol (6-30 g.). 

(ii) With chloroform. These reactions were carried out with aniline (23-25 g.) and chloroform 
(163 ml.) as described above for reactions with carbon tetrachloride, but the steam-distillation 
was omitted. Method (A) gave a dark tar with an odour of phenyl isocyanide. The organic 
and aqueous layers were separated. Phenol was not obtained. Carbon tetrachloride (4 x 50 
ml.) was used during the fractionation to assist the removal of benzene and nitration of the 
combined chloroform-carbon tetrachloride distillates gave m-dinitrobenzene (19-59 g. = 9-09 g. 
of benzene). 1-Chloro-2,4-dinitrobenzene was not obtained when a higher fraction (2-0 g.), 
b. p. 80—170°, was nitrated but hexachlorvethane (4-17 g.) was isolated. The black residue 
weighed 10 g. In similar manner method (B) gave m-dinitrobenzene (20-44 g. = 9-49 g. of 
benzene) and hexachloroethane (4°84 g.). Chlorobenzene and phenol were not obtained. 
Method (C) gave phenol (7-96 g.) and 1-chloro-2,4-dinitrobenzene (5-60 g. = 3-11 g. of chloro- 
benzene), m. p. 47—48°. m-Dinitrobenzene and hexachloroethane were not obtained. 

(iii) With bromoform. Reactions were carried out by methods (B) and (C) only, aniline 
(18-6 g.) and bromoform (379 g.) being used. Distillation with steam was omitted. The dark 
orange layer from method (B) was separated from the aqueous layer and the latter was washed 
with carbon tetrachloride. The combined carbon tetrachoride—-bromoform solution was 
washed successively with dilute aqueous sodium hydroxide, dilute sulphuric acid, and water, 
and dried (CaCl,). The carbon tetrachloride was removed by fractionation, and nitration gave 
m-dinitrobenzene (0-32 g. = 0-15 g. of benzene), m. p. 74—75°. Most of the /bromoform was 
distilled off at 10 mm.; hydrolysis and nitration of the product gave 1-bromo-2,4-dinitro- 
benzene (2-01 g. = 1-28 g. of bromubenzene), m. p. 68—70°. No other products were isolated. 
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The reaction product from method (C) gave in similar manner m-dinitrobenzene (1-22 g. = 0-57g, 
of benzene), m. p. 77—78°, and 1-bromo-2,4-dinitrobenzene (10-01 g. = 6-36 g. of bromo- 
benzene), m. p. 68—69°. In addition, phenol (2-8 g.) was isolated from the alkaline extract. 
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17. Reactions of Aryl Radicals with Aliphatic Compounds. Part II* 
The Reactions of Phenyl Radicals with Some Esters. 


By D. H. Hey and J. PETERs. 


Reactions have been carried out of benzoyl peroxide, phenylazotriphenyl- 
methane, nitrosoacetanilide, and benzene diazohydroxide with ethyl] acetate, 
methyl acetate, ethyl chloroacetate, methyl chloroacetate, ethyl tri- 
chloroacetate, ethyl bromoacetate, and ethyl phenylacetate. The main 
products have been determined quantitatively. The reactions with ethyl 
chloroacetate gave benzene but no chlorobenzene, but whereas benzoyl 
peroxide with ethyl bromoacetate gave bromobenzene but no benzene, a 
similar reaction with phenylazotriphenylmethane gave some benzene in 
addition to bromobenzene. Diethyl dichlorosuccinate was obtained from 
the reaction between benzoyl peroxide and ethyl chloroacetate, but not from 
the corresponding reactions with phenylazotriphenylmethane or nitroso- 
acetanilide. Succinic esters were not obtained from reactions with ethyl 
bromoacetate, but diethyl diphenylsuccinate was obtained in all of the 
reactions with ethyl phenylacetate. 


In Part I the results were reported of a quantitative investigation of the products formed 
in the reactions between phenyl radicals and carbon tetrachloride, chloroform, and bromo- 
form. The aryl radicals were derived from (a) benzoyl peroxide, (6) phenylazotriphenyl- 
methane, (c) nitrosoacetanilide, and (d) benzene diazo-hydroxide and -acetate. The present 
communication describes the results obtained in a similar investigation into the reactions 
between phenyl radicals and ethyl acetate, methyl acetate, ethyl chloroacetate, methyl 
chloroacetate, ethyl trichloroacetate, ethyl bromoacetate, and ethyl phenylacetate. 
Reactions of this type do not appear to have been previously reported apart from the 
qualitative observation that the reaction between nitrosoacetanilide and ethyl acetate 
gives benzene, acetaldehyde, and acetic acid.4? 

The extension of this investigation to include reactions with aliphatic esters necessitated 
the development of a general method of analysis for the estimation of benzene, chloro- 
benzene, and bromobenzene in admixture with a large excess of the solvent ester. Ultra- 
violet absorption spectrophotometry was used (see below). The reliability of the method 
was tested with mixtures of known composition. In addition, it was possible to separate 
benzene from mixtures with ethyl chloro-, bromo-, and phenyl-acetate by co-distillation 
with a large excess of carbon tetrachloride. Mixtures of bromobenzene and ethyl bromo- 
acetate were also analysed by hydrolysis and subsequent dinitration (cf. Part I). 

The results now reported on the reactions of benzoyl peroxide, phenylazotriphenyl- 
methane, and nitrosoacetanilide with ethyl acetate, ethyl chloroacetate, and ethyl bromo- 
acetate are summarised in Table 1. The most significant observations in these results 


* Part I, preceding paper. 

1 Grieve and Hey, J., 1934, 1805. 

2 Waters, J., 1937, 113 (see also Makin and Waters, J., 1938, 843, and Hanby and Waters, /., 
1939, 1792). 
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are (a) the absence of chlorobenzene from the products of the reaction between nitroso- 
acetanilide and ethyl chloroacetate and (b) the absence of benzene from the products of the 
reaction between benzoyl peroxide and ethyl bromoacetate. On these two points the 
reactions in question depart from the behaviour shown in the corresponding reactions with 
chloroform and bromoform reported in Part I. 


TABLE 1. Average yields of products obtained in reactions with ethyl acetate, ethyl 
chloroacetate, and ethyl bromoacetate expressed as moles per mole of radical source. 


With With With 
ethyl acetate ethyl chloroacetate ethyl bromoacetate 
Radical source PhH PhH PhCl PhH PhBr 
Benzoyl peroxide .................00 0-90 1-29 0 0 0-70 
Phenylazotriphenylmethane ...... 0-43 0-93 0 0-08 0-33 
Nitrosoacetanilide ..............sss000+ 0-40 0-28 0 — -- 


It has been reported by Kharasch and Gladstone * that the main products formed in 
the reactions between acetyl peroxide and acetic and chloroacetic acids are methane and 
carbon dioxide. Methyl chloride was not found in the products of the reaction with chloro- 
acetic acid, or in corresponding reactions with methyl chloroacetate and with methyl 
dichloroacetate.*5 These results are in general agreement with those now reported for 
the reactions with benzoyl peroxide, phenylazotriphenylmethane, and nitrosoacetanilide. 
It may be noted that even in the reaction with trichloroacetyl chloride and acetyl peroxide 
methane was found in the products (0-35 mole per mole of peroxide) and very little methyl 
chloride (0-05 mole per mole of peroxide), whereas the reaction now reported between 
benzoyl peroxide and ethyl trichloroacetate gave mainly chlorobenzene and some benzene. 
The reaction between acetyl peroxide and ethyl bromoacetate does not appear to have 
been reported but the free-radical catalysed addition of methyl bromoacetate to an olefin 
has been shown to give rise to a y-bromo-ester, which implies removal of the bromine atom 
in preference to the hydrogen atom.® In similar addition reactions with methyl chloro- 
acetate and methyl dichloroacetate* it is the hydrogen atom and not the chlorine atom 
which is removed in the reactions of these esters with the free radical. 

With regard to the fate of the radicals formed by abstraction of hydrogen or halogen 
from the ester, the results obtained with acetyl peroxide have shown that methyl chloro- 
acetate gives dimethyl dichlorosuccinate and methyl dichloroacetate gives dimethyl 
tetrachlorosuccinate in practically quantitative yield based on the methane liberated.** 
Also, in similar reactions with acetic and chloroacetic acids high yields of succinic and 
dichlorosuccinic acids were obtained. In contrast, the reactions between benzoyl 
peroxide and acetic acid gave benzene in high yield but no succinic acid.6 The only 
products identified from the solvent radical were some homophthalic and homoterephthalic 
acids, which may be formed in a manner analogous to the formation of the #ww-trichlorotoluic 
acids from benzoyl peroxide and carbon tetrachloride (see Part I). Good yields of the 
dimer, dimethyl diphenylsuccinate, were reported from reactions between acetyl peroxide 
and methyl phenylacetate.5 

In the reactions now reported with benzoyl peroxide, phenylazotriphenylmethane, and 
nitrosoacetanilide no dimethyl or diethyl succinate was isolated from methyl or ethyl 
acetate, but diethyl dichlorosuccinate was obtained, in a yield of 65% based on the 
quantity of benzene isolated, from the reaction between benzoyl peroxide and ethyl 
chloroacetate. Diethyl dichlorosuccinate was, however, not obtained from reactions with 
phenylazotriphenylmethane or nitrosoacetanilide. The absence of the dimer from the 


® Kharasch and Gladstone, J. Amer. Chem. Soc., 1943, 65, 15. 

4 Kharasch, Jensen, and Urry, J. Org. Chem., 1945, 10, 386. 

5 Kharasch, McBay, and Urry, /. Org. Chem., 1945, 10, 394. 

® Kharasch, Skell, and Fisher, /. Amer. Chem. Soc., 1948, 70, 1055. / 
7 Kharasch, Urry, and Jensen, J]. Amer. Chem. Soc., 1945, 67, 1626. 

8 Gladstone, /. Amer. Chem. Soc., 1954, 76, 1581. 
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reaction with phenylazotriphenylmethane may be due to the preferential reaction of the 
radical -CHCl-CO,Me with triphenylmethyl to give an ester of $88-triphenyl-«-chloro- 
propionic acid (see Experimental section) in much the same way as 1,1,1-triphenyl-2,2,2- 


TABLE 2. Yields of dimer and of benzene formed in reactions with ethyl phenylacetate. 
Yield of dimer 


Moles per mole Moles per mole of 

Reagent of reagent benzene isolated 
PT III onscnccscnccesteqestacascscascscesisesnsenese 0-27 0-61 
Phenylazotriphenylmethane _ ............sccceseeeeeeereees 0-05 0-15 
ITE scrannecchtodewseatoestivessetasconenccencdess 0-01 0-05 
BOURSES GIRBORYOTORIES 20.0...0cccccscecscsecesscosccoesones 0-04 0-18 


trichloroethane is formed in the corresponding reactions with carbon tetrachloride and 
chloroform (see Part I). It may also be noted that with cumene, 2,3-dimethyl-2,3-di- 
phenylbutane is formed from reactions with benzoyl peroxide and acetyl peroxide but 
none was isolated from the reaction with phenylazotriphenylmethane.®” In the reactions 
now reported with ethyl bromoacetate no diethyl succinate or dibromosuccinate was 
isolated. In contrast to the above results the solvent dimer, diethyl diphenylsuccinate, 
was obtained in all the reactions of ethyl phenylacetate, although in some cases the yield 
was small. These results are summarised in Table 2, which also shows that there is little 
correlation between the yield of dimer and that of the benzene formed in the same reaction. 


EXPERIMENTAL 

General Procedure.—Experimental conditions were as in Part I. 

Quantitative Analytical Methods.—(a) For the estimation.of small quantities of PhX, where 
X is H, Cl, or Br, in the presence of a large excess of ethyl acetate, ethyl chloroacetate, or ethyl 
bromoacetate, the ultraviolet absorption spectra of the mixtures at 240—280 my. in purified 
n-heptane were measured on a Unicam SP. 500 spectrophotometer. The solvent was 
purified by allowing it (3000 ml.) to stand over oleum (6 x 300 ml.) for six weeks with occasional 
shaking. It was then separated, washed successively with water, aqueous sodium hydroxide 
(many times), and water, and dried for 7 days over potassium hydroxide pellets. The product 
was collected at 95—100°. Tables 3, 4, and 5 show the wavelengths used and the relevant 
extinction coefficients. 


TABLE 3. Extinction coefficients. 


Wavelength (my) 247-0 248-9 252-6 254-8 259-0 261-0 
ED esa coscccinrttnnciecvenieerens 0-642 2-156 0-660 2-739 0-472 1-859 
Ethyl acetate (x 10%) ............ 1-44 0-667 0-315 0-215 0-151 0-129 
Ethyl chloroacetate .............+ 0-143 0-114 0-072 0-050 0-025 0-018 


TABLE 4. Extinction coefficients. 


Wavelength (my) 253-1 257-9 259-8 264-7 270-0 271-8 
Chiorobenzene ..........00.0000000. 1-837 3-389 2-472 4-455 1-746 3-358 
Ethyl chloroacetate ............... 0-067 0-032 0-023 0-009 0-004 0-003 


TABLE 5. Extinction coefficients. 


Wavelength (my) 261-9 263-2 265-2 270-5 272-2 
EES icnsiccncsiemmeciissucinentemieide 1-183 1-124 1-311 0-676 0-891 
TONS MODTREROIENED cccccsesccsiccciccsssvenressii 0-287 0-250 0-195 0-100 0-080 


This method of analysis was tested with synthetic mixtures and the average negative errors 
found on a range of three or four mixtures in each case were as follows: benzene in ethyl acetate, 
47%; benzene in ethyl chloroacetate, 3-0%; chlorobenzene in ethyl chloroacetate, 3-0%; 
bromobenzene in ethyl bromoacetate, 0-1%. 

For the estimation of benzene, co-distillation with carbon tetrachloride followed by dinitr- 
ation was also used, while for the estimation of bromobenzene in ethyl bromoacetate use was 


* Hey, Pengilly, and Williams, J., 1956, 1463. 
” Kharasch, McBay, and Urry, J. Org. Chem., 1945, 10, 401. 
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also made of the procedure described for the estimation of bromobenzene in bromoform. (cf. 
Part I). 

(6) For the estimation of benzoic acid the procedure described in Part I was followed. 

Preparation and Purification of Reagents—Methyl and ethyl acetate (‘‘ AnalaR’’) were 
shaken thrice with saturated aqueous sodium carbonate, thrice with 50% aqueous calcium 
chloride, and twice with brine. The methyl ester was dried (K,CO,) and collected at 55—57°. 
The ethyl ester was dried (CaCl,) and collected at 76-5—76-7°., Methyl and ethyl chloro- 
acetates (B.D.H.) were washed, as described above, and, after being dried (Na,SO,) were 
collected at 129—130°/757 mm. and 143—143-2°/760 mm. respectively. Ethyl trichloro- 
acetate, ethyl bromoacetate, and ethyl phenylacetate were similarly treated and after being 
dried (CaCl,) were collected at 100—100-5°/ca. 30 mm., 158—158-5°/758 mm., and 99— 
99-3°/14 mm. respectively. Benzoyl peroxide, phenylazotriphenylmethane, and nitroso- 
acetanilide were prepared as described in Part I. 

Reactions with Benzoyl Peroxide.—(i) With ethyl acetate. Benzoyl peroxide (24-2 g.) in 
ethyl acetate (300 ml.) was allowed to decompose under the conditions outlined in Part I. 
The solution, which became pale yellow and deposited no solid on cooling, was extracted with 
aqueous sodium carbonate and the extract was saturated with sodium chloride. Acidification 
with hydrochloric acid to pH 6 gave an acid (0-24 g.), m. p. 210—211°, which on recrystallis- 
ation from aqueous ethanol gave biphenyl-4-carboxylic acid, m. p. and mixed m. p. 224° (Found: 
C, 78-9; H, 5-5. Calc. for Cj3;H,,O,: C, 78-8; H, 5-4%). Further acidification to pH 5 gave a 
second crop (0-10 g.) of less pure acid, m. p. 185—186° (Found: C, 77-5; H,5-0%). Addition 
of excess of hydrochloric acid deposited a clear, yellow, viscous oil (9-66 g.), which on distil- 
lation at 0-5 mm. gave a sublimate of benzoic acid (0-68 g.) and two fractions, (a) b. p. 
141°/0-5 mm. (6-32 g.) and (b) b. p. 141—170°/0-05 mm. (1-30 g.). The main fraction (a), which 
was redistilled at constant temperature, was obtained as a very viscous, colourless liquid which 
set to a glass when cooled in solid carbon dioxide (Found: C, 67-5; H, 5-8%). On very long 
standing it partially solidified to a white paste. It was soluble in aqueous alkali and had 
equiv. 217, but crystalline derivatives could not be obtained. Tests for unsaturation and for 
ketonic, aldehydic, or phenolic properties were negative. Oxidation of a portion (0-23 g.) 
with alkaline potassium permanganate gave terephthalic acid (0-08 g.), identified as its methyl 
ester, m. p. and mixed m. p. 139°, The infrared spectrum of fraction (a) indicated the presence 
of benzoic acid and biphenyl-4-carboxylic acid. The dried (CaCl,) ethyl acetate solution was 
slowly fractionated in the 45 cm. column and the distillate collected at 75—80° (292-4 g.). The 
concentration of benzene in this distillate was determined by measurement of the optical 
densities at six wavelengths of two solutions of the distillate in n-heptane, as described above. 
The results are shown in Table 6. 


TABLE 6, TABLE 7. 
Benzene-ethyl acetate Benzene—ethyl chloroacetate 
distillate | distillate (a) 
8-9305 g./l. 8-8776 g./l. 0-2675 g./l. 
Wavelength (my) D Cran D Cran D Cran D Cru 
247-0 0-258 0-205 0-260 0-210 0-161 0-246 0-157 0-239 
248-9 0-493 0-201 0-506 0-208 0-515 0-237 0-507 0-234 
252-6 0-160 0-201 0-151 0-187 0-163 0-245 0-157 0-235 
254-8 0-580 0-205 0-600 0-212 0-637 0-232 0-630 0-229 
259-0 0-106 0-198 0-113 0-213 0-122 0-257 0-117 0-246 
261-0 0-391 0-205 0-403 0-211 0-434 0-233 0-429 0-230 
Average Cran (g./1.) eoeeee 0-205 0-239 
Yield of benzene (g.) ... 6-71 9-65 


The residue from the above distillation was distilled with a 10 cm. Vigreux column to give 
two fractions, (c) b. p. 40—80°/0-2 mm. (1-39 g.), and (d) b. p. 100—120°/0-05 mm. (0-50 g.). 
Fraction (c) was redistilled at atmospheric pressure and collected at 218—220°, from which 
was isolated only biphenyl (0-38 g.) and, after hydrolysis, phenol (0-02 g.) and benzoic acid 
(0-30 g.). In a subsequent experiment on half-scale, the yield of benzene was 3-69 g. Ina 
further experiment, 29-9 ml. (at N.T.P.) of carbon dioxide were collected in a gas burette from 
benzoyl peroxide (0-2300 g.) in ethyl acetate (20 ml.), é.¢., 1-4 mole per mole of 'peroxide. 

(ii) With methyl acetate. Benzoyl peroxide (24-2 g.) in methyl acetate (148 g.) was boiled 
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under reflux for 8 days, after which no more carbon dioxide was evolved. Distillation with ll 
a 45 cm. column gave a distillate (142-2 g.), b. p. 55—56°, which by the ultraviolet spectro- tri 
photometric method was shown to contain about 0-5 g. of benzene. The residue from this of 
distillate was dissolved in carbon tetrachloride (100 ml.), and the solution was extracted with m. 
aqueous sodium carbonate. The aqueous extract was washed with carbon tetrachloride and (28 
the main solution and washings were combined and dried (CaCl,). The solution was then m. 
distilled and the quantity of benzene in the distillate, determined by the nitration method, was 7-€ 
found to be 5-90 g. (m-dinitrobenzene, 12-72 g.). The residue from the removal of the carbon 
tetrachloride was distilled twice, first at atmospheric pressure and then at 0-2 mm., but yielded all 
no products which could be identified. The sodium carbonate washings gave biphenyl-4- ex’ 
carboxylic acid (0-50 g.), m. p. 219°, and benzoic acid (1-50 g.), m. p. 120° after recrystallisation ext 
from water, together with resinous acidic material. 11! 
(iii) With ethyl chloroacetate. Benzoyl peroxide (24-2 g.) in ethyl chloroacetate (245 g.) was Th 
allowed to decompose under the general conditions outlined above. The cold solution was wa 
extracted with aqueous sodium carbonate and dried (Na,SO,). Acidification of the alkaline bel 
extract to pH 7 gave biphenyl-4-carboxylic acid (0-34 g.), m. p. 205—210°, which was raised to . res 
219° on recrystallisation from aqueous ethanol. Further acidification to pH 5 and saturation nit 
with sodium chloride gave benzoic acid (2-52 g.), m. p. 117—118° which was raised to 121° on 70° 
recrystallisation from water. Further acidification gave a yellow oil (ca. 0-5 g.) which did not bro 
solidify. The dried ethyl chloroacetate solution was distilled with a 45 cm. column and the tw 
following fractions were collected: (a) b. p. 78—80°/760 mm. (10-8 g.); (d) b. p. 139— Fra 


142°/760 mm. (22-2 g.); (c) b. p. 142—143°/760 mm. (155 g.); (d) b. p. 65°/ca. 25 mm. (44 g.); 
and (e) residue (ca. 20 g.). The benzene in fraction (a) and the benzene and chlorobenzene in 
fractions (b) and (c) were determined by the ultraviolet spectrophotometric method (Tables 7 
and 8). Fraction (d) was redistilled at atmospheric pressure and gave ethyl chloroacctate 








TABLE 8. 
Fraction (5) Fraction (c) 
0-9942 g./l. 0-9130 g./l. 
Wavelength (my) ‘D Crnn pay ‘D Cran tin: 
252-6 0-082 0-017 0-076 0-017 
254-8 0-083 0-012 0-075 0-009 
259-0 0-040 0-033 0-030 0-011 
259-8 0-036 0-00 0-032 0-00 and 
261-0 0-042 0-013 0-020 0-002 gav 
264-7 0-016 0-00 0-016 0-00 ben 
270-0 0-008 0-00 0-008 0-00 
271-8 0-007 0-00 0-007 0-00 the 
Average Cpnn (g./l.) «..... 0-019 0-010 Nit 
Yield of benzene (g.)_ ... 0-42 1-7 
was 
b. p. 142—144°. The residue (e) was distilled at 25 mm. to remove a little ethyl chloroacetate extr 
after which the following fractions were collected: (f) b. p. up to 126°/12—15 mm. (0-64 g.); extr 
(g) b. p. 126—128°;/12—15 mm. (7-06 g.); (A) b. p. 128—133°/12—15 mm. (3-19 g.); (i) b. p. acid 
100—120°/0-5 mm. (0-45 g.); (7) residue (ca. 4 g.). Fraction (f) consisted mainly of ethyl seco 
chloroacetate, identified by reaction with ammonia to give chloroacetamide, m. p. 117°. phei 
Fractions (g) and (h) partially solidified and gave ethyl meso-dichlorosuccinate (4-38 g.), m. p. This 
58—59° which on recrystallisation from aqueous ethanol was raised to 62°, both alone and on tota 
admixture with an authentic specimen (Found: Cl, 29-0. Calc. for CgH,,0O,Cl,: Cl, 29-2%). 81°. 
The liquid portion of these fractions (5-68 g.) is regarded as consisting mainly of ethyl (-+)-di- was 
chlorosuccinate (Found: Cl 28-9%) for which b. p. 129-5°/12-5 mm. has been reported." tritr 
Hydrolysis of fractions (i) and (7) followed by extraction with chloroform and acidification m. ] 
showed them to contain biphenyl (0-52 g.) and phenyl benzoate (0-30 g.). Calc 
(iv) With ethyl trichloroacetate. A solution of benzoyl peroxide (24-2 g.) in ethyl trichloro- rem¢ 
acetate (257 g.) was allowed to decompose under the general procedure described above. The 84°/ 
cooled solution was extracted with aqueous sodium hydroxide and dried (CaCl,). The alkaline (b) b 
extract was washed with carbon tetrachloride and boiled to remove organic solvent, and from 
it was obtained biphenyl-4-carboxylic acid (0-13 g.), m. p. 224°, and benzoic acid (4-22 g.), m. p. = 


11 Kuhn and Wagner-Jauregg, Ber., 1928, 61, 504. kind! 
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119-5° after recrystallisation from water. Carbon tetrachloride (40 ml.) was added to the ethyl 
trichloroacetate solution, the whole was distilled, and a fraction collected at 70—100°. Nitration 
of this fraction, as described in Part I, gave m-dinitrobenzene (2-76 g. = 1-28 g. of benzene), 
m. p. 82—84°. Further distillation at 70—80°/30 mm. gave a fraction (227 g.), a portion 
(28-9 g.) of which was hydrolysed and nitrated. This gave 1-chloro-2,4-dinitrobenzene (1-75 g.), 
m. p. 43—45°. - This corresponds to a total quantity of 13-8 g. of 1-chloro-2,4-dinitrobenzene = 
7-63 g. of chlorobenzene. No products were identified in the residue. 

(v) With ethyl bromoacetate. Benzoyl peroxide (24-2 g.) in ethyl bromoacetate (300 g.) was 
allowed to decompose under the standard conditions, after which the cooled solution was 
extracted with aqueous sodium carbonate and dried (Na,SO,). Acidification of the aqueous 
extract, first to pH 7 and then to pH 3, gave only benzoic acid (1-05 g. and 7-28 g.), m. p. 118— 
119° after recrystallisation from water (charcoal). Biphenyl-4-carboxylic acid was not found. 
The ethyl bromoacetate solution was distilled at 30 mm. and a fraction, b. p. 70—80° (280 g.), 
was collected. The bromobenzene content of this fraction [to which was added fraction (a) 
below] wasestimated by the spectrophotometric method and the results are given in Table9. These 
results were confirmed by hydrolysis of a portion (29-20 g.) of the distillate and subsequent 
nitration, as described in Part I. This procedure gave 1-bromo-2,4-dinitrobenzene, m. p. 69— 
70° (1-89 g. = 1-20 g. of bromobenzene) which corresponds to a total quantity of 11-5 g. of 
bromobenzene in the whole distillate. Distillation of the residue after removal of solvent gave 
two fractions: (a) b. p. 76—80°/30 mm. (11-84 g.) and (b) b. p. 100°/1 mm. (3-28 g.). 
Fraction (a) gave mainly ethyl bromoacetate (10-5 g.) on redistillation at 157—160°/760 mm. 


TABLE 9. 


3romobenzene-ethyl bromoacetate distillate 
2-0594 g/l. 


Wavelength (my) D CphBr 
261-9 0-662 0-079 
263-2 0-592 0-092 
265-2 0-508 0-095 
270-5 0-255 0-085 
272-2 0-238 0-090 
Average Cpnpr (g./l.) .........0++ 0-088 
Yield of bromobenzene (g.) ... 12-0 


and this was added to the main distillate (above) before hydrolysis and nitration. Fraction (bd) 
gave only benzoic acid (0-25 g.). In a repetition of this experiment the main products were 
benzoic acid (9-07 g.) and bromobenzene (10-0 g.)._ Carbon tetrachloride (50 ml.) was added to 
the reaction mixture before the excess of solvent was removed and it was then distilled off. 
Nitration of this distillate gave no m-dinitrobenzene. Ethyl succinate was not found. 

(vi) With ethyl phenylacetate. Benzoyl peroxide (24-2 g.) in ethyl phenylacetate (246 g.) 
was allowed to decompose according to the general procedure. The cooled solution was 
extracted with aqueous sodium hydroxide and dried (Na,SO,). Acidification of the aqueous 
extract in stages gave only benzoic acid (2-44 g., 0-82 g.,and 0-31 g.). No diphenyl-4-carboxylic 
acid was isolated, although the initial low melting points for the benzoic acid indicated that a 
second acid was probably present. Carbon tetrachloride (75 ml.) was added to the ethyl 
phenylacetate solution and by use of the 45 cm. column the distillate was collected at 76—80°. 
This operation was repeated with a further quantity (50 ml.) of carbon tetrachloride. The 
total distillate on nitration gave m-dinitrobenzene (14-82 g. = 6-88 g. of benzene), m. p. 80— 
81°. Further fractionation was continued under reduced pressure, and the distillate (211 g.) 
was collected at 97°/12 mm. The residue (ca. 30 g.) set to a semi-solid mass, which was 
triturated with ethanol and cooled in ice. This gave ethyl meso-diphenylsuccinate (2-75 g.), 
m. p. 135—136° raised to 141° on recrystallisation from ethanol * (Found: C, 73-8; H, 7-0. 
Calc. for CygH,.O,: C, 73-6; H, 6-8%). The ethanolic mother-liquors were distilled and, after 
removal of ethanol at atmospheric ,pressure and ethyl phenylacetate (ca. 15 g.) at 80— 
84°/10 mm., three fractions were collected as follows: (a) b. p. 110—120°/0-02 mm. (2-15 g.); 
(b) b. p. 120—125°/0-02 mm. (1-79 g.); and (c) b. p. 125—140°/0-02 mm. (2-03 g.). All three 

* The melting point of this compound was not depressed on admixture with an authentic specimen 


prepared by Dr. C. W. Rees by the catalytic (PtO,) hydrogenation of a sample of ethyl diphenylmaleate 
kindly supplied by Dr. C. J. Timmons. 
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fractions gave more ethyl meso-diphenylsuccinate (0-09 g., 0-40 g., and 1-48 g.) and the combined 
liquid components were hydrolysed with aqueous sodium hydroxide. The resulting acid had 
m. p. 172—175° after three recrystallisations from water (Found: C, 69-3; H, 5-4. Calc. for 
CygH,,0O,: C, 71-1; H, 5:2%). (+)- and meso-Diphenylsuccinic acid have m. p. 183° and 
252° respectively. It is thus probable that the liquid component of the fractions (a), (b), and 
(c) is mainly ethyl (-)-diphenylsuccinate, which, when pure, is reported to melt at 84—85°.2 
There was no evidence of the presence of products which might arise from nuclear phenyl- 
ation. 

Reactions with Phenylazotriphenylmethane.—(i) With ethyl acetate. A solution of phenylazo- 
triphenylmethane (11-0 g.) in ethyl acetate (200 ml.) was kept at 55° for 15 hr. and at the 
b. p. fora further 24hr. The resulting yellow solution was fractionated with the 45 cm. helix- 
packed column and the distillate collected at (a) 75—77° (76-1 g.) and (b) 77° (85-4 g.). The 
residue (ca. 40 ml.) was cooled, and tetraphenylmethane (0-32 g.), m. p. 265—270° raised to 
280-5° after three recrystallisations from benzene, separated (Found: C, 93-8; H, 6-4. Calc. 
for C,H»: C, 93-7; H, 6-3%). Distillation of the residue with a 10 cm. Vigreux column gave 
ethyl acetate (14-6 g.), b. p. 77—78°, which was added to distillate (b) above. No further 
distillate could be obtained down to a pressure of 0-005 mm. with a bath temperature of 180°. 
The concentration of benzene in fractions (a) and (b) was determined by measurement of the 
optical density of a solution of each in n-heptane (Table 10). 

The non-volatile red oil (9-1 g.) was dissolved in benzene-light petroleum (b. p. 40—60°) 
(1:3; 80 ml.) and the solution was well cooled. Triphenylmethane (0-25 g.) separated (m. p. 
72—74°). After addition of more light petroleum (50 ml.) the solution was chromatographed 


TABLE 10. 
Benzene-ethy] acetate distillates 
Fraction (a) } Fraction (5) 
9-0234 g./l. 9-0192 g./l. 
Wavelength (mz) D Cran D Cran 
247-0 0-164 0-054 0-169 0-062 
248-9 0-165 0-049 0-168 0-050 
252-6 0-064 0-055 
254-8 0-156 0-050 0-165 0-053 
259-0 0-039 0-053 0-041 0-060 
261-0 0-100 0-052 0-106 0-051 
Average Cpnx (g./l.) ...... 0-052 0-055 
Yield of benzene (g.) ... 0-44 0-61 


Total yield of benzene 1-05 g. 


on alumina and eluted successively with light petroleum, benzene-light petroleum, and benzene- 
ether (see Part I). The only products isolated were (i) tripheny]lmethane (2-47 g.), (ii) a colour- 
less semi-solid product (0-5 g.), which showed a strong blue fluorescence in ultraviolet light, and 
(iii) an orange oil. A non-fluorescent solid, m. p. 146—148° from ethanol, was subsequently 
obtained from (ii). 

(ii) With ethyl chloroacetate. A solution of phenylazotriphenylmethane (11-0 g.) in ethyl 
chloroacetate (184 g.) was kept at 55° for 30 hr. The orange-red solution deposited bistriphenyl- 
methyl peroxide (0-06 g.), m. p. 178° raised to 182° on recrystallisation from chloroform and 
undepressed on admixture with an authentic specimen. Two portions of carbon tetrachloride 
(each of 40 ml.) were added to the solution and the mixture was fractionated until the carbon 
tetrachloride was removed. Nitration of the distillate gave m-dinitrobenzene (4-93 g. = 2-29 g. 
of benzene), m. p. 82—83°. Fractionation was continued at ca. 250 mm. until only 10 ml. 
remained. The first 20 ml. of distillate was collected separately and the spectrophotometric 
method showed the absence of chlorobenzene. Further distillation was continued at ca. 150 mm. 
with a 10 cm. Vigreux column until all the ethyl chloroacetate had been removed. No further 
distillate could be obtained up to a bath temperature of 140° and a pressure of 0-1 mm. (absence 
of ethyl dichlorosuccinate). The non-volatile residue was dissolved in benzene and cooled in 
ice, whereupon triphenylmethane (2-62 g.) separated, having m. p. 84—85°. The residue in 


12 Reimer, Ber., 1881, 14, 1804. 
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benzene-light petroleum was chromatographed on alumina as before and gave only triphenyl- 
methane (1-0 g.), m. p. 88—90°, and an orange oil. 

(iii) With methyl chloroacetate. A solution of phenylazotriphenylmethane (11-0 g.) in methyl 
chloroacetate (163 g.) was used and the procedure outlined above for the corresponding reaction 
with ethyl chloroacetate was followed except as mentioned below. The products obtained were 
bistriphenylmethyl peroxide (0-13 g.), m. p. 178°, m-dinitrobenzene (4:69 g. = 2-18 g. of 
benzene), triphenylmethane (3-48 g.), m. p. 87—88°, and a colourless solid (0-08 g.), m. p. 121-5° 
after recrystallisation from aqueous ethanol (Found: C, 75-0; H, 5-7; Cl, 10-5. Calc. for 
Cy2H,,O,Cl: C, 75-3; H, 5-5; Cl, 10-1%). The analytical figures are in agreement with those 
required for the methyl ester of «-chloro-868-triphenylpropionic acid. No chlorobenzene or 
methyl dichlorosuccinate was detected. 

(iv) With ethyl bromoacetate. A solution of phenylazotriphenylmethane (11-0 g.) in ethyl 
bromoacetate (300 g.) was treated as described above for the corresponding reaction with ethyl 
chloroacetate. The solution became very dark and did not deposit a solid on cooling. Distil- 
lation with carbon tetrachloride (four portions of 40 ml.) and subsequent nitration of the 
distillate gave m-dinitrobenzene (0-44 g. = 0-20 g. of benzene), m. p. 82—83°. Most of the ethyl 
bromoacetate (275-0 g.) was removed at 70—80°/30 mm. The residue was distilled at 30 mm. 
with a 10 cm. Vigreux column and further ester (12-5 g.) was removed. After redistillation at 
atmospheric pressure (at which pressure it was all collected below 160°), it was added to the 
main fraction. Hydrolysis and nitration of a portion (32-75 g.) of the total distillate gave 
1-bromo-2,4-dinitrobenzene (0-30 g.), which is equivalent to a total of 1-65 g. of bromobenzene. 
The residue from which the solvent had been removed gave no further distillate up to a bath 
temperature of 140°/0-1 mm. (absence of ethyl succinate). The non-volatile residue, treated 
as described before, gave triphenylmethane (2-86 g.) and a dark, viscous oil (8 g.). 

(v) With ethyl phenylacetate. A solution of phenylazotriphenylmethane (11-51 g.) in ethyl 
phenylacetate (246 g.) was kept at 55° for 42 hr. Carbon tetrachloride (120 ml.) was used to 
remove benzene and nitration of the distillate by the standard procedure gave m-dinitrobenzene 
(3-8 g. = 1-76 g. of benzene). The excess of the ester was removed at 120°/ca. 20 mm. and the 
residue was distilled with a 10 cm. Vigreux column, the pressure being gradually reduced to 
0:02 mm. The total distillate was redistilled at 87—90°/6 mm. The non-volatile residue 
from the first distillation was dissolved in benzene (20 ml.) and cooled in ice. Triphenyl- 
methane (2-50 g.), m. p. 80-—82°, was filtered off and the filtrate was diluted with light petroleum 
and chromatographed on alumina. Elution as in the previous reactions gave (a) tetraphenyl- 
methane (0-02 g.), m. p. 270°, (b) a yellow glass, and (c) an orange oil. Fraction (6), triturated 
with ice-cold ethanol, gave ethyl meso-diphenylsuccinate (0-57 g.), m. p. 130° raised to 137° on 
recrystallisation from ethanol and undepressed on admixture with an authentic specimen. 
The ethanol mother-liquors yielded a gum, which was rechromatographed in light petroleum 
and gave triphenylmethane (0-35 g.), m. p. 80—83°. 

Reactions with Nitrosoacetanilide.—(i) With ethyl acetate. A solution of nitrosoacetanilide 
(14-0 g.) in ethyl acetate (250 ml.) was maintained at 20° for 2 days and then boiled under reflux 
for 5 hr. The evolved gases were passed through a solution of 2,4-dinitrophenylhydrazine in 
aqueous hydrochloric acid before reaching the cold traps and the Carbosorb absorption tube. 
A little acetaldehyde 2,4-dinitrophenylhydrazone (0-2 g.) was collected (m. p. and mixed m. p. 
161°). Some carbon dioxide (0-1 g.) was retained but no products were collected in the cold 
traps. The reaction mixture was washed with aquéous sodium hydroxide, which removed 
acetic acid (4:0 g.). The dried (Na,SO,) ethyl acetate solution was distilled with a 45 cm. 
helix-packed jacketed column and two fractions were collected: (a) b. p. 70—76° (16-4 g.) and 
(b) b. p. 76° (163-0 g.). The residue was then distilled with a 10 cm. Vigreux column to give a 
fraction (c) of b. p. 76—79° (27-7 g.) and a non-volatile tar (8-0 g.). No products were obtained 
from the residue. Fractions (b) and (c) were combined and the benzene content of fraction (a) 
and of the combined fractions (b) and (c) was estimated by the ultraviolet spectrophotometric 
method. The results are reported in Table 11. 

(ii) With ethyl chloroacetate. A golution of nitrosoacetanilide (14-3 g.) in ethyl chloro- 
acetate (245 g.) was maintained at 20° for 3 days and then at 80° for 8 hr. Carbon dioxide 
(0-03 g.) and acetic acid (4-9 g.) were estimated as in the previous reactions. Four portions of 
carbon tetrachloride (50 ml. each) were added to the ethyl chloroacetate solutign and the whole 
of the carbon tetrachloride was recovered by distillation. Nitration of the distillate gave m-di- 
nitrobenzene (4-10 g. = 1-91 g. of benzene). Fractionation was continued at ca. 25 mm. until 
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50 ml. of distillate had been collected. This fraction was shown by the ultraviolet spectro- 
photometric method to contain no chlorobenzene. After removal of more ethyl chloroacetate 
(150 g.), a residue (5-5 g.) was obtained from which further products could not be isolated. 





TABLE ILI. 
Benzene-ethy] acetate distillates 
‘Fraction (a) Fractions (b & c) Fractions (b &c) 
9-0641 g./l. 7-4292 g./1. 8-7960 g./l. 

Wavelength (my) D Cran D Cran D Crhn 
247-0 0-216 0-137 0-171 0-102 0-202 0-119 

248-9 0-308 0-115 0-241 0-090 0-285 0-105 

252-6 0-120 0-138 0-087 0-097 0-105 0-117 

254-8 0-320 0-110 0-259 0-089 0-307 0-105 

259-0 0-080 0-140 0-065 0-110 0-076 0-130 

261-0 0-215 0-110 0-134 0-086 0-205 0-104 

Average Cpny (g./l.) ...... 0-125 0-096 0-113 

Yield of benzene (g.) ... 0-23 2-47 2-45 


Total yield of benzene 2-69 g. 


(iii) With ethyl phenylacetate. A solution of nitrosoacetanilide (14-3 g.) in ethyl phenyl- 
acetate (246 g.) was kept at 20° for 3 days and then at 70° for 8 hr. No carbon dioxide or 
acetaldehyde was obtained but acetic acid (4-7 g.) was isolated in the normal manner. Three 
portions of carbon tetrachloride (50 ml. each) were added to the solution and were recovered by 
distillation. Nitration gave m-dinitrobenzene (6-04 g. = 2-80 g. of benzene), m. p. 82—84°. 
The excess of ester was then collected at 100°/ca. 14 mm. until approximately 30 ml. remained, 
which were distilled through a 10cm. Vigreux column. The following fractions were collected: 
(a) b. p. 80—84°/3—4 mm. (20-7 g.); (b) b. p. 65°/2 mm. (5-07 g.); (c) b. p. 60°/0-5 mm. (5-77 g.); 
(d) non-volatile residue (ca. 4-0 g.). Fractions (a), (6), and (c) on redistillation gave mainly 
ethyl phenylacetate but a small residue was added to (d), which was then dissolved in benzene- 
light petroleum (b. p. 40—60°) (1 : 4) and chromatographed on alumina. Elution with the same 
solvent gave ethyl meso-diphenylsuccinate (0-30 g.), m. p. 135°, which had m. p. and mixed 
m. p. 141° on recrystallisation from ethanol. 

Reaction with Benzenediazonium Chloride.—With ethyl phenylacetate. One reaction was 
carried out by method B (see Part I) with aniline (18-6 g.) and ethyl phenylacetate (246 g.). 
The organic layer was separated and the aqueous layer washed with carbon tetrachloride. The 
combined ester and carbon tetrachloride solution was washed with aqueous acid and alkali. 
The carbon tetrachloride was distilled off and nitration gave m-dinitrobenzene (15-08 g. = 
7-00 g. of benzene), m. p. 79—80°. The ethyl phenylacetate was collected at 120°/15 mm. and 
the black residue (23-0 g.) was dissolved in benzene-light petroleum (b. p. 40—60°) (1: 2) and 
chromatographed on alumina. Successive elution with benzene-light petroleum, benzene, 
benzene-ether, and ether gave biphenyl (0-05 g.), ethyl meso-diphenylsuccinate (2-40 g.), m. p. 
and mixed m. p. 139—140°, and much viscous tar. 


The authors thank Dr. J. A. Elvidge for a specimen of ethyl meso-dichlorosuccinate. 
Thanks are also accorded to the Ministry of Education for the award of a State Scholarship 
and to the Delegacy of King’s College, London, for the award of the Daniell Scholarship 


(to J. P.). 


Kinc’s CoLteGce (UNIVERSITY OF LONDON), 
STRAND, Lonpon, W.C.2. (Received, March 10th, 1959.) 
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18. Metallic Complexes of Dimethyl-o-methylthiophenylarsine. 
Part III. Complexes of Bivalent Cobalt. 


By B. CuIswett and S. E. LIvINGsTONE. 


The complexes of dimethyl-o-methylthiophenylarsine (As—S) with bi- 
valent cobalt are described. Magnetic susceptibility measurements indicate 
that the compounds, [Co(As—S).](ClO,), and [Co(As—S),][CoX,] (X = Cl, Br, 
I), contain a cation with a square-planar configuration about the cobalt atom, 
and that the thiocyanato-complex, [Co(As-S)(SCN),], is also square-planar, 
while the iodo-complex, [Co(As-S),I,],2H,O, is octahedral. The magnetic 
susceptibilities of the complexes, [NR,],[CoX,] (where R = Me, X = Cl; 
and where R = Et, X = Br, I, SCN), are given also. 


In Parts I and II the complexes of nickel and palladium,? and copper, silver, and gold,* 

with the ligand dimethyl-o-methylthiophenylarsine (I) have been described. This paper 
reports the compounds formed by bivalent cobalt with this ligand. 

O AsMe The stereochemical arrangement of bivalent cobalt in complexes can 

2 __ often be inferred from the magnetic moment. Table 1 lists the predicted 

and observed values for the magnetic moment of bivalent cobalt 

(I) having square-planar, tetrahedral, octahedral, and tetragonal configur- 

ations, severally. Whereas the magnetic moments of other elements of 

the first transition series are reduced to nearly the spin-only value owing to quenching of 

the orbital contribution by the electrical field of the surrounding atoms,’ yet for bivalent 

cobalt the observed values of the magnetic moment (u in Bohr magnetons) in a large 

number of complexes are considerably in excesss of the spin-only value and approach that 

given by the expression p = +/[L(L + 1) + 4S(S + 1)]. 


SMe 


TABLE 1. Magnetic properties of compounds of bivalent cobalt. 


No. of Moment calc. from: 
Stereo- Bonding Type of unpaired V7 (L(L + 1) p (B.M.) 
chemistry orbitals bonding electrons + 4S(S+1)] +v/[4S(S+1)]  (obs.)* 
Square-planar 3d4s4p* Spin-paired 1 3-00 1-73 2-1—2-9 
Tetrahedral 4s4p Spin-free 3 5-21 3-87 4-3—4:8 
Octahedral 4s4p34d? Spin-free 3 5-21 3-87 4:8—5:3 
Sexicovalent 3d4s4p°4d = Spin-paired 1 3-00 1-73 1-7—2-0 
(presumably 


tetragonal) ® ¢ 


An alcoholic solution of cobalt perchlorate, when treated with the arsine (I), yields the 
perchlorate, [Co(As-S),}](ClO4).,.4H,O, which has the conductivity expected of a bi- 
univalent electrolyte in nitrobenzene. The magnetic moment (2-62 Bohr magnetons) 
corresponds to one unpaired electron (see Table 1), indicating a “‘ spin-paired ” square- 
planar configuration for the cobalt atom, involving 3d4s4p? hybrid bonds. The atoms 
bonded to cobalt in the cation of this compound are sulphur and arsenic, which have 
relatively low electronegativities, viz., 2-5 and 2-0, respectively.’ Ligands with donor 
atoms of low electronegativity favour spin-pairing, giving rise to square-planar complexes 
of bivalent nickel and cobalt.® 

The reaction of cobalt halides with the arsine (I) in alcoholic solution yields crystalline 

1 Part II, Chiswell and Livingstone, J., 1959, 2931. 

2 Part I, Livingstone, J., 1958, 4222. 

3 Nyholm, Quart. Rev., 1953, 7, 377. 

‘ Figgis and Nyholm, /., 1954, 12. 

5 Idem, J., 1959, 338. 

® For a discussion on deviations from holoedric octahedral symmetry see Jérgensen, Report to the 
Xth Solvay Council, ‘‘ Absorption Spectra of Complexes with Unfilled d-Shells,”” Brussels, 1956, p. 16. 


7 Pauling, ‘‘ The Nature of the Chemical Bond,” Cornell Univ. Press, New York, 2nd edn., 1945, 
p. 60. 


® Livingstone, J., 1956, 1042. 
E 
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compounds of empirical formula Co(As-S)X, (X = Cl, Br, I). The magnetic moments 
per cobalt atom vary from 3-86 to 3-98 B.M. If the cobalt atom in these compounds has a 
planar configuration, the magnetic moment would be within the range 2-1—2-9 B.M., 
corresponding to one unpaired electron. If, on the other hand, the cobalt atom has a 
“ spin-free ” tetrahedral configuration, the moment would be expected to lie within the 
range 4-3—4-8 B.M., corresponding to three unpaired electrons with the high orbital 
contribution always found with “ spin-free ” cobalt(11) complexes.? Since the observed 
magnetic moments do not compare with either of these values, the compounds might 
better be formulated as salts, [Co(As-S),][CoX,]. If the value of 2-62 Bohr magnetons is 
accepted for the magnetic moment of the cobalt atom in the cation, as found for the 
perchlorate, [Co(As-S),}](C1O,),, the moment of the cobalt atom in the anion can be 
calculated from the molar susceptibility (yy). These values (Table 2) vary from 4-80 to 
4-96 B.M. and agree fairly well with the moments of these anions in other compounds. The 
magnetic moments of cobalt in the compounds (pyH),[CoCl,] and (pyH),[CoBr,] (py = 
pyridine) have been reported as 4-74 and 4-67 B.M., respectively. The compounds 
[NR,],[CoX,] (R = Me, X = Cl; and R = Et, X = Br, I, SCN) were prepared and their 
TABLE 2. Molecular conductivities and magnetic susceptibilities of cobalt complexes of 
dimethyl-o-methylthiophenylarsine. 
10%yy at 298°K py per Co 


Agso0 in PhNO, (corr. for atom p for Co: 
Compound Colour at 25° (mho) diamagnetism) (B.M.) in cation in anion 
[Co(As-S).](ClO,),,.4H,O Brown 56-3 2860 2-62 2-62 — 
[Co(As-S),}[CoCl,],H,O Green 28-3 12,450 3-88 2-62 4-81 
[Co(As-S),}][(CoBr,] ...... Bright 21-5 12,420 3°86 2-62 4-80 
green : 
[Co(As-S),][CoI,]  ...... Purple 19-7 13,150 3-98 2-62 4-96 
{[Co(As-S)(SCN),]_...... Greenish- 7-2 2160 2-28 — — 
black 
[Co(As-S),I,],2H,O ...... Blue 3-1 11,800 5-31 — ~- 


TABLE 3. Molecular conductivities and magnetic susceptibilities of some 


[CoX,]*~ complexes. 
10% yx at 298° 


Ajoo9 in PhNO, (corr. for p per Co 
Compound Colour at 25° (mho) diamagnetism) atom (B.M. 
(NMe,],[CoCl,] ............ Blue Insol. 9340 4-74 
(NEt,],[CoBr,] ............ Blue 48-7 9560 4-80 
[NEt,],[Col,] .........00000. Bright green 54-2 10,060 4-90 
[NEt,],[Co(SCN),] ......... Deep blue 55-4 8720 4-58 


magnetic susceptibilities were measured (Table 3). The moments of certain other com- 
plexes containing the anion [CoX,]*~ (X = Cl, Br, I) have been found to lie between 4-7 
and 4-9 B.M.° The tetrahedral structure of the [CoX,]*- ion (X = Cl, Br) has been 
established in the compounds Cs,CoCl, and Cs,CoBr,,!° and there seems little doubt that 
the halogeno-complexes of the arsine (I) contain the tetrahedral anion [CoX,]*~, involving 
the use of 454% bonding. 

The conductivities of these halogeno-complexes in nitrobenzene (see Table 2) are less 
than expected for bi-bivalent electrolytes. Their molecular conductances are not 
markedly increased on further dilution. A possible explanation for the low conductivities 
is that the compounds exist in the ionic form in the solid state but in nitrobenzene the 
ionic form is in equilibrium with two molecules of non-electrolyte: 


[Co(As-S)g][CoX,] SP" 2[Co(As-S)Xq] 


The equilibrium lies more in favour of the non-electolyte as the atomic weight of X increases 
(Cl —» I). It does not appreciably alter with temperature. The variation with temper- 
ature of the molecular conductivity in nitrobenzene of the compound [Co(As-S),][CoBr,] 


® Harris and Lockyer, personal communication. 
10 Porai-Koshits, Trudy Inst. Krist. Akad. Nauk S.S.S.R., 1954, 10, 117. 
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is shown in Fig. 1. The conductivities of two other compounds are given for comparison. 

Further evidence of this equilibrium was obtained from spectral measurements in 
nitrobenzene (see Fig. 2). The complex [Co(As-S),|[CoBr,] displays three absorption 
maxima at 668, 700, and 724 my, respectively, but each maximum has a smaller value for 
the molar extinction coefficient (c) than the values of the three peaks at these wavelengths 
displayed by the compound [NEt,],[CoBr,]. This is in agreement with the equilibrium 


Fic.2. Absorption spectra in nitrobenzene solution: 
Fic. 1. Molecular conductivities (A) in nitro- I, [NEt,],[CoBr,]; II, [Co(As-S),][CoBr,]. 
benzene: A,1-11 x 10-u- alin ere 



































B, 1-05 x 10-°m-[AsPh,Me]I; C, 1-24 » 
-3 
10-°m-[NPhMe,]I. 2000 
C 
60Fr B 
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£ 40F 1000 
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I 
Fic. 3. Absorption spectra in nitrobenzene Ww WwW 
solution: III, [NEt,],[Co(SCN),]; IV, 
Co(As-S)(SCN),. 
/000Fr 
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postulated above. The strong absorption below 475 my is also exhibited by the 
perchlorate, [Co(As-S),](C10,),, but solutions of this compound in nitrobenzene and 
alcohol do not obey Beer's law, owing to some decomposition in solution with time. 

A complex of a different type is obtained by reaction of dimethyl-o-methylthiophenyl- 
arsine with cobalt chloride and ammonium thiocyanate in alcoholic solution. The result- 
ing compound, Co(As-S)(SCN),, has a moment of 2-28 B.M., which is consistent with a 
“ spin-paired ’’ square-planar complex. However, on the magnetic data alone a polymeric 
sexicovalent tetragonal structure with bridging thiocyanato-groups caynot be excluded. 
Consequently, the infrared absorption spectra of this compound and the complex 
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[NEt,],[Co(SCN),] were examined to obtain any evidence of bridging by thiocyanato- 
groups in the former complex. Co(As-S)(SCN), has a thiocyanato-stretching frequency 
at 2063; and [NEt,],[Co(SCN),] one at 2056cm.+. Fora number of thiocyanato-complexes 
of bivalent palladium and platinum it has been shown™ that those complexes which 
contain bridging thiocyanato-groups display an absorption maximum at 2154—2182 cm.) 
while those in which the thiocyanato-group is terminal have maxima in the range 2105— 
2120 cm... Silver thiocyanate, which contains bridging thiocyanato-groups,™ has a 
maximum at 2149 cm.+.% The infrared data indicate that there are no bridging thio- 
cyanato-groups in the compound Co(As-S)(SCN), and exclude a polymeric structure, since, 
for a given metal, bridging thiocyanato-groups display a maximum at a frequency some 
30—60 cm. higher than the frequency of a terminal thiocyanato-group.™ 

The small conductivity of the complex in nitrobenzene could be due to a small amount 
of rearrangement in solution to the ionic form, [Co(As-—S),|][Co(SCN),]. We endeavoured 
to obtain evidence for this rearrangement from spectral measurements (Fig. 3). The 
complex [NEt,},[Co(SCN),] has a strong absorption maximum at 627 my. The complex 
Co(As-S)(SCN), displays a broad absorption band in the region of 600 my with two peaks 
at 583 and 618 my, and also strong absorption below 475 my. This evidence is not con- 
clusive, but is not inconsistent with the hypothesis that in nitrobenzene solution the 
compound is in equilibrium with the salt [Co(As-S),][Co(SCN),]. 

A third type of cobalt complex was obtained with the same ligand. The blue iodo- 
complex, Co(As-S),I,,2H,O, has a moment of 5-31 B.M. In this the cobalt atom is “ spin- 
free ’’ with an octahedral configuration, using 4s4%4d* bonding orbitals. In this regard 
the compound is analogous to the nickel complex, Ni(As-S),I,, which is “ spin-free ’’ with 
a moment corresponding to two unpaired electrons.” On the other hand, it differs from 
the “ spin-paired ” cobalt complex of o-phenylenebisdimethylarsine (As—As), Co(As-As),l,, 
which has a moment of 2-4 B.M.5 


EXPERIMENTAL 

Bisdimethyl-o-methylthiophenylarsinecobalt(t1) Perchlorate Tetvahydrate.—A solution of cobalt 
perchlorate hexahydrate (0-4 g.) and dimethyl-o-methylthiophenylarsine (0-5 g.) in alcohol 
(10 ml.) was evaporated to 2—3 ml. to yield brown crystals of the complex perchlorate (0-4 g.), 
which were washed with a few drops of acetone, then with ligroin (Found: C, 27-6; H, 4-6; Co, 
7-4; H,O, 9-2. C,H 3,0,,Cl,S,As,Co requires C, 27-6; H, 4:4; Co, 7-5; H,O, 9-2%). The 
water of hydration is lost in vacuo over phosphoric oxide, but is rapidly taken up again in 
moist air. 

Bisdimethyl - 0-methylthiophenylarsinecobalt(11) Tetrachlorocobaltate(11) Monohydrate.— 
Anhydrous cobalt chloride (0-4 g.) in 95% alcohol (10 ml.) was treated with dimethyl-o-methyl- 
thiophenylarsine (0-5 g.) in alcohol (10 ml.). The green solution was evaporated to 10 ml. and, 
on cooling, deposited green crystals of the compound, which was recrystallized from alcohol and 
dried (P,O;) (yield, 0-4 g.) (Found: C, 28-5; H, 3-7; Cl, 19-4; Co, 16-2. C,gH,,O0C1,S,As,Co, 
requires C, 28-4; H, 3-8; Cl, 19-3; Co, 16-1%). 

Bisdimethyl-o-methylthiophenylarsinecobalt(11) Tetrabromocobaltate(1)—The compound was 
prepared from anhydrous cobalt bromide (0-5 g.) in the same manner as the chloro-complex. 
On recrystallization a crop of bright-green crystals (0-3 g.) was obtained (Found: C, 24-3; H, 
2-8; Br, 35-4; Co, 13-1. C,,H,,Br,S,As,Co, requires C, 24-2; H, 2-9; Br, 35-7; Co, 13-2%). 

Bisdimethyl-o-methylthiophenylarsinecobalt(1) Tetraiodocobaltate(11)—Anhydious _ cobalt 
iodide (0-7 g.) in alcohol (20 ml.) was treated with a solution of dimethyl-o-methylthiophenyl- 
arsine (0-5 g.) in alcohol (10 ml.). The solution was evaporated to 15 ml. and on cooling 
deposited a small quantity of purple crystals of the compound. The preparation was repeated 
twice in order to obtain a sufficient yield (0-4 g.) (Found: C, 19-9; H, 2-5; Co, 10-8. 
CygHoeI,S,As,Co, requires C, 20-0; H, 2-4; Co, 10-9%). 

11 Chatt and Duncanson, Nature, 1956, 178, 997. 

18 Lindqvist, Acta Cryst., 1957, 10, 29. 

18 Chatt, Duncanson, Hart, and Owston, Nature, 1958, 181, 43. 


14 Gatehouse, personal communication. 
16 Nyholm, J., 1950, 2071. 
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Dithiocyanatodimethyl-o-methylthiophenylarsinecobalt(11).—Anhydrous cobalt chloride (0-2 g.) 
in alcohol (10 ml.) was treated with ammonium thiocyanate (0-3 g.) in alcohol (10 ml.), followed 
by dimethyl-o-methylthiophenylarsine (0-5 g.) in ethyl alcohol (10 ml.). After a few minutes, 
the black solution deposited greenish-black crystals of the solvated complex, which was filtered 
off and dried (P,O,) (yield 0-2 g.); the alcohol of solvation is driven off at a temperature above 
150° (Found: C, 33-8; H, 3-9; N, 7-1; Co, 13-9. C,,H,,;N,S,AsCo,$C,H,;-OH requires C, 
33-8; H, 3-8; N, 6-6; Co, 13-8%). 

Di-iodobisdimethyl-o-methylthiophenylarsinecobalt(11) Dihydrate-—A warm solution of an- 
hydrous cobalt iodide (0-7 g.) in alcohol (20 ml.) was treated with a solution of dimethyl-o- 
methylthiophenylarsine (0-5 g.) in alcohol (10 ml.). The solution was concentrated to half the 
original volume and cooled. The crop of purple crystals was filtered off, and the filtrate was 
further evaporated to give a blue oil, which, when scratched, yielded blue crystals of the 
complex (0-7 g.), which were washed with a small amount of alcohol (Found: C, 26-9; H, 3-3; 
I, 31:5; Co, 7-5%; M, cryoscopically in 0-68% nitrobenzene solution, 665. C,,H 3 ,0,1,S,As,Co 
requires C, 26-8; H, 3-7; I, 31-5; Co, 7-°3%; M, 805). The water of hydration is not removed 
in vacuo over phosphoric oxide, but is driven off when the compound is heated in a 
closed tube. 

Note. For molecular-weight determinations in nitrobenzene a salt—hydrate pair, sodium 
sulphate-sodium sulphate decahydrate, was employed as described by Roberts and Bury.'* 
Consequently, if a compound contains lattice water, this water will not cause a lowering of the 
freezing point, and thus will not give an abnormally low value for the molecular weight. 

Tetramethylammonium Tetrachlorocobaltate(11)—Anhydrous cobalt chloride (0-52 g.) in 
alcohol (20 ml.) was treated with a solution of tetramethylammonium chloride (0-66 g.) in 
alcohol (15 ml.). The light blue precipitate of the chloro-complex was filtered off and recrystal- 
lized from alcohol (yield, 0-5 g.) (Found: C, 27-5; H, 6-2; N, 8-4; Cl, 39-8. C,H,,N,Cl,Co 
requires C, 27-5; H, 6-9; N, 8-0; Cl, 40-6%). 

Tetraethylammonium Tetrabromocobaltate(11)—Anhydrous cobalt bromide (0-43 g.) in 
alcohol (20 ml.) was treated with tetraethylammonium bromide (0-6 g.) in alcohol (20 ml.). 
The blue compound was filtered off and recrystallized from alcohol (yield, 0-6 g.) (Found: C, 
30-2; H, 6-2; N, 4:1; Br, 50-0; Co, 9-1. C,,H gg N,Br,Co requires C, 30-1; H, 6-3; N, 4-4; Br, 
50-0; Co, 9-2%). 

Tetraethylammonium Tetra-iodocobaltate(11)—The bright green iodo-complex was similarly 
obtained (Found: C, 23-2; H, 4-7; N, 3-1; I, 61-4; Co, 7-3. C,.HN,I,Co requires C, 23-2; 
H, 4:9; N, 3-4; I, 61-4; Co, 7-1%). 

Tetraethylammonium Tetrathiocyanatocobaltate(11).—Addition of a solution of tetraethyl- 
ammonium bromide (0-6 g.) in alcohol (20 ml.) to anhydrous cobalt chloride (0-52 g.) and 
ammonium thiocyanate (1 g.) in alcohol (20 ml.) gave deep blue crystals of the thiocyanato- 
complex (0-5 g.) (Found: C, 43-7; H, 7-0; N, 14-8; Co, 10-7. CygpHy gN,S,Co requires C, 43-5; 
H, 7-3; N, 15-2; Co, 10-7%). 

Magnetic Susceptibility—The magnetic susceptibilities of the cobalt complexes were 
measured on the solid compounds at room temperature with a balance similar to that described 
by Baddar, Hilal, and Sugden.” The values for the diamagnetic corrections were taken from 
Selwood.?8 

Infrared Spectra.—These were obtained from Nujol mulls, sodium chloride optics being used. 

Visible and Ultraviolet Spectra.—These were measured on solutions of the complexes in nitro- 
benzene by using a Beckman spectrophotometer. 


Analyses for carbon, hydrogen, and nitrogen were carried out by Dr. E. Challen, of the 
micro-analytical laboratory of this University. 
DEPARTMENT OF INORGANIC CHEMISTRY, 


UNIVERSITY OF NEw SouTH WALES, 
BrRoaDWAY, SYDNEY, AUSTRALIA. [Received, April 20th, 1959.]} 


16 Roberts and Bury, J., 1923, 128, 2037. 
17 Baddar, Hilal, and Sugden, J., 1949, 132. 
18 Selwood, ‘‘ Magnetochemistry,”’ Interscience Publishers Inc., New York, 1943, p. 52, 
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19. The Determination of the Primary and Secondary 
Dissociation Constants of Some Aliphatic Dicarboxylic Acids. 
By R. H. Jones and D. I. Stock. 

A colorimetric method has been devised for the determination of the first 
and second thermodynamic dissociation constants of dibasic acids, thereby 
avoiding some of the difficulties inherent in electrometric methods, such as 
the uncertainties of interpretation introduced by the existence of liquid- 
junction potentials, or by the necessity for extrapolation of E.M.F. data 
from cells without liquid junctions. The pH scale is standardised by use of 
buffer solutions prepared from monocarboxylic acids of accurately known 
dissociation constants. The method has been tested by experiments on 
malonic, succinic, glutaric, adipic, and «-methyl-, 8-methyl-, and 88-dimethyl- 
glutaric acid, and has been found satisfactory. 


THE determination of the dissociation constants of dibasic acids has usually been made by 
one of two main methods, conductimetric and electrometric, though fairly recently a 
spectrophotometric method? has been employed. The conductimetric method has been 
extensively used by Vogel and his co-workers *4 to determine the primary dissociation 
constants (K,) of a series of dicarboxylic acids, but its disadvantages are now well known, 
and it may be fairly regarded as obsolete. There are also a number of distinct disadvan- 
tages inherent in the electrometric method, which have been discussed by German and 
Vogel,” and later by Speakman® and Bates. Chief among these are the difficulties 
involved in overcoming the uncertainties introduced by the existence of liquid-junction 
potentials, and of the standardisation of the pH scale. . 

In the present paper we have avoided the first difficulty by adopting a colorimetric 
method, and the second by using as pH standards partly neutralised solutions of mono- 
basic weak acids, whose hydrogen-ion concentrations could be calculated very accurately 
from known dissociation constants. The method of computing the thermodynamic 
dissociation constants of a dibasic acid, H,A, is essentially that described by Speakman,5 
with such minor modifications as are rendered necessary by the fact that colorimetric 
and electrometric methods measure different functions of the hydrogen-ion concentration. 

If, in accordance with general usage, pH is defined in terms of the hydrogen-ion activity, 
as pH = —log ag+, it follows that electrometrically measured pH gives a direct measure 
of the function f,{[H*], where f, signifies the activity coefficient of a univalent ion, and 
[H*] the concentration of hydrogen ions. However, in the case of colorimetric “ pH” 
determination it has been shown ? that two solutions in which the colour and concentration 
of an indicator are identical do not have the same pH value, as defined above, except 
coincidentally if they chance to have the same ionic strength (J). The function measured 
will depend on the nature of the indicator, and for sulphonephthalein indicators such as 
Bromophenol Blue and Bromocresol Green, used in the present work, the quantity 
fu+ -fn- [H*)/fae- is the same in each, as the main colour change of the sulphonephthalein 
indicators is known to be associated with the ionisation of a phenolic hydrogen atom in the 
singly-charged yellow carboxylate ion.** The activity coefficients of the two univalent 
ions being taken as equal, and that of the bivalent ion B*-, i.¢., fg:-, being written as f,, 
equality of colour in two solutions will indicate identity of the quantity pf,[H*] = 
—log f,[H*]. 

Our experimental procedure was therefore to prepare a series of solutions of the 


1 Robinson and Kiang, Trans. Faraday Soc., 1956, 52, 327. 
2? German and Vogel, J. Amer. Chem. Soc., 1936, 58, 1546. 
Jeffery and Vogel, /., 1936, 1756. 

Idem, J., 1939, 446. 

Speakman, /J., 1940, 855. 

Bates, J. Amer. Chem. Soc., 1948, 70, 1579. 

Stock and Davies, J., 1949, 1371. 

Kolthoff, J. Phys. Chem., 1931, 35, 1433. 
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dicarboxylic acid being studied; to these were added fixed amounts of indicator solution 
and of potassium chloride solution, and then standard sodium hydroxide solution corre- 
sponding to various stages of neutralisation between 20% and 80%. Each solution was 
finally made up with the appropriate volume of water to make the final volume twice 
that of the original acid sojution taken, so that the total acid concentration (a) was always 
maintained constant, at 0-005m. The pf,[H*] values were then determined as described 
below, by comparison with standard buffer solutions of accurately known pf,[H*]. 

The thermodynamic dissociation constants of a dibasic acid, H,A, may be defined 
by the equations: 


K, = (H")(HA)/?/[H,Alfy and K, = [H*)[A*]/,/[HA7] 
where fy, fi, fo, are the activity coefficients of uncharged species, univalent ions, and 
bivalent ions respectively. In a solution of total acid concentration a (molar) 
a = (H,A] + [HA-] + [A] 
and when a strong monoacid base such as sodium hydroxide, which may be taken as 


completely dissociated (as may its salts), has been added to give a molar concentration }, 
electrical neutrality requires that 


6 + [H*] = [HA™] + 2[A*"] + [OH] 
If, following Speakman,’ we define L, M, and N by the equations 


L =b+ [H*] — [OH") (= [HA-] + 2[A*-)) 
M =a —b—[H*} + [OH] (= [H,A] — [A?-]) 
N = 2a—b— [H*] + [OH-] (= 2[H,A] + [HA~)) 


it can easily be shown that 
[H*}. fPALINf, = K,((H*]f2M/NA) + KK, : * =» 

which may be written shortly X = K,Y + K,K,. If the parameter X be plotted against 
Y, a straight line should be obtained, the slope of which equals K,, and the intercept on 
the X-ordinate K,K,. In deriving X and Y . 

from the experimental data, certain approxim- 10-07 
ations must be made, but these may be shown 
to be such as not seriously to affect the 
accuracy of conclusions drawn from equation 
(i), which is rigorous. First, it is apparent 
that at pH’s below 7 the hydroxyl-ion con- 
centration can safely be neglected; further, in 
solutions of ionic strengths as low as those en- 
countered (not greater than 0-036) the activity 
coefficient f, is unlikely to differ appreciably 
from unity. Speakman assumed that for 
most of his solutions f, was unity, so that the 
activity of H* as measured electrometrically 
could be used in place of the concentration in 
evaluating L, M, and N, and in those cases 
where allowance was made for the activity 


10'°X 








coefficient, the Debye-Hiickel limiting law 5 eee vam 
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2:0 





(viz., log f, = —0-5z2J#) was used. The 
same law was used to evaluate the activity 
coefficients in his equation (i). In the present work, in order to minimise errors, the ionic 
strengths of the test solutions and of the comparison buffer solutions were made approx- 
imately the same by the addition of a fixed amount of potassium chloride td each solution. 
This made the ionic strength about 0-035 in each case, a value rather too high for the 
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Debye-Hiickel equation to be used. The Davies activity equation® (viz., log f, = 
—0-5z;2{J+/(1 + I#) — 0-27}) has been shown to be applicable up to ionic strengths of 
0-05, certainly well within the accuracy at which we were aiming. By assigning an 
approximate value to J the activity coefficients f, and f, were calculated, and hence [H*}, 
X, and Y. From the resulting plot initial values of K, and K, could be obtained, and 
thence [H,A], [HA~], and [A*-], from which a new value of J could be calculated. After 
about three successive approximations constant values for K, and K, resulted. The slope 
and the intercept were evaluated by the method of least squares. The method is illustrated 
by a typical plot of X against Y for adipic acid in the Figure. 


EXPERIMENTAL 


The procedure was tested by measurements on malonic, succinic, glutaric, and a-methyl-, 
6-methyl-, and $8$-dimethyl-glutaric, and adipic acid. These, and the mandelic and benzoic 
acid used for preparing the standard buffer solutions, were pure specimens, and were further 
purified by several recrystallisations from conductivity water, and dried in vacuo over concen- 
trated sulphuric acid. The purity of each acid was checked by m. p., and by titration against 
standard alkali. The acid solutions were freshly prepared for each run, and in no case was any 
solution kept for longer than three days. The potassium chloride was of “ AnalaR”’ grade, 
thrice recrystallised from conductivity water. Sodium hydroxide solution was prepared from 
clean pieces of sodium, which were allowed to react in a platinum dish standing over carbon 
dioxide-free conductivity water in a vacuum-desiccator; the resulting solution was transferred, 
diluted, and stored with the necessary precautions in a nickel bottle, and was standardised, 
through hydrochloric acid, against “‘ AnalaR’”’ sodium carbonate. The indicators, Bromo- 
phenol Blue and Bromocresol Green, were purchased as solids from B.D.H. Ltd., and made up 
to a final concentration of 0-04% by the method of Clark and Lubs.!® 

As subsequent calculations call for the determination of ionic strengths and hydrogen-ion 
concentrations as accurately as possible, the colour standards were prepared by partially 
neutralising solutions of monobasic acids, of accurately known dissociation constants, with 
standard sodium carbonate solution. That carbonic acid does not interfere at the pH values 
encountered was proved both experimentally and by calculation. Mandelic and benzoic acid 
were selected because their dissociation constants are known with high accuracy from con- 
ductivity investigations, which have also shown ion association to be negligible in dilute solutions 
of the sodium salts. The test solutions and the comparison standards contained the same 
amount of indicator, in the proportion of 5-0 ml. of 0-04% solution in a total volume of 55-0 ml., 
and the benzoate (or mandelate) buffers were of concentration 0-01m (total organic radical). 

The colour comparisons were made by means of a Unicam SP.600 spectrophotometer, with 
1 cm. glass cells. Absorption curves for solutions of varying pH, containing the standard 
concentration of indicator, were obtained and from these the wavelength (Am,x) corresponding 
to maximum absorption was determined. At this wavelength the sensitivity of the indicator 
to pH change is also at its maximum, and the subsequent measurements were all made at this 
wavelength. The transmission was measured on the spectrophotometer (to an accuracy of 
0-2%) in a room maintained at 25°, all solutions being kept in a thermostat at 25° + 0-01° 
until used to make up the test solutions. 

The method adopted for the determination of the hydrogen-ion concentration of the test 
solutions was as follows: a series of solutions of the monobasic acid was made up, neutralised 
to known extents by the addition of 0-04N-sodium carbonate, and containing the standard 
amounts of indicator and potassium chloride. The percentage transmission of each solution 
was measured, at the appropriate 2,,,, for the particular indicator, and a graph constructed 
of the percentage transmission at Ag,x against the volume of carbonate solution. From this 
graph the range of pH over which the plot was linear was found. In the subsequent experiments 
conditions were arranged so that the transmission of the test solution was always in the range 
25—60%. A graph relating f,[H*] to percentage transmission was also constructed, from the 
known composition of the solutions (the Davies equation being used to calculate the activity 
coefficients) and the dissociation constants of the acids (mandelic, K = 3-88 x 10, Banks and 


* Davies, J., 1938, 2093. 
1° Clark, ‘‘ The Determination of Hydrogen Ions,”” London, 1928, p. 94. 
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Davies ;-14 benzoic, K = 6-320 x 105, Brockman and Kilpatrick }*). By interpolating on this 
curve it is possible to determine directly the value of f,[H*] in the dicarboxylate buffer, equality 
of colour being taken to indicate equality of f,[H*].* 
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Thermodynamic dissociation constants at 25°, in aqueous solution. 


Acid Malonic Succinic Glutaric Adipic 

Ref. pk, pk, pk, pk, pk, pK, pk, pK 

13 2-85 — 4-18 _— 4-34 _— 4-43 —_— 

2 2-84 5-66 4-20 5-60 4-34 5-42 —_— — 

14 2-75 5-36 4-13 5:35 4-34 5-27 4-41 5-28 

15 2-83 5-69 4-19 5-48 4-34 5-42 4-42 5-41 

16 _ _ 4-16 5-61 4-34 5-41 4-43 5-41 
Present work 2-87 5-70 4-22 5-70 4-35 5-40 4-44 5-44 








Acid a-Methylglutaric B-Methylglutaric £8-Dimethylglutaric 
Ref. pk, pk, pk, pk, pk, pk, 
4 — — 4:24 — 3-72 — 
17 — — 4:24 6-20 3-69 6-26 
15 — — 4-33 6-22 3-70 6-29 
16 — — 4-25 5-41 3-70 6-34 
Present work 4:36 5-37 4:27 5:37 3°73 6-71 


The results of a series of measurements on the seven dicarboxylic acids studied ate collected 
in the Table, together with the pK’s obtained, at the same temperature, by previous workers: 
the values of «-methylglutaric acid do not appear to have been previously determined. 


DISCUSSION 


The values obtained for the dissociation constants of the acids are generally in good 
agreement with those previously reported by other workers using other methods. It is 
perhaps not unreasonable to infer that the various assumptions made are justified, and 
that the colorimetric method may offer a considerable advantage over electrometric 
methods. In the present work the reproducibility of +0-2% in transmission corresponds 
to a pf,[H*] accuracy of +0-002;. While it is true that the reproducibility in E.M.F. of a 
particular cell may correspond to perhaps as little as +0-001 pH unit, the uncertainties 
in the final (absolute) pK’s obtained, resulting from the existence of liquid-junction 
potentials, or from the necessity for the extrapolation of data to infinite dilution, may 
largely offset this greater reproducibility. It is realised that the used of such thermo- 
dynamically unsatisfactory quantities as individual ion activities may militate to some 
extent against the present treatment, but in solutions of as low ionic strength as these the 
consequent uncertainties are unlikely to be very great. We estimate that the final pK 
values quoted are probably accurate to +0-01. 
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20. Fluorocarbohydrates. Part II.* Characterisation of 
(+)-2-Deoxy-2-fluoroglyceric Acid and its Quinine Salts. 
By P. W. Kent, G. HEBBLETHWAITE, and N. F. TAYLor. 
The conditions for oxidation of (-+)-2-deoxy-2-fluoroglyceraldehyde 
have been studied. The aldehyde is quantitatively oxidised by hypohalites 
to the acid, which has been characterised as the methyl] ester and crystalline 
amide. With quinine, a pair of salts corresponding to (+ —) and (— —) 
forms was obtained. 
In Part I * syntheses of 6-deoxy-6-fluoro-D-galactose and 5-deoxy-5-fluoro-D-ribose were 
described. Extension of the synthesis of sugars containing non-terminal fluorine required 
the active forms of 2-deoxy-2-fluoroglyceraldehyde or of the corresponding acid. 

Attempts to obtain crystalline derivatives (hydrazones or esters) of the fluoro-aldehyde 
having failed,! the oxidation to the fluoro-acid was studied. It is reported that (--)-glycer- 
aldehyde is oxidised to glyceric acid by mercuric oxide ? (70% yield of barium salt), aqueous 
bromine * (76% yield of acid), alkaline cupric sulphate * (45% yield of calcium salt), 
0-1N-iodine in sodium carbonate® (calculated yield 99%). With aqueous bromine, 
(+-)-2-deoxy-2-fluoroglyceraldehyde is oxidised slowly (5% in 3 hr.), with some liberation 
of ionic fluorine. Similar expulsion of fluoride has been noted! when phenylhydrazines 
react in acidic conditions with (--)-2-deoxy-2-fluoroglyceraldehyde. 

In aqueous solution, the fluoro-aldehyde is oxidised rapidly by sodium or barium 
hypoiodite. In 15 min. at 20°, complete loss of reducing power is attained, with the 
consumption of 1-2 mols. of oxidant. In methanol, only 25—50% oxidation is observed 
and the yields were not enhanced by increase of temperature (30° to 40°). 

For the preparation of the fluoro-acid, aqueous barium hypoiodite was employed and 
the product was separated as the lead salt, treatment of which with methanol and sulphuric 
acid yielded the volatile (+)-methyl 2-deoxy-2-fluoroglycerate from which a crystalline 
amide was obtained. Free deoxyfluoroglyceric acid, obtained from the lead salt by 
addition of Dowex 50, formed highly hygroscopic crystals which were separated from 
glyceric and other acids by paper chromatography. With quinine, the fluoro-acid gave a 
salt (A) which after recrystallisation had [aj,24 —151° + 2° (m. p. 196°), and from the 
mother-liquors a second and more soluble salt (B) was obtained having [],2® —131° + 2° 
(m. p. 180°). It is of interest that with the quinine salts of glyceric acid ® the less-soluble 
compound (m. p. 178—180°) is the (— —) salt and the more soluble compound (x), 
— 126°, m. p. 187—188°) is evidently the (— +) salt. Addition of calcium hydroxide to 
(—)-quinine (+)-glycerate gives calcium (-+-)-glycerate, [a],?° +11-6°. 

It is tentatively concluded that the salt A is the (—)quinine (—)-2-deoxy-2-fluoro- 
glycerate, and salt B is the (—)-quinine (+-)-2-deoxy-2-fluoroglycerate. Thecalcium salts of 
the resolved acids were relatively soluble and therefore not suitable for reference purposes. 


EXPERIMENTAL 
Paper Chromatography.—Aldehydes and polyols were examined by downward elution in 
the water-poor phase of butan-1-ol-ethanol—water (4: 1:5 v/v), and acids by upward elution 
in propan-l-ol-ammonia (d 0-88) (6:4 v/v). Aldehydes were detected by aniline hydrogen 
phthalate,’ polyols by potassium permanganate,® and acids by Bromocresol Green.® 


* Part I, J., 1958, 872. 


1 Taylor and Kent, J., 1956, 2150. 

Wohl and Schellenberg, Ber., 1922, 55, 1404. 

Baer, Grosheintz, and Fischer, J]. Amer. Chem. Soc., 1939, 61, 2607. 

Wohl and Neuberg, Ber., 1900, 38, 3102; Nef, Annalen, 1904, 335, 323. 
Cajori, J. Biol. Chem., 1922, 54, 617; Spoehr and Strain, ibid., 1930, 89, 503. 
Anderson, Amer. Chem. J]., 1909, 42, 401. 

Partridge, Biochem. J., 1948, 42, 238. 

Pacsu, Mora, and Kent, Science, 1949, 110, 446. 

* Brown and Hall, Nature, 1950, 166, 66; Biochem. J., 1950, 47, 598. 
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Detection of Fluoride.—Qualitative tests were carried out as described by Taylor and Kent,’ 
and confirmed by emission spectra. 

Estimation of (+)-2-Deoxy-2-fluoroglyceraldehyde——Somogyi’s cupric tartrate reagent !* 
was found suitable for quantitative estimation of the fluoro-aldehyde in amounts between 
0-63 and 33 mmoles. Provided that the reaction mixture was heated at 100° for 30 min., a 
reproducible linear calibration was obtained. 

Oxidation of (+)-2-Deoxy-2-fluoroglyceraldehyde.—(i) With bromine. The fluoro-aldehyde 
(0-53 g., 5-5 mmoles) was dissolved in a solution of bromine (5-6 mmole) in water (30 ml.) and 
kept at room temperature for 24 hr.; a sample (freed from bromine by aeration) then reduced 
Fehling’s solution only slightly. The excess of bromine was then removed and the solution 
was neutralised with silver carbonate, filtered, saturated with hydrogen sulphide, filtered 
again, and concentrated under reduced pressure to a colourless syrup (0-25 g.), which contained 
fluoride ion. Chromatography in propanol-ammonia revealed two anionic components, Rp 
0:25 and 0-40 (cf. Ry 0-26 for fluoride and 0-51 for fluoroglycerate ion). 

(ii) With hypoiodite. The fluoro-aldehyde (0-36 g.) was dissolved in 55 ml. of a solution of 
0-3N-iodine in N-barium iodide, and 0-4N-barium hydroxide (80 ml.) was added dropwise to the 
stirred mixture. After 20 min. 3N-sulphuric acid (12 ml.) and lead carbonate (12 g.) were 
added and the inorganic precipitate was removed. 

The solution, when evaporated to dryness, yielded solid lead salts which did not reduce 
Fehling’s solution or give a positive test for fluoride unless fused with potassium. Chromato- 
graphy in propanol-ammonia revealed two anionic components, Ry 0-51 and 0-58 (cf. Ry 
0-48 for glycerate ion, 0-59 for iodide). 

Methyl (+)-2-Deoxy-2-fluoroglycerate [Methyl (+)-a-Fluoro-B-hydroxypropionate].—The dried 
impure lead salts described above were shaken with methanolic sulphuric acid (15 ml., 5% w/v), 
and the resulting inorganic precipitate was removed. A further 2-5 ml. of methanolic acid and 
7-5 ml. of methanol were added, and the solution was refluxed for 7 hr. After neutralisation 
with lead carbonate, filtration, and evaporation, a fluorine-containing liquid (0-2 g., 15%) was 
obtained which was identified as methyl (+)-2-deoxy-2-fluoroglycerate, b. p. 18°/0-05 mm., n,* 
1:4080 (Found: C, 38-9; H, 6-6; OMe, 25-3; F, 15-1. C,H,O,F requires C, 39-4; H, 5:7; 
OMe, 25-4; F, 15-6%). [Cf. methyl (+)-glycerate, b. p. 75°/0-15 mm., ,! 1-4450.] 

(+)-2-Deoxy-2-fluoroglyceramide [(+)-a-Fluoro-8-hydroxypropionamide].—A methanolic 
solution (5 ml.) of the fluoro-ester (0-22 g.) was saturated with anhydrous ammonia at 0°. After 
16 hr. at that temperature, the solvent was removed. The resulting product, recrystallised from 
dry acetone, had m. p. 115° (Found: C, 33-9; H, 5-6; N, 12-9; F, 17-0. C,H,O,NF required 
C, 33-7; H, 5-6; N, 13-1; F, 17-8%). A mixed m. p. with (+)-glyceramide (m. p. 90°) showed 
a depression. 

(+)-2-Deoxy-2-fluoroglyceric Acid [(-+)-«-Fluoro-B-hydroxypropionic Acid].—The lead salts 
(1-55 g.) of the fluoro-acid, obtained by oxidation of (-+)-2-deoxy-2-fluoroglyceraldehyde (1 g.) 
by sodium hypoiodite, were shaken with Dowex 50 (H*) (5 g. of wet resin) in 20 ml. of water. 
Slow evaporation of the filtered solution at room temperature gave highly deliquescent crystals 
containing organically bound fluorine, which on titration had equiv. wt. 118 (Calc. for 
C,H,O,F: equiv., 108). The substance was chromatographically homogenous (Ry 0-53 in 
propanol—-ammonia). 

Quinine Salts of 2-Deoxy-2-fluoroglyceric Acid.—The (+)-fluoro-acid, obtained by oxidation 
of 1 g. of the aldehyde, was neutralised with quinine (4-4 g.) at 100°. Excess of quinine was 
removed and the filtrate allowed to cool slowly to room temperature and then to 0°; an oil 
separated. The supernatant liquid was decanted and filtered. A white solid then separated 
which was recrystallised repeatedly from water, giving finally a crystalline quiniae salt, m. p. 
195—196°, [a],24 —151° + 2° (c 2 in water) (Found: C, 61-5; H, 6-7; N, 68; F, 5-0. 
C,;H,,0;N,F requires C, 64:0; H, 6-5; N, 6-5; F, 4:-4%). The oil which first separated was 
very soluble in ethanol and with this solvent gave a crystalline product which after recrystal- 
lisation from water-ethanol (1 : 1 v/v) gave a quinine salt having m. p. 196°, [a]? —151° + 2° 
(c 2 in water). ‘ 

The combined mother-liquors were evaporated under reduced pressure and dissolved in a 
dry ethanol (5 ml.). The solid, which separated, was recrystallised repeatedly from ethanol, 

© Taylor and Kent, J., 1958, 168, 872. } 


11 Birks, Spectrochim. Acta, 1954, 6, 169. 
12 Somogyi, J. Biol. Chem., 1952, 195, 19. 
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then having m. p. 179—180° and [aJ,,2° —132° + 2° (c 0-6 in water) (Found: C, 62-4; H, 6-8: 
N, 6:0; F, 48%). 


The authors are grateful to Sir Rudolph Peters and Mr. D. R. Davies for their interest and 
encouragement, and to Mr. L. C. Thomas and colleagues for quantitative fluorine determinations, 
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21. The Dielectric Polarisations and Apparent Dipole Moments 
of Alcohols as Solutes. 


By R. J. W. Le Févre and A. J. WILLIAMs. 


Fourteen normal alcohols from methyl to octadecyl, together with 
cyclopentyl and cyclohexyl, have been studied as solutes in carbon tetra- 
chloride at 25°, and their apparent partial polarisations calculated by 
mixture formule. The first six normal alcohols have also been similarly 
treated in benzene. Concentrations at which P, versus w, curves exhibit 
their initial minima are noted, and extrapolations to infinite dilution carried 
out only with solutions having lower values of w,. The ,,P, values so 
obtained correspond to dipole moments which, in nearly all cases, are slightly 
higher than those given in earlier literature. The factors («e,),,., and 
(843)w,—9 are found to be related by quadratic or cubic expressions to the 
number of carbon atoms in the alkyl chain, and various empirical equations 
connecting these quantities are quoted; as would be expected, therefore, 
«of: also shows a smooth dependence on the carbon-atom content. 


In connection with work! on the molar Kerr constants of alcohols as solutes in carbon 
tetrachloride, information was needed on the concentration-dependence of the dielectric 
constants and densities of such solutions. In particular, values were required of the 
factors «e, and 6 for each alcohol at infinite dilution. (These relate to dielectric constants 
and densities respectively, cf. ref. 2, p. 4045; ref. 3, pp. 55—58; ref. 4, p. 283. Definitions 
of other symbols used in this paper are also given in refs 2—4. Concentrations are 
expressed as weight fractions w, of solutes in solutions.) 

The literature proved unhelpful. Refs. 5—17, it is true, included data obtained with 
carbon tetrach/oride as solvent, but, first, they dealt most frequently with methyl and 
ethyl alcohols and only occasionally with higher normal alcohols, and secondly, they 
reported apparent polarisations over different concentration regions. It is well 
established 1**° that the polarisation—concentration graphs for several alcohols exhibit 
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TABLE 1. Weight fractions, dielectric constants, densities, and apparent polarisations of 
' n-alcohols in carbon tetrachloride at 25°. 


10°w, «* d2* P,(c.c.) 10°, ec d3* P,(c.c.) 10°5w, ad3* P, (c.c.) 

l Methyl alcohol Butyl alcohol Octyl alcohol 

: 96 2-2456 1-58277 7 lll 2-2351 1-58264 85-5 162 2-2334 1-58195 102-6 
115 2-2477 1-58241 7 1132-2358 1-58258 90-5 330 2-2402 1-57961 101-7 
183 2-2583 1-58138 7 172 2-2398 1-58160 87-1 336 2-2409 1-57937 104-0 
207 2-2620 1-58095 6 223 2-2429 1-58072 85-0 589 2-2509 1-57565 102-7 
267 2-2714 1-57994 6 251 2-2451 1-58047 843 625 2-2524 1-57502 103-1 
375 2-2889 1-57852 6 390 2-2548 1-57838 83-0 669 2-2539 1-57451 102-1 
404 2-2895 157775 6 453 2-2590 1-57738 82-6 734 2-2561 1-57340 101-6 
453 2-2971 1-57713 6 471 2-2601 1-:57700 82-3 737 2-2567 1-57438 102-5 
674 2-3256 1-57325 6 631 2-2700 1-57458 80-4 882 2-2625 1-57135 102-2 
830 2-3502 1-57107 6 954 2-2881 1-56952 177-3 1086 2-2682 1-56830 98-9 
974 2-3685 1-56868 6 1197 2-3009 1-56576 75-4 1256 2-2746 1-56571 99-5 
984 2-3704 1-56852 6 1539 2-3181 1-56064 73-2 1627 2-2856 1-56041 96-3 


11432-3949 1-56608 
1434 2-4456 1-56144 
1658 2-4859 1-55780 
2191 2-5958 1-54984 
2524 2-6770 1-54425 
30172-8047 1-53670 
3877 3-0603 1-52399 


2203 23512 1-55060 71-1 1764 2-2898 1-55826 95-9 
3124 2-4017 153709 69-5 1977 2-2958 1-55543 94-6 
3640 2-4309 1-52914 69-6 
5142 2-5209 1-50844 70-0 Nonyl alcohol 
176 2-2338 1-58186 111-8 
379 2-2410 1-57882 108-3 
Pentyl alcohol 392 2-2415 1-57864 108-2 


WaASSRESSSSSSSESES SUA 
KWOK AI1OCUTR NW WK OK WWF FF OW 


STI IAADASH 


4270 3-1957 1-51793 339 2-2470 1-57937 86-9 558 2-2478 1-57611 108-9 
Ethyl alcohol 398 2-2506 1-57839 87-5 694 2-2525 1-57412 107-9 
alegre 476 2-2548 1-57716 86-6 862 2-2583 1-57171 107-1 
45 2-2329 1-58379 81:3 734 2-2683 1-57326 84-4 896 2-2595 1-57108 107-3 
72 22353 1-58320 79-7 957 2-2794 1-56981 82-9 1015 2-2637 1-56935 106-9 
95 2-2378 1-58275 78-6 1269 2-2935 1-56517 80-7 1287 2-2718 1-56536 104-7 
1012-2393 1-58266 77-6 1811 2-3162 1-55721 77-6 1499 2-2778 1-56232 103-4 
1802-2486 1:58126 76-6 19172-3204 155554 77-2 16172-2812 1-56053 103-0 
194 22501 1-58135 75:2 2179 2-3307 1-55183 76-1 1996 2-2911 1-55525 100-6 
214 2-2510 1-58083 73-6 2268 2-3344 1-55042 75-9 2447 2-3027 1-54889 98-8 
286 22608 1:57935 75°7 2789 2-3551 154285 746 2590 2-3063 1:54664 98-5 
on 386 2-2692 1:57793 70-7 3474 2-3832 1-53280 73-7 2972 2-3143 1-54151 96-5 
ric 3902-2705 1-57785 72-4 4316 2-4164 1-52149 72-5 3198 2-3193 1-53809 95-8 
he 420 22747 1-57752 725 = 56252-4721 (:1-50346 72-2 3859 2-3346 1-52924 94-3 
574 2-2902 1-57485 70-8 6429 2-5085 1-49264 72-3 4186 2-3440 1-52474 94-4 
its 660 2-2959 1-57356 67-8 
789 23077 1-57142 66-8 . 
ns td Decyl alcohol 
o Gace tan tan oe Hexyt aloha g2 22903 158892 1295 
16142-3859 155816 64-4 227 2-2391 1:58107 94-2 87 2-2300 1-58307 119-9 
; 9339 29-4624 1-54674 64-9 385 2-2476 1-57865 94-5 100 2-2309 1-58312 124-9 
ith 2883 2-5276 1-53841 66-2 5862-2575 1:57570 93-1 132 2-2319 1-58256 118-7 
nd 3449 2-6137 1-52890 69-3 907 22722 1-57078 90-7 166 2-2334 1-58213 120-6 
5090 28539 1-50545 72-3 1236 2-2857 1-56592 88-0 201 22344 1-58157 118-2 
ley ‘d 1741 2-3053 1-55840 85:3 225 2-2352 1-58107 119-2 
yell Propyl alcohol 1782 2-3055 1-55782 84-4 307 2-2380 1-57999 117-3 
: yrs. a . 2814 2-3417 1-:54297 80-8 3772-2402 1-57870 116-4 
bit lig Raevm Lnbeees 753 3209-23566 (153733 80-4 433 22424 157804 116-4 
1462-2404 1-58204 81-0 4048 2-3877 152347 80-3 530 2-2452 1:57669 115-6 
214 2-2459 1-58092 79-0 4577 2-4023 1-51749 78-4 692 22511 1-57419 115-2 
355 92-9576 1-57865 77-3 1484 2-2736 1-56251 109-4 
9 9. e 
532 22711 1-57583 75-0 Heptyl alcohol 2630 23017 154596 104-5 
735 2-2860 1-57256 73-2 180 2-2355 1-58179 101-3 pot 2-3058 1-54391 104-6 
773 22880 1-57191 72-4 S70 99008 lseels 1012 SS Shee Toe ase 
1106 23101 1-56665 69-9 -™ some tone wet. See foe ee 
1195 2-3153 1-56532 68-9 440 2-2479 1-57779 100-2 5968 23710 150047 97-5 
1518 2-3327 1-56046 66:1 469 2-2492 1-57728 100-3 
17732-3513 1-55654 66-2 470 22495 1-57675 99:4 Dodecyl alcohol 
22232-3816 1-54977 65-8 477 2-2495 1-57737 99:6 125 2-2307 1-58277 123-5 
2865 2-4261 1-54024 65-5 706 22599 1:57376 99-4 243 42-2340 1-58098 124-8 
3395 2-4505 1-53227 63-3 766, 2-2624 1-57306 98-6 662 22446 1-57482 118-5 
3899 2-5075 1:52483 66-7 950 2-2699 1-56998 97-7 869 2-2511 1-57186 120-8 


4948 26004 1-50980 684 1229 22807 156597 95:7 964 22525 1-57048 118-2 
14292-2881 1:56272 94-7 11682-2588 1-56750 119-7 

Butyl alcohol 1694 2-2963 155926 92-1 1288 2-2602 ,1-56575 117-0 

955, 52 2-2310 1-58360 90-1 2225 23140 1:55150 89:9 1644 2-2698 ‘1-56067 117-6 
602-2318 158351 91-5 2633-23270 154556 88-5 1701 22726 1-55969 119-4 
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TABLE 1. (Continued.) 

10°w, es d25 P,(c.c.) 105w, e% d2* P,(c.c.) 105w, @5 ad? Py (c.c. 

Dodecyl alcohol Hexadecyl alcohol Cyclopentyl alcohol 
1720 2-2703 1-55964 115-8 1208 2-2517 1-56760 137-4 704 2-2699 1-57654 
2133 2-2813 1-55346 116-8 1492 2-2577 1-56369 137-2 768 2-2734 1-57594 
2754 2-2913 1-54484 112-6 1762 2-2630 1-55989 137-2 1032 2-2863 1-57302 
2959 2-2938 1-54227 110-8 1806 2-2632 1-55908 136-5 1216 2-2947 1-57107 
3951 2-3127 1-52789 109-7 2030 2-2680 1-55607 136-9 1337 2-3000 1-56965 
4907 2:3276 1-51517 107-3 2580 2-2774 1-54812 135-7 2069 2-3318 1-56187 


SD a1 +1 +1 +1 +10 @O 
OQ rtd @ =! © wm 80 
OE ee ee le 


2846 2-2825 1:54519 134-9 2336 2-3433 1-55915 

Tetradecyl alcohol 3379 2-3825 1-54839 

255 2-2330 1-58078 130-3 Octadecyl alcohol 3668 2-3965 1-54514 

370 2-2355 1-57913 130-0 411 2-2349 1-57857 150-3 

470 2-2378 1-57762 128-2 476 2-2366 1-57766 153-1 Cyclohexyl alcohol 
5512-2397 1-57646 128-4 760 2-2418 1-57362 151-0 72 2-2317 1-58374 100-5 
728 2-2441 1-57383 129-7 871 2-2438 1-57193 150-8 187 2-2389 1-58241 98-8 
752 2-2444 1-57348 129-0 1086 2-2477 1-56878 150-5 316 2-2468 1:58104 97-7 
779 2-2446 1-57322 127-6 11102-2485 1-56846 151-1 435 2-2543 1-57973 97-8 
863 2-2472 1-57188 129-9 1459 2-2546 1-56369 149-5 531 2-2600 1:57859 97-2 
1054 2-2511 1-56916 128-0 1521 2-2556 1-:56265 149-5 713 2-2714 1-57694 96-5 
1092 2-2524 1-56866 128-8 1612 2-2571 1-:56145 148-9 831 2-2769 1-57534 94-5 
1164 2-2534 1-56758 127-5 1849 2-2615 1-55809 149-0 1092 2-2907 157247 92-7 
1232 2-2552 1-56663 128-0 2692 2-2742 1-54630 146-0 11772-2961 1-:57150 93-1 
1391 2-2589 1:56444 127-9 1805 2-3267 1-56469 989-3 
1938 2-2695 1-55672 125-7 Cyclopentyl alcohol 1968 2-3328 1-56316 87-6 
2142 22734 155314 126-0 88 2-2325 1-58333 88-0 2418 2-3555 1-55887 86-5 
90 2-2330 1-58347 88-2 2746 2-3688 1-55543 84-9 
Hexadecyl alcohol 202 22400 1-58223 86-4 3054 2-3832 1-55244 84-2 
438 2-2358 1-57838 137-5 221 2-2406 1-58204 87-4 4662 2-4557 1:53587 81-8 


825 2-2440 1-57286 137-9 309 2-2466 1-:58100 85-3 
957 2-2467 1:57105 137-4 466 2-2564 1-57928 84-4 


maxima or minima through the development of complexes of greater or less polarity as 
the concentration is progressively increased. Since the molar Kerr constants desired in 
ref. 1 were to be those of unassociated single molecules, it was essential that observations, 
used for the calculations of values of ,.(mK,) should only be made between w, = 0 and those 
w,'s at which the first marked curvature changes occur in the polarisation—concentration 
plots. The initial motive for the present work was therefore to ascertain by experiment 
suitable w, ranges for each of sixteen alcohols named in the Tables below. 


EXPERIMENTAL 


Materials.—Carbon tetrachloride of the best commercial grade was dried (CaCl,), fractionated, 
stored over calcium chloride, and filtered immediately before use. Thiophen-free benzene was 
partially frozen, and the remelted solid dried and kept with sodium wire. The solutes were 
redistilled or recrystallised as necessary and had the b. p.s or m. p.s recorded for pure samples 
in Beilstein’s ‘‘ Handbuch.” Gifts of n-octyl and n-tetradecyl alcohols were received from 
Dr. R. J. Meakins (National Standards Laboratories, C.S.I.R.O.) and are gratefully 
acknowledged. 

Methods and Apparatus.—Measurements and calculations followed the directions given by 
Le Févre,? except that the circuit used for dielectric-capacity comparison was that described 
in ref. 21. All work was at 25°. 

Observations.—Table 1 lists dielectric constants ¢*, densities d,*, and apparent total 
polarisations P, of solutions containing weight fractions w, of alcohols in carbon tetrachloride. 
Table 2 gives parallel data secured for a few alcohols with benzene as solvent. The P, values 
also shown have been calculated by Sugden’s mixture rule, by use of specific polarisations 
Pi, and p, of solutions and solvent, in conjunction with the molecular weights M, of the 
monomers concerned in each case: 


P, = M.p, = M,[p, + (Piz — P1)/#2) 


*! Buckingham, Chau, Freeman, Le Févre, Narayana, Rao, and Tardif, J., 1956, 1405. 
*2 Sugden, Trans. Faraday Soc., 1933, 30, 720. 
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TABLE 2. Weight fractions, dielectric constants, densities, and apparent polarisations 
of n-alcohols in benzene at 25°. 


1053w, «© d7* Pi(cc.) 10°5w ie d3* Pi(c.c.) 10,  e% d3* P, (c.c.) 
Methyl alcohol Ethyl alcohol Butyl alcohol 
166 2-2904 0-87359 177-0 1626 2-3868 0-87191 77-2 1306 2-3262 0-87255 84-7 
244 2-2982 0-87350 75-4 2027 2-4177 0-87149 177-9 1467 2:3350 0-87249 86-4 
397 2-3144 0-87329 75-7 2190 2-4270 0-87137 76-8 15232-3354 0-87260 84-1 
509 2-3264 0O-87318 75-4 3117 2-5019 0-87041 78-4 1794 2-3474 0-87208 85-3 
685 2-3444 0-87309 74-4 4101 2-5831 0-86945 79-1 1800 2-3475 0-87214 85-1 
855 2°:3628 0-87284 174-7 5416 2-7010 0-86813 80-3 2066 2-3593 0-87194 85-4 
903 2-3683 0-87281 74-9 2221 2-3644 0-87169 84-6 
1228 2-4030 0-87250 74:5 Propyl alcohol 2837 2-3920 0-87121 85-2 
1372 2-4216 0-87229 75-7 156 2-2804 0-87368 78-9 3251 2-4089 0-87082 84-8 
1512 2-4374 0-87224 75-6 331 2-2892 0-87347 179-5 3339 2-4144 0-87088 85-3 
1527 2-4383 0-87224 75:3 401 2-2922 0-87345 177-8 3802 2-4334 0-87037 84-9 
1608 2-4477 0-87215 75-2 474 2-2959 0-87333 178-3 
1640 2-4518 0-87214 75-6 574 23014 0-87311 79-8 Pentyl alcohol 
2161 2-5149 0-87164 76:3 675 2-3060 0-87308 178-7 297 2-2820 0-87359 84-9 
2324 2-5376 0-87143 77-1 793 2-3124 0-87297 79-3 467 2-2875 0-87346 85-0 
3167 2-6445 0-87091 77-4 1006 2-3243 0-87272 80-5 722 2-2951 0-87327 84-1 
3636 2-7140 0-87055 78-6 1053 2-3258 0-87270 79:8 836 2-2994 0-87316 85-5 
4986 2-9223 0-86912 80-6 llll 2-3300 0-87263 80-8 1335 2-3155 0-87272 85-7 
1221 2-3344 0-87254 80-2 1752 2-3293 0-87240 85-8 
Ethyl alcohol 1558 2-3543 0-87217 81-3 2057 2-3403 0-87212 86-7 
158 2-2835 0-87361 77:1 1701 2-3587 0-87205 79-2 2283 2-:3477 0-87197 86-5 
206 2-2861 0-87359 74-2 1767 2-3656 0-87197 81-3 2856 2-3685 0-87144 87-6 
224 2-2889 0-87352 80-0 2411 2-4013 0-87134 81-7 3581 2-3951 0-87093 88-1 
271 2-2906 0-87349 75-0 2896 2-4241 0-87102 80-1 
308 2-2934 0-87347 76-0 3090 2-4361 0-87075 80-7 Hexyl alcohol 
428 2-:3016 0-87335 76-1 3932 2-4829 0-86998 80-7 309 2-2804 0-87358 86-3 
530 2-3078 0-87316 75-1 4021 2-4888 0-86993 980-9 525 2-2869 0-87344 89-9 
542 2-3091 0-87313 75-8 4239 2-5007 0-86974 80-8 722 2-2919 0-87323 89-2 
586 2-3121 0-87308 75:8 931 2-2980 0-87309 88-3 
736 2-3231 0O-87311 76-1 Butyl alcohol 990 2-3001 0-87308 90-9 
739 2-3225 0-87291 75-8 289 2-2842 0-87357 82-4 1176 2-3048 0-87283 90-4 
766 2-3250 0-87290 176-5 353 2-2863 0-87349 81-8 1359 2-3111 0-87272 92-0 
787 2-3263 0-87287 176-3 627 2-2979 0-87327 83-7 1755 2-3211 0-87240 90-6 
1047 2-3447 0-87257 76-6 635 2-2980 0-87316 83-8 2028 2-3301 0-87218 91-9 
1102 2-3494 0-87267 76-8 762 2-3028 .0-87307 83-0 2139 2-3349 0-87206 93-4 
1131 2-3510 0-87246 77-0 899 2-3095 0-87293 84-9 2434 2-3425 0-87180 92-6 
1138 2-3518 0-87255 177-6 914 2-3094 0-87293 83-8 2468 2-3452 0-87177 93-8 
1166 2-3544 0-87246 177-5 987 2-3123 0-87285 83-8 2707 2-3509 0-87166 92-8 
1389 2-3706 0-87219 177-6 1293 2-3252 0-87260 84-1 3079 2-3620 0-87136 92-8 


TABLE 3. Weight-fraction range used for computation of Ae and Ad increments for 
normal alcohols in carbon tetrachloride at 25°. 


Alcohol W, Tange Alcohol w, range Alcohol w, Tange 
ca ee 0—0-00674 MHeptyl ............ 0—0-02633  Tetradecyl ......... 0—0-02142 
ne a re 0—0-00789 Octyl ...........000. 0—0-01977 Hexadecy] ......... 0—0-02846 
WOE ceiceccovess 0—0-01518 WRONG cccsdcsccceeses 0—0-02972 Octadecyl ......... 0—0-02692 
ee 0—0-01539 DOES: wccesisccccesss 0—0-02630 Cyclopentyl ...... 0—0-02069 
ED. wcvsdieesics 0—0-02789 DOGSCHE ccscsesceves 0—0-02959 Cyclohexyl......... 0—0-01968 
re 0—0-01782 


Dielectric constants and densities for the pure solvents, i.e., when w, = 0, are: for carbon 
tetrachloride, ¢,25 = 2-2270, d> = 1-58454; for benzene, ¢,2> = 2-2725, d,*> = 0-87378. 

Tables 3, 4, and 5 deal with the calculation of P, at infinite dilution in carbon tetrachloride. 
Table 4 gives equations, fitted by least-squares, of the type recommended by Harris, Le Feévre, 
and Sullivan *° for Ae (or Ad) in terms of w,; Table 3 reports the limits of concentration beyond 
which, in individual instances, these fits have not been carried. In Table 5 up and yp are the 
moments found by using R,, or 1-05R, respectively as distortion polarisations. 


DISCUSSION 
Variation of Polarisation of Solute with Concentration.—The Figure shows the P, values 
from Table 1 plotted against their appropriate weight fractions. Only for the first four 
%3 Harris, Le Févre, and Sullivan, J., 1953, 1622. 
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TABLE 4. Equations for dielectric constant and density increments in carbon 
tetrachloride at 25°. 


Alcohol * Ac Ad (ae,)w,=0 (Bay)o,=9 
a) ee 17-842w, — 491w,? 1-737w, — 11-lw,? 17-8, + 0-2, 1-74 + 0-02 
See 12-54lw, — 297w,? 1-822w, — 20-5w,? 12-54 + 0-08 1-82 + 0-02 
a 8-998w, — 134w,? 1-68lw, — 6-3w,* 9-00 + 0-02 1-681 + 0-003 
Oo) 7-464w, — 103w,* 1-625w, — 4-8w,? 7-46 + 0-04 1-625 + 0-007 
PURYE ..cccesoreee 6-098w, — 64-6w,? 1-557w, — 2-4w,? 6-10 + 0-02 1-557 + 0-003 
i 5-547w, — 62-5w,* 1-527w, — 1-5w,* 5-55 + 0-03 1-527 + 0-002 
Heptyl ......... 4-898w, — 43-lw,?  1-554w, — 2-7w,* 4-90 + 0-02 1-554 + 0-003 
LO ea 4-279w, — 40-7w,2 _ 1-527w, — 2-4w,? 4-28 + 0-02 1-527 + 0-005 
BNE. \ctsceesesess 3-885w, — 32-lw,? = 1-520w, — 2-4w,* 3-885 + 0-008 1-520 + 0-001 
BIONTE ccecesssseve 3-638w, — 30-6w,? :1-521w, — 3-4w,? 3-638 + 0-008 1-521 + 0-004 
Dodecyl ......... 2-966w, — 22-9w,? 1-48lw, — 1-8w,? 2-97 + 0-01 1-481 + 0-004 
Tetradecyl ...... 2-415w, — 11-3w, —-1-464w, — 0-6w,? 2-42 + 0-02 1-464 + 0-007 
Hexadecyl ...... 2-136w, — 6-6w,? 1-420w, — 0-9w, 2-14 + 0-02 1-42 + 0-01 
Octadecyl ...... 2-033w, — 10-2w, 1-457w, — 1-4w,? 2-03 + 0-02 1-457 + 0-003 
Cyclopentyl ... 6-482w, — 69-8w,? 1-143w, — 2-3w,? 6-48 + 0-03 1-143 + 0-003 
Cyclohexyl ...... 6-556w, — 58-9w,? = 1-113w, — 1-lw,? 6-56 + 0-04, 1-113 + 0-006 


* Normal isomers, except the last two. 


TABLE 5. Polarisations at infinite dilution in carbon tetrachloride at 25°, and apparent 
dipole moments. 


Solute alcohol os (c.c.) Rp (c.c.) * pr (D) Hp (D) 
BD asiccancswscassecesstericcsecossns 72-8, 8-22 1-7, 1-7, 
BINED, dusedccntedtesnetavenrssedeccesceere 79-3, 12-90 1-8, 1-7, 
iit a RCE RTI F 79-9, 17-54 1-7; 1-735 
ge OE LI 86-0, 22-14 1-7, 1-7; 
PIE ccnaleseddstideencessininecnassendon 89-0, 26-84 1-7, 1-755 
DENINE wileuoneceesisesesassivéosvccosccaes 96-8, 31-39, 1-7, 1-7, 
BIMNE  -webadveddseevedscecsduceosecacece 102-5 36-04 1-8, 1-7, 
CIOEEE  wassclsevssocescescacdasueseciescose 105-9 (40-73) 1-795 1-7, 
BED -vutihansebndbumieertndchecicerseosa 111-2 45-34 1-7, 1-7, 
SI‘ dnteUanecithenndsaesdetboeoncosectue 117-9 50-00 1-8, 1-7, 
BE Ssesciccusiesoncissvcsdevdseeaves 124-6 (59-32) 1-7, 1-7, 
WINNS osccscccveswecnccesscavesneves 130-6 (68-61) 1-7, 1-6, 
PIED wiivtctscencnccstossdscessssues 139-2 (77-90) 1-7, 1-65 
UE” acccdendicecccseveserscescasté 153-3 (87-20) 1-8, 1-7, 
GONE Seesiicnescscereccsccsccees 86-29 24-57¢ 1-7, 1-7, 
GIDE sanvsentncacssicedcocescesstcs 101-3 29-164 1-8, 1-8, 


* From Vogel, J., 1948, 1814, except values in parentheses which are calculated from group 
refractivities listed by Vogel in J., 1948, 1833. 
* From Vogel, J., 1938, 1323. 
TABLE 6. Equations for dielectric constant and density increments for the n-alcohols in 
benzene at 25°, together with polarisations at infinite dilution and apparent dipole 


moments. 

Solute cos LR 

alcohol Ac Ad («E3)102=0 — (Bdy)w, = 9 (c.c.) (D) 
Methyl... 9-910w, + 62-0w,? 0-1083w, — 0-28w. 9-914 0-01 0-108 + 0-008 71-99 1-76 
Ethyl ... 6-708w, + 20-9w,? 0-1176w, — 0-28w,? 6-71+ 0:02 0-118 + 0-001 75-95 1-75 
Propyl... 5-034w, + 8-3w,* 0-1068w, — 0-26w,.? 5-03 + 0-02 0-1068 + 0-0007 79-93 1-75 
Butyl ... 4-060w, + 4:9w,? 0-0967w, — 0-19w, 4:06+ 0:02 0-097 + 0-001 84-66 1-75 
Pentyl... 3-064w, + 9-4w,? 0-0817w, — 0-05w,? 3-06 + 0-02 0-0817 + 0-0009 83-66 1-66 
Hexyl ... 2-678w, + 8-6w,? 0-0785w, + 0-07w, 268+ 0-03 0-079 + 0-001 89-41 1-68 


alcohols are minima seen, respectively at w, = 0-01, 0-02, 0-025, and 0-035 for methyl, 
ethyl, propyl, and butyl alcohols. The last three points cannot be fixed precisely, owing 
to the flatness of the curves. The values of w, quoted correspond, in turn, to molar 
fractions f, = 0-05, 0-06, 0-06, and 0-07; these agree roughly with other estimates 1." 
in different solvents. No such marked features appear with the six alcohols examined in 
benzene (Table 2); methyl and ethyl seem to exhibit slight signs of an initial dropping off 
of P, at concentrations between zero and 0-5—0-6%, but these may arise from small errors 
iN €y9 OF dy, which, as w. diminishes, affect the calculation of P, by mixture formule more 
and more strongly; the values of P, for propyl, butyl, pentyl, and hexyl alcohols rise 
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slowly-as w, is increased. Table 7 gives the total polarisations as pure liquids of -those 
alcohols for which a dielectric constant at room temperature is recorded.** It is note- 
worthy (see Tables 5 and 6) that alcohols above pentyl have Piqua values which exceed 
those at infinite dilution. To meet the objection that 7P has here been calculated by using 
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the molecular weight of the monomer, the last column of Table 7 shows ratios of the 
specific orientation polarisations of the liquids to those of their respective monomers. 


TABLE 7. Total polarisations of liquid alcohols. 


Alcohol Temp. € d; tP (c.c.) oPrtiquia/oP monomer 
oe A ee 25° 32-63 0-7866 37-2 0-45 
ere 25 24-30 0-7851 52-0 0-59 
NT iccscesicessescsennes 25 20-1 0-7998 65-0 0-76 
TEE xndbaddackpeobeokenes 25 17-1 0-8057 77-5 0-87 
ND cisdvetsuvecnovecdess 25 13-9 0-8110 88-2 0-99 
| ee 25 13-3 0-8153 101 1-06 
DME. civenicenotiuenes's 22 12-10 0-8187 112 1-14 
ST “itheneshasesaanbers 20 10-34 0-8270 119 1-20 
ME nsuistsiinndousuanece 20 8-1 0-8287 134 1-24 
MEE Neoveniscchiminess 25 6-5 0-8309 145 1-31 


The ratios pass through unity as the carbon content changes from 5 to 6. Despite 
the undoubted complexity of these liquid phases (cf. refs. 19, 20, 26—30), it is relevant that 


*4 Maryott and Smith, ‘‘ Table of Dielectric Constants of Pure Liquids,’’ Nat. Bur. Stand. Circular 
514, issued Aug. 1951. 

25 Wesson, ‘‘ Tables of Electric Dipole Moments,” Technology Press, Massachusetts Institute of 
Technology, 1948. 

26 Stuart, ‘‘ Die Struktur des Freien Molekiils,”’ Springer, Berlin, 1952, p. 270. 

*7 Jacobsen, Acta Chem. Scand., 1955, 9, 997. 

*8 Oster and Kirkwood, J. Chem. Phys., 1943, 11, 175. i] 

2° Boud, Cleverdon, Collins, and Smith, J., 1955, 3793. 

8° Pierce and MacMillan, J. Amer. Chem. Soc., 1938, 60, 779. 
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if in a polymer the moments of the monomers were additive (so that upoiymer = % X Umonomer) 
the orientation polarisation would be (47/9kt)(N/n)(n?u?) while that of the monomer is 
(47/9Kt)(Nu2); division by the molecular weights (nM and M respectively) shows the 
specific orientation polarisations to be the same, so that oPriquia/oPmonomer = 1. Evidently 
the aggregates from the alcohols up to pentyl alcohol are not uniformly constructed on 
the pattern described; they must include cyclic or helical forms, with presuitant less than 
NULmonomer: 

Simple considerations suggest that the size of R in ROH has an important influence 
on the configuration of the polymer (ROH),: the length * of the O----H-O unit is ca, 
2-8 A, r¢-o is 1-43 A, and the C-O-H angle is 108°; even if we allow that in the complex the 
oxygen atoms may have valency angles as large as 120°, the inter-centre distances between 
adjacent methyl groups in a cyclic (MeOH), would be around 4 A, not much more than 
twice the “ Wirkungsradius” of the CH, group. With alkyl groups having a greater 
volume demand than methyl, this steric obstacle to a cis-arrangement will be more 
pronounced: it can be avoided by rotations about the O----H—-O axes, thus inducing 
(in terms of the O----H-O bonds) zig-zag configurations, which may be twisted into loose 
helices; in such forms the moments of the individual alcohols [acting (cf. Smyth,” p. 302) 
at ca. 60° to the C—O link in a separate molecule] are seen to contribute co-operatively to 
the resultant moment of the polymer more and more as the alkyl groups achieve all-trans- 
dispositions. Of course, in such extended arrangements, with the component monomer 
moments roughly one behind the other, there will be mutual augmentation by induction, 
thus making ppotymer Numerically greater than monomer; Table 7 indicates that this is the 
situation for those alcohols above hexyl, for which oPiquia/oPmonomer Tatios exceed unity. 

Polarisations at Infinite Dilution, and Apparent Dipole Moments.—Tables 5 and 66 list 
the values of ,,P, obtained by the equation: 


oP, = M,[p,(1 — 8) + ¢ ae] 


where M, is the molecular weight of the monomeric solute, and other symbols are as in 
ref. 23 or ref. 3, p. 56. The magnitudes of « and 8 at infinite dilution are taken from 
Tables 4 and 6 respectively for solutions in carbon tetrachloride or benzene. Comparisons 
between Tables 5 or 6 and Table 8 show that in nearly all cases the moments now estimated 


TABLE 8. Moments previously reported * for alcohols dissolved in carbon tetrachloride 
or benzene, or as vapours. 


Solute alcohol Solvent Values reported (D units) 
BEER anbaeesncesenctbances C,H, 1-66, 1-64, 1-6, 1-664, 1-66, 1-69, 1-62 
ENE | sneidsnnsssepenmenancans CCl, 1-63, 1-674 

C,H, 1-74, 1-70,, 1-74, 1-700, 1-66 
ED satihinsacigusoesensisce C,H, 1-53, 1-75 *, 1-65,, 1-56, 1-71 
EEE cavpnensendepedeéeiueees mm 1-65, 1-62, L- 74, 1-660, 1-69? 
SIND sncuiidbancdedsdusibeces on 1-65 *, 1-65 *, 1-66, 1-66, 1-65, 1-36, 1-67 
DEE sdtcienthsenscseerecedae " 1-64, 1-64 
. . Je eee ie 1-7, 1-71, 1-66 
SNE. uhabisaccoinecinsedesces , 1-62, 1-62, 1-70 
MENND. ssesreisecroccnsesweress : 1-60, 1-60 
SE: snticcipmbtsoomepeentods ia 1-61 
DE shakekendiaaeienesnen pi 1-62, 1-62 
PIII. sivaccnsnescccsees se 1-66, 1-69—1-70 
OS eee jaa 1-9, 1-69 
Values as vapour. 
SEINE Stsibessanisinecdadnnd 1-61, 1-680, 1-69, 1-70 4, 1-70, ¢ 
| aaah: 1-69,, 1-68,, 1-67 
SUE shonsescdecssickeosesoess 1-657, 1-674, 1-64 
BNE antksdvecinivimemetons 1-659, 1-63, 1-59 








* In ref. 25, except for the following : 
* Stranathan, Phys. Rev., 1928, 31, 156. 
Ref. 9. * Ramaswamy, Proc. Ind. Chem. Soc., 
1938, 6, 395. 4 Kubo, Sci. Papers Inst. Phys. Chem. Res. Tokyo, 1935, 27, 65. 


+ Boud, Cleverdon, Collins, and Smith, J., 1955, 3793. 
1936, A, 4, 108. * Stranathan, J. Chem. Tays., 
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are higher than those previously recorded; the cause of this does not lie with the assumption 
that the distortion polarisation is R, or 1-05R,, but with the total polarisations themselves. 
Since the last-named have been deduced from least-square fits of the observed dielectric 
constant and density increments to expressions of the forms listed in Tables 4 and 6, and 
because (as already mentioned) only those values of w, on the dilute side of a minimum in 
the P,-w, curve have been used for calculation, the present data are believed to be more 
correct than many of those upon which Table 8 is based. 

Dependence of Dielectric Constant and Density Factors on Chain Length. -When the 
values of (ae;)., 9 and (8@,)..,~9 given in Tables 4 and 6 are plotted against N, the number of 
carbon atoms in the n-alkyl group concerned, smooth curves result to which various 
empirical equations may be fitted by the method of least squares. Six examples are given, 
with standard errors (S.E.): 

n-Alcohols—carbon tetrachloride 

(xes)e,-0 = 17-84 — 5-4512C + 0-610C? 

(applicable between methyl and hexyl with S.E. = +0-16; here C = N — 1) 
(ae,)u,-0 = 5°55 — 0-6007C + 0-0259C2 

(applicable between hexyl and octadecyl with S.E. = +0-009; here C = N — 6) 
(x€),-0 = 17-84 — 5-2897C + 0-7016C? — 0-0315C% 

(applicable between methyl and dodecyl with S.E. = +0-02; here C = N — 1) 
(8d;)x,—0 = 1:74 — 0-0392C + 0-0012C? 

(applicable between methyl and octadecyl with S.E. = +0-03; here C = N — 1) 

n-Alcohols—benzene 

(xe) ,-0 = 9°96 — 3-0428C + 0-3257C? 

(applicable between methyl and hexyl with S.E. = +0-07; here C = N — 1) 
(8d,)c,—-0 = 01083 + 0-0025C — 0-0019C? 

(applicable between methyl and hexyl with S.E. = +0-001; here C = N — 1). 


UNIVERSITY OF SYDNEY, N.S.W., AUSTRALIA. [Received, May lst, 1959.]} 





22. Dielectric Relaxation Times for Normal Alcohols at Infinite 
Dilution in Carbon Tetrachloride or Benzene. 
By R. J. W. Le Févre and A. J. WILLIAMs. 


Relaxation times are reported, ranging from ca. 2 x 107!" sec. for methyl 
alcohol to ca. 8 x 10°! sec. for hexadecyl alcohol. Such values are much 
smaller than others known for the pure liquids but are of the orders forecast 
in 1957 by an equation of Chau, Le Févre, and Tardif. The loss tangents 
of the solutions if plotted against concentrations show discontinuities, 
attributable to the onset of association, at roughly the same points as do 
graphs of the apparent partial dielectric polarisation versus weight fractions. 


THIS paper reports measurements of the apparent dielectric relaxation times (t) of a 
number of normal alcohols at infinite dilution in carbon tetrachloride or benzene. The 
literature +5 shows that previously attention has been given often to the pure alcohols 
and seldom to their solutions, although sufficient evidence exists to suggest that + deter- 
mined for a given alcohol in the liquid or the dissolved state may, one from the other, be 
very different. Examples will be quoted later when discussing the new observations 
listed in Tables 1 and 2. 


1 Whiffen, Quart. Rev., 1950, 4, 131. 

2 Béttcher, ‘‘ Theory of Electric Polarisation,’’ Elsevier, Amsterdam, Houston, London, New York, 
1952, Chap. X. 

3 Davies, Quart. Rev., 1954, 8, 250. 

4 Smythe, “ Dielectric Behaviour and Structure,”” McGraw-Hill, New York, Toronto, London, 1955, 
Chap. IV. 

5 Dryden and Meakins, Rev. Pure Appl. Chem., 1957, 7, 1. 
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TABLE 1. 


A. Solutions in carbon tetrachloride. 
Solute: Methyl alcohol 


Dependence of on Wg. 


a ee 205 215 268 297 467 527 548 915 1182 1222 1298 
BOP adcccasss 28 33 32 29 44 53 52 73 91 91 101 
Solute: Ethyl alcohol 
10°w, 170 280 316 379 404 450 468 480 522 532 
1O*Y ...... 27 33 29 28 32 25 25 27 36 30 
10°w, 551 615 690 783 796 820 911 973 979 980 
— , 30 25 32 36 31 33 36 35 40 43 
10°w, 1004 1136 1150 1155 1190 1621 1721 1874 1944 2518 
10%% ...... 34 39 38 41 44 55 55 58 58 60 
Solute: Propyl alcohol 

ee 502 689 834 838 1140 1167 1204 
 eeotemee 23 21 24 24 26 29 27 
BIA. Sscsnacescenscesies 1328 1608 1637 2244 2572 2697 3457 
DTD dibkieccnsicdpeesaixe 29 33 34 38 42 42 47 
Solute: Butyl alcohol 
ee 343 567 610 630 715 825 869 1360 1384 1389 
are 23 21 20 20 19 21 23 23 26 23 
SS. cdesnchacshaeinech 1452 1487 1677 1818 1943 2055 2143 2323 2514 
DO hata veiaubnictheess en 24 23 24 25 29 30 28 30 31 
Solute: Pentyl alcohol 
PS xcdiersssissisnew 278 493 578 682 944 952 1286 
_ ee 25 22 22 22 22 23 2 
SiMe * dinhtninbinsiaeuss 1405 1462 1787 2407 2433 3575 4489 
_ eee 23 22 25 28 : 27 31 21 
Solute: Hexyl alcohol 
DOP wticinasetoniinne 366 884 957 1144 1482 1627 
os PEE 20 20 21 21 23 22 
BR, scagsasigeeiscve 1800 2388 2831 3443 4513 
DEE itnchatsivintinatos 23 24 26 27 28 
Solute: Heptyl alcohol 
ak ee 607 886 1194 1809 1853 2175 3357 4644 
TEE keiennvedsventiens 22 21 21 23 23 24 23 25 
Solute: Octyl alcohol 
Re ee 565 868 1079 1689 1817 1869 2449 
__, ee ae 18 18 18 19 19 20 20 
PG ccsadiditecevesiss 2502 2992 3091 3273 3599 6342 
DOWD cccsttanntissssvecees 20 21 21 21 21 24-5 
Solute: Nonyl alcohol 
PUI. ciccashiosessss 623 1430 1611 2244 2999 3124 4024 5860 6266 
DOD vncnscstecsvesssis 17 17 17 17 19 18 19-4 20 21-3 
Solute: Decyl alcohol 
DEOMI: Sencsnantnsatiodien 241 587 623 970 1058 1439 1480 1484 1646 1844 
BOTUD cihsbscbibsvccciidest 15 14 15 16 15 17 17 16 16 18 
ee 1964 2101 2108 2515 2793 2987 4088 5523 5747 9145 
TPE necedpnamagtiacessces 16 17 18 17 15 18 19 20 19 21 
Solute: Dodecyl alcohol 
aS 243 510 869 1168 1644 1701 2133 2754 2959 3951 4907 
 eerrne 16 14 12 13 14 14 14 13 15 14 15 
Solute: Hexadecyl alcohol 
Pa adnctdsbtaenancte 338 683 1067 1436 1742 1983 2812 
PEED cissnantouiicwectines 17 ll 12 ll ll 10 11 
Solute: Cyclohexyl alcohol 
DPR sdiccetisdainntons 454 663 1120 1147 1168 1688 1867 1969 2020 2560 
a 20 21 24 24 24 27 27 28 29 29 
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TABLE 1. (Continued.) 
Solute: Cyclopentyl alcohol 


BAe nscvicsnccesess 444 716 857 942 1417 1490 1571 1829 2151 2557 3106 5643 
BOD ..nccccoscsescsces 18 18 20 20 16 20 22 21 22 22 23 28 


Solute: Methyl alcohol 


BP iy ccccccescsccess 233 464 477 529 620 627 738 775 
EN Pisck dark oanintares 17 20 22 20 22 21 23 23 
BPP ag ccccccccvesesee 875 890 1047 1256 1277 1356 1689 
_, eae 24 24 29 33 33 37 46 
Solute: Ethyl alcohol 
BP atig, cc cnccesecccees 371 487 578 647 734 754 838 862 
BEE scctecuctscdeccece 13 12 12 13 13 12 12 14 
WO wig  .cccccccccccese 1241 1241 1278 1787 2051 2606 2626 
DIP cocnscesscscnceces 18 18 20-6 24 28 33 34 


Solute: Propyl alcohol 
10°w,... 414 564 596 903 1125 1372 1414 1519 1888 2060 2375 3145 3343 
10% ... 144 = 13 1 14 15 16 18 175 19 23 255 26 
Solute: Butyl alcohol 


10°w, 438 882 975 1254 1371 1671 1703. 1778 2294 2372 2834 3638 
10%... 12 12 12-7 13 13 13-5 13 13 16-5 17 19 22 


on 


Solute: Pentyl alcohol 
10°w, 723 1036 1201 1375 1558 1706 1766 2158 2490 2963 3415 3563 


10%... 12 1l 12 12-5 12 12 13 15 15 16 18 18 
Solute: Hexyl alcohol 

eee 585 870 1281 2082 2237 2254 2385 2909 3376 ©3931 

__.  Pereeneneerersere ll 1l 12 12 ll 12 12 14:5 15 16-7 
Solute: Nonyl alcohol 

a ne 870 1261 1824 2586 2727 3168 3653 5159 

DOD vscacctascrsssive 9-7 9-5 10-5 ll 10 ll ll 13 


TABLE 2. Relaxation times of n-alcohols at infinite dilution in carbon tetrachloride 


or benzene. 
Solute Temp. 10127 Solute Temp. 10127 
alcohol (b)o, = 0 (°K) pp (D) (sec.) alcohol (b)o, = 0 (°K) p(D) (sec.) 
A. In carbon tetrachloride. 
nn) 0-30 * 301—303 1-7, 1:8 eee 0-18 295—296 1-7, 46 
Baiyi = ....02 0-29¢  300—303 1:8, 2-5 Nonyl ...... 0-17 295 1-7, 43 
Peopyl ..:... 0-22 301—304 1-7, 2-6 Decyl ...... 0-16 300—303 18, 4:7 
Butyl ...... 0-20 301—303 1-7, 29 Dodecyl 0-14 294 17, 48 
Pentyl ...... 0-22 298 1-7, 36 Hexadecyl 0-11 288 17, 79 
Hexyl ...... 0-20 296 1-7, 3-8 Cyclopentyl 0-18 288 17, 29 
Heptyl ...... 0-21 295 18, 44 Cyclohexyl 0-17 290 18, 3-0 
B. In benzene. 
Methyl ...... 0-20 296—297 1:7, 2-2 Butyl ...... 0-13 295—297 1:7, 3-2 
ae 0-12 a 1-7, 19 Pentyl ...... 0-12 296—297 16, 41 
Propyl ...... 0-14 8 17, 29 Hexyl ...... 0-11 298 16, 43 
Nonyl ...... 0-10 297—298 (1-7— ca. 5 


* Mean for first four solutions. + Mean for first twelve solutions.  ~ Assumed in benzene. 


EXPERIMENTAL 


Solutes and solvents were those used for the work of the preceding paper. Apparatus, 
methods, and calculation procedures were as described by Le Févre and Syllivan * and Chau, 
* Le Févre and Sullivan, J., 1954, 2873. 








118 Dielectric Relaxation Times for Normal Alcohols at Infinite Dilution, etc. 


Le Févre, and Tardif.? Essential measurements are recorded in Table 1; these lead to the 
relaxation times + in Table 2. Headings and other symbols are as in ref. 7, concentrations 
being expressed as weight fractions, w,. The frequency /, is 3109 Mc/sec. The quantity y 
for a given solution is the quotient (incremental loss tangent) + w,; it is concentration- 
dependent. To save space, only % and w, values are listed in Table 1. When, as for weak 
solutions, both A tan 8 and w, are small, the individual quotients y exaggerate the errors in 
the incremental loss tangents, which for all solutes have been determined at different times 
and with different batches of solvent, 3—6 solutions being compared with the solvent on each 
occasion. In Table 1, however, the y%’s are reassembled in order of increase of w,. For the 
calculations of ry in Table 2, magnitudes of y at infinite dilution were either extrapolated from 
graphs of » versus w, or averaged (see notes below Table 2). 


DISCUSSION 

Variation of 4 with w,.—Graphs showing the quotient y versus concentration exhibit 
forms as follow: for methyl alcohol, a very steep rise in % starts from w, ca. 0-005; for the 
alcohols ethyl to nonyl, analogous but less sudden breaks occur, which, as the carbon chain 
is lengthened, appear at higher concentrations and become progressively less pronounced; 
for the alcohols beyond decyl, the plots are rectilinear and parallel to the w, axis; for 
cyclopentyl alcohol and cyclohexyl alcohol, the graphs are straight lines inclined to the 
Wy axis. 

° These discontinuities may be attributed to onsets of association: they correspond 
approximately (in their w, values) to the changes of curvature when the P,’s listed in the 
preceding paper, are similarly plotted against concentrations. 

Relaxation Times at Infinite Dilution The smallness of + (Table 2) is of interest. 
Fairly numerous studies !® have already shown that the apparent relaxation times of 
pure alcohols are many times greater than those now obtained at infinite dilution, e.g., 
10+ for the five alcohols CH,-OH, C,H,-OH, n-C,H,-OH, n-C,H,°OH, and n-C,H,,"OH 
are given as 69, 144, 532, 665, and 1760 respectively from measurements on the 100% 
phase (cf. pp. 383, 384 of ref. 2) against 2, 2—3, 2—3, 2—3, and 4—5 now recorded for 
w, = 0 in carbon tetrachloride. Certain estimates by Fischer,’ made on dilute solutions 
of alcohols in benzene at 23°, although not extrapolated to infinite dilution, are obviously 
comparable with those by us: 


Alcohol Methyl Ethyl Propyl Hexyl Octyl Hexadecyl 
10"*7 (Fischer) ............ 1:3 1-6 2-0 3-0 4-5 10-3 
10'*7 (Le F. and W.) ... 1-8 2:5 2-6 3:8 4-6 7-9 


Such small relaxation times can reasonably be assigned to the separated single molecules. 
Since +’s between 1 and 3 x 10°” sec. would correspond to wavelengths between 0-19 and 
0-57 cm., the detection by Saxton ® of resonance absorption at 0-25 cm. with methyl 
alcohol and at 0-5 cm. with ethyl alcohol is harmonious with present results and with the 
existence, in the undiluted alcohols, of equilibria involving the monomeric species. 

Finally, we note that if r* is estimated from the molar volume of a pure liquid alcohol 
as 0-296 x 10V, and inserted in the simple equation + = 4nyr3/kT, values of + are 
predicted which are some 20 times those observed at infinite dilution; if, however, eqn. (2) 
of Chau, Le Févre, and Tardif? be used, the forecasts achieved are much nearer the correct 
magnitudes: 


Alcohol * 10% mean 10!®reatc. (SeC.) 1070p, (sec.) Alcohol * 10*%amesn 10!*r cate, (Sec.) 10** zon, (Sec.) 


Methyl ... 319 2-3 1-8 Butyl ... 859 6-3 2-9 
Ethyl ... 500 3-7 2-5 Pentyl ... 1041 77 3-6 
Propyl ... 680 5-0 2-6 Hexyl ... 1218 9-0 3-8 


* exp A* taken as unity; for carbon tetrachloride » = 0-97 x 10° poise, ¢ = 2-238, A, = 0-0346. 


UNIVERSITY OF SYDNEY, N.S.W., AUSTRALIA. [Received, May 1st, 1959.] 


7 Chau, Le Févre, and Tardif, J., 1957, 2293. 
8 Fischer, Physikal. Z., 1939, 40, 645; Z. Naturforsch., 1949, 4, a, 707, 
* Saxton, Proc. Roy. Soc., 1952, 218, A, 473. 
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23. ~ Molecular Polarisability. The Photoelectrical Measurement of 
Depolarisation Factors: The Determination of ,8,? for Six Alcohols 
in Carbon Tetrachloride. 


By R. J. W. Le Févre and B. PuRNACHANDRA Rao. 


Depolarisation factors A for the light scattered transversely by liquids 
can be satisfactorily obtained by using a photometer containing an electron 
multiplier to measure directly the intensities of the horizontally and vertically 
polarised components. Experimental arrangements and their checking are 
described. If the multiplier output currents, proportional to the intensities, 
are 7, and i, respectively, then A = i,/i,. Data for a number of substances 
and for six normal alcohols dissolved in carbon tetrachloride are recorded. 
The technique has advantages over the older Cornu method. 


DEPOLARISATION factors previously reported + from these laboratories have been de- 
termined by the Cornu method in which two images of the scattering track, viewed through 
a Wollaston prism—Nicol prism combination, are equalised in intensity by rotation of the 
Nicol prism. Experience has shown that, as a routine adjunct to Kerr-effect studies, the 
technique has disadvantages. The feebleness of the illuminations to be matched makes 
eye fatigue rapid and necessitates a long preliminary period of dark adaptation for the 
observer. The object of the present work was to increase both speed and objectivity by 
using photoelectric in place of visual detection. 

Choice and testing of apparatus was the initial problem. Anantha Krishnan ® and 
Kudryavtzeva ® seem to be two of the earliest investigators to have attempted the applic- 
ation of photoelectric cells to light-scattering experiments; the former used an ordinary 
gas-filled photocell in conjunction with a valve bridge amplifier. He specifically alludes 
to the possibility of using this technique for the determination of the depolarisation factors 
of substances. With the marketing of multiplier phototubes (such as R.C.A. 931, 1P21, 
or E.M.I. tubes, etc.) the opportunities for photoelectric photometry were greatly increased ; 
papers by, ¢.g., James and Glover,’ Rank,8, -Debye,® Doty,’ Hadow,™ and Zimm ™ may 
be cited. These workers were mainly concerned with the turbidities of dilute polymer 
solutions, but Hadow and Rank also reported depolarisation factors for benzene and a 
few other pure liquids; inconstancy of the light source was evidently troublesome, and was 
avoided only by adding instrumental complexities such as monitoring systems involving 
potentiometric balancing,! or defocusing of the electron beam in the multiplier.“ 


EXPERIMENTAL 
Present Apparatus.—Our preliminary experiments showed that an ordinary 6-volt car 
head-lamp bulb fed from a large storage battery formed a satisfactorily steady input source 
when used in conjunction with an E.M.I. 6260B multiplier phototube. This tube combines 
high cathode sensitivity, large cathode area, high magnification, and small dark current. The 
large cathode area is especially advantageous since in manufacture the achievement of cathode 
uniformity is made easier during the activation process; moreover, it permits the use of a 


Le Févre and Rao, J., 1957, 3644; 1958, 1465. 

Le Févre, Le Févre, Rao, and Smith, J., 1959, 1188. 

Bramley, Le Févre, Le Févre, and Rao, J., 1959, 1183. 

Le Févre, Le Févre, and Rao, J., 1959, 2340. 

Anantha Krishnan, Proc. Ind. Acad. Sci., 1934—35, 1, 201. 

Kudryavtzeva, Acta Physicochin. U.R.S.S., 1935, 3, 613. 

James and Glover, R.C.A. Review, 1941, 6, 43. 

Rank et al., J. Opt. Soc. Amer., 1942, 32, 390; 1943, 38, 31; 1946, 36, 325; 1947, 37, 798. 
Debye, J. Appl. Phys., 1944, 15, 338; 1946, 17, 392; J. Phys. Colloid Chem., 1947, §1, 18. 
Doty, Wagner, and Singer, J. Phys. Colloid Chem., 1947, 51, 32. ) 

Hadow, Sheffer, and Hyde, Canad. J. Res., 1949, B, 27, 791. 

Zimm, J. Chem. Phys., 1948, 16, 1099. 
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broad and slightly diffused light beam, so that the scattered radiation from the sample cell, 
after passing through an appropriately oriented Nicol prism, can be made to strike the photo- 
cathode without needing to be condensed into a spot of light. In fact, such condensation is 
best avoided since it may cause rapid local fatiguing, and non-linearity in response (cf. refs. 1] 
and 12). 

The tube is mounted horizontally as follows: Its insulated base socket A is held in a brass 
collar B which is attached by three rods to a circular plate C through the centre of which two 
leads pass via light-tight ceramic bushes. The rods are of sufficient length to permit the 
necessary resistors to be soldered between the legs of the phototube D and yet to be safely clear 
of Band C. A brass ring E, shaped appropriately, fits over the head of D and is held in position 
by two springs linking it to B; in addition to holding the tube taut, E also forms the cathode 
connection, which for this tube is at the top; E is earthed. The assembly on C is screwed into 
a long, internally blackened, brass container F which is closed at the other end except for a 
circular aperture of ca. 1 in. diameter; component F, besides housing the photomultiplier, 
shields it from external electrical disturbances. Attached over the aperture is a disc G carrying 
a projecting tube H which slips into a corresponding tube on the holder of the rotatable Nicol 
prism; a shutter with a variable diaphragm is installed between G and H. 

The phototube used had eleven multiplying stages; under an interdynode voltage of 160 v 
its minimum dark current was 10‘ a and its overall gain at least 10’. Anelectronically stabilised 
power supply, of the conventional oscillator-E.H.T. rectifier-feed-back amplifier type, formed 
the primary voltage source. Optical arrangements, other than those mentioned above, were 
the same as with the Cornu method.! Output currents, caused by scattered light, were read as 
increased deflections in a sensitive galvanometer, connected between the positive terminal of 
the high-tension unit and the anode of the multiplier, observed when the shutter between G 
and H was opened. 

The assembly in F is mounted on an optical bench, the Nicol prism holder inserted, and the 
whole then brought against one wall of a small, glass, cubical water-bath. The last-named is 
blackened internally, three 1 cm. diameter transparent circles, two for the transmitted beam 
and one for the scattered rays, being left on three faces. The spherical Pyrex sample-containing 
flasks, also blackened except for three windows to correspond with those in the bath, are held 
by the lid of the water-bath. Deflections are recorded for the Nicol prism alternately oriented 
to pass the horizontally and vertically polarised light; their ratio is nearly the depolarisation 
factor A sought: A = (intensity of horizontally polarised component) ~ (intensity of vertically 
polarised component). 

A cause of inaccuracy is the presence of a small amount of background illumination, to 
minimise which the experimental cell is immersed in water: it may come from secondary scatter- 
ing by the liquid in the cell, from reflections at the light entrance and exit points, etc. Such 
extra light is less polarised than the primary scattered beam so that the apparent A, especially 
if A is small, may be erroneously large. Suppose B; and Sy, and B, and S,, are the intensities 
of the horizontal and vertical components of the background (B) and primary (S) scattering 
respectively; then in one position of the Nicol prism By, and S), are transmitted, and in the 
other B,andS,. Accordingly, the apparent depolarisation factor A’ is A’ = (By, + Sy)/(By + S,), 
but the B, component is generally very small in comparison with S, and hence can be neglected; 
A’ is therefore (S;,/S,) + (B,/S,), of which the former term is the true A for the substance, i.e., 
A = A’ — (B,/S,). For this reason the standard procedure adopted is the following: Deflections 
corresponding to A’ are first recorded; then the cell plus sample is rotated by 180° so that no 
window in it now faces the observation aperture of the water-bath. In this position the incident 
light still passes through the cell but only the diffused background illumination from the bath, 
flask exterior, etc., should reach the phototube. The galvanometer deflection due to By, is 
noted, and the correction B/S, readily obtained. 


DISCUSSION 


Justification of Method.—Chloroform, benzene, n-hexane, and carbon disulphide were 
first examined. These liquids were pure and dry; they were finally distilled in a closed 
system and collected directly in the experimental cell (cf. ref. 1). The size of the variable 
diaphragm in front of the phototube was manipulated to suit the intensity of the scattered 
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beam, the idea being to use smaller apertures for intense scattering, as with carbon di- 
sulphide, and vice versa. Results are shown in Table 1 and agree reasonably with values 
in the literature,1*1* determined by the visual (Cornu) method. 

Similar experiments with carbon tetrachloride next received considerable attention 
because this is our standard solvent for Kerr-effect studies. Rank ® in 1947, using an 
R.C.A. IP21 multiplier, noted 100A as 10-0. Twelve sets of ratios of galvanometer de- 
flections, taken on different days, were recorded for independently purified samples; 
100A consistently lay between the extremes 4-27 and 4-35, with an average of 4-32 and a 
standard error of +0-01. This is slightly higher than that (3-46) previously found (and 
now repeated and checked) by the Cornu method. Attempts to ascertain the cause of the 


TABLE 1. Depolarisation factors obtained using a photomultiplier. 


No.of Max. and min. Average Standard 100A by 
Liquid detns.* 100A found 100A error (%) Cornu method ft 
ChnTORDEMR ......<2ss000005- 6 22-19—22-60 22-40 +0-12 24-20 
PID Scie ccsccssscsoece 6 40-82—42-92 41-50 +034 42-00 
FRORBMG  occcccesacscccvcce 5 9-55— 9-92 9-73 +0-41 9-95 
Carbon disulphide ...... 6 60-06—62-87 60-90 +0-51 62-00 


* Each “‘ determination ”’ is itself an average of a large number of ratios of galvanometer 
deflections. 

+ Quoted from Table XI of Bhagavantam (ref. 14); Cabannes (ref. 14, pp. 181—187) cites a range 
of data in each case: chloroform, 15-0—24-2; benzene, 39-8—48-5; hexane, 9-9—10-0; carbon 
disulphide, 64-0—70-4. The following values of 100A have been recorded photoelectrically: benzene, 
42-00—44-00 (Hadow e¢# a/.1"), 39-00 (Rank, ref. 8, 1947), chloroform, 30-00 (Rank °), carbon disulphide, 
54-00 (Rank °). 


discrepancy have been unsuccessful. Consequently, we have used A, = 0-0432, when 
differences AA,, between the depolarisation factors of several solutions and that of their 
solvent are being measured photoelectrically, but thenceforward in the calculations of 
we” We have proceeded, as in ref. 1, with A, = 0-0346. The effects of this procedure on 
de? Were gauged by examining a number of solutes for which ,,3,2 was known. The case 
of benzene—carbon tetrachloride is cited as an example: 


ee 3093 6345 9327 11,708 15,873 
DING consdctiniotant 5-98, 8-09, 10-0, 11-8, 13-1, 


By least squares, AA,, = 0-6655/, — 0-603/,?; taking (M, — M,)/M, as 0-49, D/d, as 
—0-38, and 8,? as 1-569 x 10°°, we deduce (by eqn. 13 of ref. 1) that ,.8,2 = 33-1, x 10°, 
a value comparing adequately with 32-8 x 10° earlier found by the Cornu method for 
benzene at infinite dilution. Similarly satisfactory results came from the other mixtures. 

Finally, it is relevant that the direct observation of AA,, as just described enables 
solutions to be prepared by filtration instead of by the time-consuming process of distill- 
ation without boiling, which in any case is impossible with many solid solutes. Solvent 
and solutions are separately allowed to percolate under gravity each in an apparatus 
consisting of an upper and lower vessel communicating via a sintered-glass plate (No. 4 
pore size); a side-tube, also containing a small sintered disc, runs from just below the large 
disc to the upper part of the top unit, thus making possible filtration in a closed system 
without entry of air-borne dust. One of the experimental cells, attached by a standard 
glass joint, serves as the bottom receiver. This does not produce such optically “ clean ”’ 
liquids as does distillation, but experience and deliberate tests with volatile solutes have 
shown that changes of A from solvent to solutions are not significantly affected, and that 
values of ,.3,? so obtained are reliable. 

Molecular Anisotropies of Alcohols.—The solutes were those used in the two preceding 


1° Bhagavantam, “ Scattering of Light and the Raman Effect,” Andhra Univ., ;Waltair, 1940. 
14 Cabannes, ‘‘ La Diffusion Moléculaire de la Lumiére,”” Les Presses Universitaires de France, Paris, 
1929. 
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papers. Measurements were made photoelectrically and require no explanation except 
to say that, to avoid association, the concentrations were kept as low as possible. Tables 
2 and 3 list the information needed for the calculation of the molecular anisotropies ,.3,? 
of the alcohols at infinite dilution. 

Data exist in the literature for the first five alcohols both as vapours and as pure liquids. 
Because of association, S,jiquia Cannot be expected to be the same as either ,8,? or 


TABLE 2. Depolarisation factors for light scattered by solutions of alcohols in carbon 


tetrachloride. 
105f, 107A,, 105f, 107A, 105f, 107A, 105f, 107A, 10°, 107A,, 10%, 10%A,, 
0 4-320 0 4-320 0 4-320 0 4-320 0 4-320 0 4-320 
Methyl Propyl Pentyl Ethyl Butyl Hexyl 

2640 4-797 1408 4528 1809 4-537 2182 4682 1424 4546 1492 4-454 
3295 5-159 2525 4667 2515 4-663 3006 4800 2755 4-732 2699 4-621 
4412 5329 3959 4872 4536 4-818 4458 5-000 4615 5-082 4223 4-861 
4929 5436 5374 5-073 8365 5-271 6737 5329 6202 5-223 5425 5-028 
6322 5-125 7839 5-622 7616 5-253 





TABLE 3. Molecular anisotropies of alcohols at infinite solution in carbon tetrachloride. 
R.H.S. of equation 


Solute alcohol giving AA,, D/d, * 5,7 x 10° 
ee 0:2027f, + 0-574f,? —0-22 12-0, 
ENE ad cotecinbsoasotevnersden 0-1673f, — 0-268/," —0-32 10-0, 
chic astieaiasicateoninnts 0-1535f/, — 0-361/,2 —0-40 9-1, 
BNE: Sicsictcctcedatsseiiousines 0-1447/, + 0-219/,? —0-48 8-4, 
| ATR 0-1227f/, — O-117f,2  : —0-55 71, 
MET nivouinvinebisiangennasents 0-1194f, + 0-077/,? — 0-63 6-7, 


* D = (dy, — d,)/f,; values are calculated from the densities reported by Le Févre and Williams, 
J, 1960, 108. 


8 ,apour, lable 6 of the next paper gives the values selected by Cabannes and Bhaga- 
vantum for inclusion in their monographs. 

It is seen that in all cases ,,8,” is smaller than the reported anisotropy of the corre- 
sponding vapour; this resembles the type of difference previously + found for benzene 
or carbon disulphide or chloroform. However, no generalisations are possible, because in 
the instances just cited ,,8,? and S*jiquia are approximately equal, while here ,.8,? is 
roughly twice 8%jquia. A point of interest is that molecular anisotropy appears to diminish 
smoothly with increase of chain length only when the alcohols are in the liquid or the 
dissolved state. Further reference to the ..8,?’s of Table 3 will be made in the following 


paper. 


We are grateful for a Research Scholarship from the Nuffield Foundation (to B. P. R.) for 
this and the following paper. 
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24. Molecular Polarisability. The Anisotropy of the H-O Bond 
in Normal Alcohols. 


By C. G. LE FEvre, R. J. W. LE FEvre, B. PURNACHANDRA Rao, 
and A. J. WILLIAMs. 


Measurements of the molar Kerr constants of 14 n-alcohols between 
methanol and octadecanol are reported. Semi-axes of the polarisability 
ellipsoids for the first six alcohols are calculated and discussed. From 
methyl alcohol the longitudinal and transverse polarisabilities of the O-H 
bond appear as 0-09, and 0-05 x 10% c.c. Such values are used to indicate 
that the preferred conformation of ethyl alcohol is s-tvans. Approximate 
constant differences between corresponding semi-axes of adjacent homo- 
logues are noted and interpreted as due to a common pattern of configuration 
throughout the series. 


THIs paper records measurements of the molar Kerr constants ,.(mA,) of fourteen normal 
alcohols at infinite dilution in carbon tetrachloride; it proceeds inter alia to an estimate 
of the semi-axes of the polarisability ellipsoid of the H-O bond, and thence to a con- 
sideration of the configurations apparently adopted by the solutes in this medium. 

Practical procedures, details regarding calculations, definitions of symbols, etc., follow 
those of ref. 1. Actual observations of the changes of electric double refraction and 
refractive index (Na light), caused in carbon tetrachloride by the presence of a weight 
fraction w, of solute, are listed in Table 1, and lead to the coefficients in Table 2. Table 3 
gives the values of .,(m/,) derivable with the help of the appropriate dielectric constant 
and density factors (ae, and @ respectively) from Le Févre and Williams.? The availability * 
of the quantities ,8,* for the alcohols from methyl to hexyl now makes possible the 
estimation of “‘ apparent ” molecular semi-axes of polarisability for these six substances ; 
“apparent ” because, throughout the calculations, the assumption is made that presuitant 
is always acting parallel to one of the principal axes of the ellipsoid concerned. Results 
are summaried as Table 4, in which the electronic polarisations ,P are extrapolated from 
the molecular refractions recorded for the C and G’ lines by Vogel,’ and the dipole moments 
are from ref. 2. 

Previous Electric Double Refraction Data for Alcohols—The Kerr constants, expressed 
relatively to Bos,, of a number of pure alcohols are listed in the International Critical 
Tables, Vol. VII. Except for ethyl alcohol, they are all markedly negative. Where 
solutions are concerned, the only earlier work appears to be that by Tsvetkov and Marinen § 
who reported molar Kerr constants for ten of the solutes now studied by us. These 
authors state that their ,,K’s were drawn from alcohol—benzene mixtures, but no experi- 
mental details were given. The ..(mK,)’s of Table 3 vary between being about } and 3 of 
the »K’s claimed by the Russians. The discrepancies are far too great to arise solely from 
“solvent effects’; their possible origins will be discussed in the following paper. Stuart 
and Volkmann ® examined the vapours of methyl and ethyl alcohol in 1933 with indefinite 
results, quoting K = Bd/n (where B = Kerr constant, 4 = wavelength in vacuo of light 
used, = refractive index of field-free medium) at 760 mm. pressure as --0-4 x 10% 
and +0-5 x 10° respectively for temperatures of 98-8° and 102°. 


DISCUSSION 
Three main points of interest which arise from these results are (a) whether or not a 
reliable estirnate of the anistropy, of polarisability of the O-H bond can be derived, (0) 


1 Le Févre and Le Févre, Rev. Pure Appl. Chem., 1955. 5, 261; J., 1953, 4041; 1954, 1577. 

Le Févre and Williams, J., 1960, 108. 

Le Févre and Rao, J., 1960, 119. 

Vogel, J., 1948, 1814. j 

Tsvetkov and Marinen, Doklady Akad. Nauk., S.S.S.R., 1948, 62, 67; Chem. Abs., 1949, 48, 469. 
Stuart and Volkmann, Ann. Phys., 1933, 18, 121. 
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TABLE 1. Kerr effects and refractive indexes for solutions of alcohols in carbon 
tetrachloride at 25°. 
10°w, 10°AB 10*An 10'w, 10°AB 10*An 10°w, 10°AB 10‘An 105'w, 10°AB 104An 
Methyl Ethyl Propyl Butyl 
408 ca.0 —7 297 —)-000, — 245 —000l1 — 929 —0002 — 
456 0-002 — 556 —0-003 —I1l1 463 —0-002 —4 974 —0-001 —13 
485 0-001 -— 860 —0-004 — 1061 —0005 — 1368 —0-004 —19 
561 0-001 -- 920 —0-004 —19 2294 —0-01l1 — 1653 —0-004 —20 
908 0-003 — 1661 —0-005 — 2727 —0013 — 1725 —0-004 — 
1061 0-003 —25 1931 —0-004 —35 2945 —0-018 —42 2288 —0-008 —29 | 
1106 0-003 —28 2349 —0-:003 — 3102 —0-018 — 3263 —0-019 —38 | 
1164 0-008 woe 2833 —0-:003 — 5208 —0-039 —72 : 
1521 0-010 _ 3290 —_ — 62 
1579 0-010 —35 4296 — —82 
2053 + 0-020 —_ : 
2162 0-020 --- 
2969 0032 — 
sss — —73 
3534 — —86 ' 
Pentyl Hexyl Heptyl ‘ 
513 — 0-002 _ 1822 — 0-002 —- 879 — 0-002 —6 
1012 — 0-003 —7 1914 — 0-002 —12 1412 — 0-004 —10 
1438 —0-004 —12 2355 —0-005 —16 2372 —0-004 —18 Al 
1462 —0-004 — 3538 —0-009 —33 3107 —0-007 —20 Me 
2054 — 0-008 —24 6518 — 0-030 —5l1 3715 —0-011 —27 Et 
2481 — 0-009 —_ 6692 — 0-030 —5l 5189 —0-015 — Pr 
4961 — —46 Bu 
Octyl Nonyl Decyl - 
1378 — 0-003 —9 593 — 0-002 —- 347 ca. 0 -— 
1773 — 0-004 —12 898 — 0-003 — 474 ca. 0 —1 ho 
3032 —0-006  —20 1557 —0-006 —! 928 —0-002 oe no 
3117 — 0-006, — 20 1935 — 0-006 _- 1024 — —6 in 
3934 — 0-008 — 25 2699 — 0-007 —16 2044 — 0-005 = pre 
4647 —0-010 — 30 3144 — 0-009 —18 2478 — 0-005 —- . 
3285 — —20 2574 —0-010 —l4 Co 
3342 _— — 20 4777 — 0-020 —22 
Dodecyl Tetradecyl Hexadecyl of 
429 —0-001 —l 639 ca. 0 —1 199 ca. 0 — axt 
2294 —0-003 —9 680 i =} 461 c _— mo 
2566 — 0-004 ~~ 1638 i —3 1018 os —2 th 
2677 —0-004 — 2083 > —7 1326 —0-001 —3 : 
4677 — 0-007 —17 2860 or —8 2755 — 0-002 —7 axe 
5941 —0009 — C+ 
Octadecy Cyclopentyl Cyclohexyl 
375 ca. 0 --1 845 —0-001 —1 1003 0-004 ca. 0 by° 
812 ie —2 956 —0-001 —1 1156 0-004 oo Th 
900 rl —2 2208 —0-005 _! 1805 0-004 — ' 
1358 a —3 4269 —0-008 —3 2118 0-003 — 10” 
7221 —0-010 —5 2442 0-004 2 lin] 
2480 0-003 3 b 
2995 0-002 5 obt 
5290 — 0-004 8 anc 
7510 —0-017 8 the 
TABLE 2. Coefficients a and b in equations 10°AB = aw, + bw,?, also values of the Af 
quotients LAn/=wg. Var 
Solute alcohol a b rAn/=Xcw, Solute alcohol a b LAn/<Zw, 
Methyl ......... —0-088, +482 —0-240 Nonyl............ —0-392, +38, —0-059 wat 
TTS scnsaninbdes —0-572,* +16-0*%  —O0-188  Decyl ........00+ —0-134, —6-0, —0-047, by 
PROG oocccisccece — 0-313, — 8-3, —0-137 Dodecyl ......... —0-144, —O-11, — 0-036, th 
eee —0-196,¢ —20,¢  —0-125 Tetradecyl ...... ca. 0 — —0-025 a 
Pentyl ..........-. —0-226, —5:9, —0-090 Hexadecy) ...... —0-014, —21, —0-023, 
BROEYE cccscccccses —0-017, — 6-6, —0-078 Octadecyl ...... ca. 0 — —0-023 
Heptyl ......... —0-176, —22, —0-072  Cyclopentyl ... —0-230, +12, —0-008 
Octyl .....ccce0 —0-206,  —0-07, —0-065  Cyclohexy)...... +0-322, —73, +0-012, 
* Computed from solutions having values of w, between 0-01661 and zero. ; 
+t Ditto, between 0-02288 and zero. 
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TaBLE 3. Calculations of molar Kerr constants at infinite dilution in carbon 
tetrachloride at 25°. 


Solute alcohol ae, —B y 8 colm/%,) X 101? 
ND, | icashavcumdeemnactstinns 17-84 1-096 —0-165 —1-26 —1-7, 
ee 12-54 1-150 —0-129 —818 — 4-0, 
BRODY! ....ccccteccccsccccscsccees 9-00 1-061 —0-094 —4-48 —2-9, 
BREE se sccccoccccescsvecccccesc' 7-46 1-025 — 0-086 — 2-80 —2-2, 
PNIE scccereccsescesessesevedess 6-10 0-983 — 0-062 —3-24 — 2-6, 
SEE. sanenscaydoucencapeceniesen 5-55 0-964 — 0-053, —0-25 —0-6, 
EEE | coscecocecsccnsescesctes 4-90 0-981 —0-049 — 2-52 —2-4, 
SD © sentiscnisinaasssescesanete 4-28 0-964 —0-045 — 2-95 — 2-8, 
SE sbisnvatesranencsetsnensus 3-88, 0-959 — 0-040 —5-61 — 6-0, 
SION. cipidinkoninyinainondsnbnns 3-64 0-960 — 0-033 —1-92 —1-9, 
SEE -ssunsiosvebivsicskeccsas 2-97 0-935 —0-025 — 2-06 —2-1, 
SIL sccctesicnsdasndeiuns 2-42 0-924 —0-017 ca. 0 +1-2, 
DIE . csccasccsnncqedisents 2-14 0-896 —0-016 —0-21 +-1-2, 
REEL vxcxnonssnedmstioneron 2-03 0-920 —0-016 ca. 0 +1-9, 
Cyclopentyl  ...............00 6-48 0-721 — 0-005 — 3-29 — 2-9, 
CHCITROTEGE 2. ccrceccccccssnceces 6-56 0-702 +0-009 +461 +241 


TABLE 4. Derivation of apparent polarisability semi-axes for the normal alcohols C, to Cg. 
1035 rP 1075 108 


Alcohol (0, + 0,) (c.c.) (b; + bg +53) ooS:% 10°08, 10°, (vp) 10%, 10%, 102%, 
Methyl ~—0-423, 8-04 0-956 12-0, 0-063, —0-487, 1:77 0-315 0-363 0-278 
Ethyl... —0-970, 12-62 1-501 10-0, 0-131, —1:102 1:79 0-492 0-566 0-444 
Propyl —0-703, 17°16 2-040, 9-1, 0-220, —0-924, 1-73, 0-672 0-763, 0-605 
Butyl... —0-542, 21-67 2-577 8-4, 0-325, —0-868, 1:75 0-852 0-959 0-766 
Pentyl —0-639, 26-26 3-123 7-1, 0-406, "—1-046 1-72, 1-032 1-153 0-938 
Hexyl —0-156, 30-72 3-653 6-7, 0-522, —0-679, 1:77. 1-212 1-343 1-098 


how the values of ,.8,? now obtained from solutions compare with others recorded earlier 
in the literature for liquid or gaseous alcohols, and (c) what indications, if any, do the 
present measurements give regarding the configurations adopted by alcohols as solutes. 
Comments will be made on these questions in the following paragraphs. 

(a) The O-H Bond Ellipsoid.—Unfortunately, from first principles, neither the direction 
of action of the resultant dipole moment within the reference system provided by the 
axes of the molecular polarisability ellipsoid, nor the desposition of those axes within the 
molecular framework, can be forecast with certainty. Possibly with the simplest case, 
that of methyl alcohol, there is a partial exception to this: the least of the polarisability 
axes may perhaps be identified as that which is perpendicular to the plane defined by the 
C-O-H chain. 

If this is so, then an estimate of by°# can be made straight away, provided 6;°° and 
by? # are known; these are thought ? to be 0-039 x 103 and 0-063, x 10-3 respectively. 
The desired b;°™ therefore appears as (0-278 — 3 x 0-063, — 0-039) x 10°°3 = 0-049 x 
10%. From the refractivity data given by Vogel e¢ al.® it appears that R,, for the O-H 
link is ca. 1-62 c.c., whence 6,°% -+ 2b,°% = 0-193 x 10°; accordingly b,°* is 
obtained as (0-193—0-098) x 10° = 0-095 x 10°°3. These estimates of the longtitudinal 
and transverse polarisabilities of the O-H bond are advanced only provisionally. Clearly, 
they depend inter alia very much on the accuracy of the values taken for by? and 6;°°. 
A final statement must await completion of work (by other authors) now proceeding on 
various hydroxyl-containing structures and ethers. 

It is noted that Le Févre’s empirical equation ® gives, with ro-_ = 0-957 A (as in 
water) and rg = 0-375 A (from ry = 0-75 A; these r’s are quoted from Tables compiled 
by Walsh ), a forecast that 1073b,°# is between 0-051 and 0-055, and consequentially 
that 10%3b,°# should be between 0-071 and 0-069. 

The contrast between these “ predicted ” values and those “ found” is marked. The 

7 Le Févre and Le Févre, J., 1956, 3549. 

° Vogel, Cresswell, Jeffrey, and Leicester, J., 1952, 514. j 

® Le Févre, Proc. Chem. Soc., 1958, 283. 

10 Walsh, “‘ Progress in Stereochemistry,’’ Ed. Klyne, Vol. 1, Butterworths, London, 1954, Chap. I. 
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origin of this may well be in Le Févre’s equation which, to produce 6,°* = 0-095 x 10°, 
requires 7q to have the unexpected magnitude of 0-77 A. 

Certain indirect evidence may possibly be obtained from the case of the water molecule, 
It is known # that 10%8* is around 34-2 for steam and 9-8 for liquid water (see Tables on 
pp. 54 and 84 of Bhagavantam#"). Table 5 shows the values of molecular semi-axes, 10332, 
etc., to be expected for H,O with an H-O-H angle of 105° provided that this structure may 
be regarded from the polarisability viewpoint as simply composed of two O-H bond ellipsoids, 
Attention is naturally attracted to the first line of Table 5 in which is shown a (probably 
fortuitous) congruence with the recorded A*,apour of steam. It is plain that the O-H link 


TABLE 5. The molecular anisotropy of H,O expected for different values of b,°™ and b,°%, 


by 0-H byo-H b,H40 b¥2° byH2° 10°8caie. (2b, — by — b,) 
0-095 0-049 0-132 0-156 0-098 34-2 +0-010 
0-064, 0-064, 0-129 0-129 0-129 0 0 

0-055 0-069 0-128 0-120 0-138 3-3 —0-002 
0-051 0-071 0-127 0-117 0-142 6-4 — 0-005 
0-041 0-076 0-126 0-108 0-152 19-7 —0-008 


cannot be isotropic, otherwise 3*y,9 would be zero. If, however, the ratio b,°-#/bp°= were 
less than unity a finite 8*g,0 should also appear, accompanied by a negativity in 26, — b, — 
bs. For instance, with 6,°# = 0-051 x 103 and by°# = 0-071 x 10°, we obtain 
6, = 0-005 x 10° and 6, = —0-21 x 10° (with yy,o = 1-8D), so that »Ky,0 should be 
negative. Neither the molar Kerr constants of water nor of steam are yet on record, 
although early observations by Schmidt # and Pauthenier }* suggest that water in bulk 
displays positive electric birefringence. (Owing to the highly associated and hydrogen- 
bonded state of water, the last fact may be irrelevant.) 

(b) Literature Values of 8* for Alcohols.—In the main, the light-scattering data concerned 
have been provided by Krishnan, Ramakrishna Rao, and Peyrot; 1 the results of, and 
references to, these and other workers are included in the books of Cabannes?’ and 
Bhagavantam." Table 6 compares earlier measurements of 10%3*, made on the alcohols 
as liquids and gases, with those now obtained at infinite dilution in carbon tetrachloride. 
(To put the literature values of 8? on the same numerical basis as ,,8,? they have been 
doubled.) 


TABLE 6. Past and present values of 10°38? for the first six n-alcohols. 


As As As As At infinite 
State in which measured: liquid vapour liquid vapour dilution in CC 

Alcohol (a) (b) (c) (d) (e) 
EEE, eitecniieavercnsetocsesasmbaesaccsees 7:8 28-6 7-0 29-0 12-0, 
TREE ae ccccenssscsccscascessssbocesecesne 4-4 15-4 5-2 15-2 10-1 
BIE » cassscnankeunectiohatesbccbatacomaes 3-0 23-0 3-8 20-2 9-1, 
SIE 6 dilssitsieteatbibestaheenienstescantdaaeah 4-2 27-6 3-2 29-0 8-4, 
BNE. sanneccacspesdsntanesovesssesenseene 4-66 20-2 3-0 22-0 7-1, 
BS ecsbcessncoccsccccensosussesessccess — — — — 6°74 


(Values in columns a and b, due to Krishnan and R. Rao respectively, are from Cabannes, ref. 17, 
pp. 252, 253; those in c and d, due to various authors, are from Bhagavantam, ref. 11, pp. 55 and 84; 
those in e are from ref. 3). 


5” diminishes with the addition of each extra CH, group, implying that the larger 
the solute molecule the less its anisotropy. A parallel tendency is displayed, at a generally 
lower level of anisotropy, among the values for 8*quia. Because of the association known 


11 Bhagavantam, “ Scattering of Light and the Raman Effect,’’ Andhra Univ., Waltair, 1940. 

12 Schmidt, Diss., Géttingen, 1901. 

13 Pauthenier, Compt. rend., 1921, 172, 383. 

14 Krishnan, Phil. Mag., 1925, 50, 697. 

1° Ramakrishna Rao, Jnd. J. Physics, 1927, 2, 61. 

16 Peyrot, Compt. rend., 1936, 208, 1512. 

17 Cabannes, ‘‘ La Diffusion Moléculaire de la Lumiére,’’ Les Presses Universitaires de France, Paris, 
1929. 
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to occur with pure alcohols, and the large number of possible configurations of hydrogen- 
bonded “ polymeric” species contained in their liquid phases, 8*jquia is not a property 
which can easily or usefully be analysed. Yet it is surprising that 3*jiquia should appear 
more regularly comparable with ,,8,? than with 3*yapour, since it is believed that both at 
infinite dilution and in the gaseous state the individual alcohol molecules are separate. 
The measurements from which the values of ,,8,? have been drawn were deliberately made 
jn concentration regions thought (from dielectric polarisation data) to be low enough to 
avoid the intervention of association effects. In any case, with the techniques available, 
observations of the A’s of still more dilute solutions were not possible with any dependable 
accuracy. It is perhaps a coincidence, but worth mentioning, that ethyl alcohol with the 
smallest 8*,apour Shows the largest negative molar Kerr constant at infinite dilution; one 
may suspect therefore that the root of the problem is not the separateness of the molecules, 
but rather their configurations, which differ in gas and solution. A study of the values of 
nk of alcohols as vapours would provide pertinent information. 

(c) The Configurations of Alcohols as Solutes.—As already stated, the molecular semi- 
axes of the alcohols named in Table 4 have been computed as though the resultant dipole 
moments act along one of the principal axial directions. Using the “‘ provisional ’’ values 
10%5,°# = 0-10 and 10%35,°# — 0-05, we can perform the following calculations for methyl 
alcohol. The oxygen valency angles in H,O and Me,O are 105° and 111° respectively,}° 
whence component bond moments follow as pon = 15D and peo = 11D. In MeOH 
these may be taken as interacting at 108°, producing a resultant of 1-77p. This resultant 
is therefore disposed at just over 60° to the C-O line. Accordingly, the polarisabilities to 
be expected collinearly with and perpendicularly to presuitant are: 


10735, = 0-192 + 0-081 cos? 60 + 0-039 sin? 60 + 0-10 cos? 48 + 0-05 sin? 48 
1075, = 0-192 + 0-081 cos? 30 + 0-039 sin? 30 + 0-10 cos? 42 + 0-05 sin? 42 
105, = 0-192 + 0-039 + 0-05 
The results are in reasonable agreement with the magnitudes found: 
Cale. Found Cale. Found Cale. Found 
10%, ... O31, O81, 10%, ... 6-34, 0-36, 10%, ... 0-28, 0-27, 


With the next homologue, ethyl alcohol, an infinitude of configurations between s-cis 
and s-trans is theoretically possible, although (for steric reasons) structures near the s-cis 
extreme would seem less likely than those in which the CH, group and the H atom are 
farther apart. For the s-trans extreme form of ethyl alcohol }, should be: 


5boH# + byOO + by? + bp = 0-436 x 10° 


For the form intermediate between s-cis and s-trans (in which the triangles defined by 
CH,-C-O and H-O-€ are in perpendicular planes) }, should be: 


5b°2 + by? + by E + 0-0986 cos? 20 + 0-0274 sin? 20 = 0-499 x 10° 


The values observed is b, == 0-444 x 10-3 with which the first prediction fits better than 
the second. Estimates of 6, and 6, for the s-trans configuration are also in fair agreement 
with experiment: 

Calc. Found Calc. Found Calc. Found 
10%, ... 0-497, 0-492 10%, ... 0-537 0-566 10%, ... 0-436 0-444 
Empirical calculations of the potential barriers to internal rotation, made several years 
ago by Aston et al.,18 showing the trans-form to be stabler than the cis by ca. 1500 cal./mole, 
are consistent with our conclusion. 

Inspection of the semi-axes listed in Table 4 reveals that there is a rough equality in 

the increase of 6,, b,, and b, per additional CH, group. If Ad, is the change from one 


} 
18 Aston, Isserow, Szasz, and Kennedy, J. Chem. Phys., 1944, 12, 336; Brickwedde, Moskow, and 
Aston, J. Res. Nat. Bur. Stand., 1946, 37, 263; cf. also J. Chem. Phys., 1943, 11, 532; 1949, 17, 111. 
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alcohol to its next, higher homologue, then the “ apparent” 8,’s (listed before) show 


differences as follows: 


Ge sehedcnccucccsicccutsiedcetons 0-177 0-180 0-180 0-180 0-180 
Bag sikstvcccscccivondeccsiacssecs 0-203 0-197, 0-195, 0-194 0-190 
BBs cvccrcecocccccescvccaccesccees 0-166 0-161 0-161 0-172 0-160 


These differences are close to those seen between the calculated values for ethyl and methyl 
alcohols, viz., 
0-497 — 0-314 = 0-183; 0-537 — 0-340 = 0-197; 0-436 — 0-281 = 0-155 


a fact which suggests a certain repetitive commonness of configuration among the six 
alcohols under consideration. In particular, it is interesting that in ascending the series 
stage by stage by the addition of one C-C and two C-H links to each previous alcohol, it 
appears that the ellipsoid of the entrant C-C link is constantly inclined to the 6,, b,, and 6, 
directions in each previous alcohol. Indeed, it seems that this constant inclination cannot 
be far from half the tetrahedral angle (7/2) or 180° — 7/2, 2.e., 


Ab, = 2,°% + 0-0986 cos? (7/2) + 0-0274 sin? (T/2) = 0-179 x 103 


This is almost exactly the Ab noted above for the 5, direction, and is close to the mean of all 
the Ab’s taken together. 

Nothing is here disclosed which is out of harmony with the accepted ideas of carbon 
stereochemistry: the normal alcohols may have their alkyl chains as near-flat zig-zags or 
arranged along helical paths. That the latter possibility deserves serious consideration 
is obvious from the arguments of Mumford ® which, although stated primarily for the 
homologous n-aliphatic hydrocarbons, are of course easily transferable to any series 
having C,H2,,1 groups. An extension of the present study (of Kerr effects, depolarisation 
factors, etc.) to bridge Mumford’s C,, discontinuity would be worth while. 


UNIVERSITY OF SYDNEY, N.S.W., AUSTRALIA. [Received, May lst, 1959.] 


19 Mumford, J., 1952, 4897. 


25. Molecular Polarisability. The Molar Kerr Constants at 
Infinite Dilution in Benzene of Seven Normal Alcohols. 


By R. J. W. Le Févre and A. J. WILLIAMs. 


The molar Kerr constants of the normal alcohols from methyl to hexyl, 
and of n-decyl alcohol, have been measured in benzene. The much larger 
values of ,,K reported byTsvetkov and Marinen in 1948 can be understood 
if these authors used concentration ranges which started roughly where 
those of the present work terminate. 





THE preceding paper! mentioned that the molar Kerr constants reported by Tsvetkov 
and Marinen ? for a number of alcohols dissolved in benzene were notably larger than those 
determined by us in carbon tetrachloride. While it seemed probable that the causes of 
these differences lay in concentration-dependent associations of the solute molecules, the 
absence of detailed observational data from ref. 2 rendered impossible any confirmation 
of this. Accordingly, Kerr effects and refractivities have been examined in benzene for 
the first six normal alcohols and decyl alcohol; of these, propyl, butyl, and pentyl are 
among those previously studied by the Russians. 

Results are listed under our usual headings in Tables 1—3; density and dielectric- 
constant factors, required for the final computation of ..(mK,), are taken from ref. 3. 

1 Le Feévre, Le Févre, Rao, and Williams, preceding paper. 


* Tsvetkov and Marinen, Doklady Akad. Nauk, S.S.S.R., 1948, 62, 67. 
* Le Feévre and Williams, J., 1960, 108. 
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' TABLE 1. Incremental Kerr effects and refractive indexes for solutions of 
n-alcohols in benzene at 25°. 
10°w, 10°AB 10*An 10'w, 10’7AB 10*An 10°w, 10°AB 10*An 10°w, 10’AB 10*An 


Methyl Ethyl Propyl Butyl 
700 —0-:003 —16 680 —0-003 —10 860 ca.0 —I15 2006 —0-003 —22 
$25 —0007 —15 837 —0-003 —12 1675 ca.0 —26 2688 —0-004 —31 
1418 —0-007 —25 1220 —0-003 —20 2144 ca.0 —31 3074 —0-:005 —40 
1502 —0-007 —26 1703 —0-007 —28 2698 ca.0 —37 4558 —0-010 —55 
2063 ca.0 —36 1754 —0-005 —29 3334 —0-003 —44 4745 —0-016 —58 


2692 +0-007 —49 2101 —0-003 —30 3344 —0-007 —48 5170 —0-015 —60 

2883 +0011 —49 3102 ca.0 —47 4162 —0-01l1 —52 5503 —0-020 —65 

3639 +0026 —6l 4020 ca.0 —60 4607 —0-013 —63 7237 —0-036 —86 

3746 +0-032 — 70 5326 ca.0 —82 4614 —0-012 —62 8503 —0-051 —100 
.0 


5743 —_— —104 6340 ca —99 5927 —0-020 —80 12,168 —0-101 —142 
6020 —0-023 —8l 
7253 —0-038 —99 
7332 —0-031 —99 
7338 —0-036 —99 
105w, 10°AB 10*An 105w, 10°AB 104An 10°w, 10°AB 10*An 
Pentyl Hexyl Decyl 
2613 — 0-003 —27 771 ca. 0 —9 2265 ca. 0 —20 
3502 — 0-004 —38 1224 ca. 0 —ll 2990 — 0-005 —29 
4543 —0-011 —50 1293 ca. 0 —12 4200 —0-010 —40 
4664 —0-010 —49 2356 —0-004 —25 4812 —0-016 —40 
5352 —0-016 —56 2569 — 0-004 —28 5715 —0-020 —50 
7659 — 0-040 —80 3404 —0-008 —32 6087 — 0-023 —52 
8920 — 0-055 —97 3949 —0-010 —40 7548 —0-028 — 64 
10,963 — 0-089 —113 4224 —0-010 —4l1 7761 —0-031 — 67 
4474 —0-012 —43 8118 — 0-032 —170 
4834 —0-015 —49 
5815 — 0-023 —58 
7278 —0-037 —170 


TABLE 2. Coefficients a and b in equations 10°AB = aw, + bw,?, also values of the 
quotients $ An|Sw, for the n-alcohols in benzene at 25°. 


Solute alcohol 10°w, range a b LAn/dw, 
BENNIE. asesscesersscseccescoeesess 0—825 ? (see text) — —0-179 
TPEND  strscescccscovcsseptcccccesses 0—1754 — 0-289 * —_— —0-154 
O—4162 +0-261 —12-3 
RT Ce {to181° {~"s3, t —0-091 
0—5503 +0-039 —6-9 
BEE scvcetvonenussnqucnnqsanciscoes {0-18 168 {To-oar't 7} Tt —0-079 
0—5352 +0-131 —7:8 
 REERRRSTEN ET. oho Per (o—s0.008 {Tost {root —onl2 
earner 0—7278 +0060, —7-¢ —0-099 
ie ta ie tens 0—8118 —0-096, —3-8, —0-087 


* Calc. as }AB/>w, for solutions having w, between 0 and 0-021. 
+ The upper line in each of these sets relates to w, ranges over which association effects were not 
shown by dielectric polarisation measurements (ref. 3). 


TABLE 3. Calculations of molar Kerr constants of the normal alcohols at infinite 
dilution in benzene at 25°. 


Solute alcohol 10°w, range ae, -B -y ) co(m,) X 1018 
Methyl ......... 0—825 9-91 0-128, 0-119 ? ? 
ne 0—1754 6-71 0-134, 0-102 —0-70, —9-0 
0—4162 0-64 —2-2 
Propyl ......0.00++ (oa 5-03 0-122, 0-091 {; oan “35 
5503 y 0-09, —3-4 
Butyl .......e00-. (ota. 100 406 oll, = 079 {THT} “= 
; 0—5352 ’ +032 +04 
Pentyl .......0..4 {63 0,968 3-06 0-093, 0-074 { 1044 +12, 
Hexyl .......0004 0—7278 2-68 0-090, 0-066 +015 / —0-4 
DIMI ccassakacsin 0—8118 2-03 0-056, 0-065 —0-23 —06 
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DIscussIoN 

The molar Kerr constants in Table 3 resemble in magnitude those found when carbon 
tetrachloride is used as solvent. The detailed differences between the two sets are not 
those expected, from previous work,*® to follow a change of medium. We attribute them 
mainly to experimental errors arising from two unavoidable sources. First, because 
benzene is much more anisotropic than carbon tetrachloride, both segments of the com- 
pensator field are more brightly illuminated with the former liquid than with the latter, 
so that precise matching is more difficult: values of AB which may confidently be recorded 
with carbon tetrachloride may escape detection with benzene; secondly, it is unfortunate 
that over the concentration ranges where alcohols are likely to exist largely as monomers, 
the AB’s caused by the solutes are small and somewhat uncertain, consequently the rela- 
tionships (Table 2) connecting AB with w, may easily be misleading. 

Where methyl alcohol is concerned, the dielectric polarisation —w, data * indicate that 
relevant Kerr effect observations should be taken only on solutions having values of w, 
less than ca. 0-8% in benzene: since to do so is impracticable, entries for 8 and ,(mK,) are 
omitted from Table 3; the production of an ..(mK,) of ca. 2 x 10° requires an “ a”’ term 
(Table 2) of +1-05, verification of which must await improvements in techniques for 
handling very high dilutions. In the case of ethyl alcohol, 8 (Table 3) has been estimated 
from the mean }AB/}Sw, (Table 2); 8 is thus probably too negative, so that an ,.(mK,) 
of ca. —4 x 10° (as in carbon tetrachloride) is clearly not impossible. 

Attention is drawn to the fact (Table 1) that, with all the alcohols except the first two, 
AB increases in negativity as w, becomes greater; for methyl alcohol AB is positive above 
concentrations of ca. 2%; for ethyl alcohol the trend with stronger solutions is not clear. 
The literature ® contains Kerr constants of six pure alcohols, expressed relatively to Beg,. 
These, transformed into absolute values (the Kerr constant of carben disulphide ® for 
Na light at 20° being 3-226 x 10°’), and incorporated with appropriate densities, dielectric 
constants, and refractive indexes, yield the specific Kerr constants shown in Table 4; only 
for ethyl alcohol is ,.K, positive. Presumably therefore the AB’s (Table 1) for-solutions 
of ethanol with w, above 7° would, if explored, display a small increase of positivity; for 
the alcohols from propyl to octyl, negativity is to be expected. 


TABLE 4. Specific Kerr constants of liquid alcohols.* 


Alcohol t B x 10’ et da; n,! eKig X 10% 
BGA... cssesescccccsseee 7° 0-779 25-5 0-7910 1-3614 +0-004 
BIE ixicsovcceveevesie 20 — 2-516 20-8 0-8043 1-3856 —0-019 
BNE - vasccsosscvsncicvs . — 3-645 17-8 0-8104 1-3993 — 0-036 
Eee = —3-161 14-3 0-8136 1-4100 — 0-046 
DIE oxkisnsseustios io —7-517 12-2 0-8219 1-4235 —0-141 
., Speerrerereynrere ie —7-613 10-34 0-8273 1-4293 —0-187 

* Sources of data: B’s, ref. 6; ¢’s, ‘‘ Table of Dielectric Constants of Pure Liquids,” Nat. Bur. 


Stand. Circular 514, issued 10/8/51; U.S. Government Printing Office, Washington, D.C.; d’s and 
n’s, Timmermans, “‘ Physico-chemical Constants of Pure Organic Compounds,”’ Elsevier, Amsterdam, 
1950, and Vogel, J., 1948, 1815; 1952, 514. 

A plausible explanation of the values of ,,K found by Tsvetkov and Marinen ? is therefore 
that they were drawn from solutions lying in concentration ranges higher than those used 
by us. Table 1 can provide indications which support this suggestion: if from our data 
for propyl, butyl, and pentyl alcohols we had used only information relating to solutions 
containing above about 6%, of solute, then by calculating 8 as }AB/B,>w, and with other 
factors as in Table 3, the following results would have emerged: 


Alcohol 8 (mM apparent) X 10% mk x 10 (T. and M.) 
PUG ccecsnccvecrcdiconvoccesess —1-12 —10 —9-3 
pst aenat cota ae —1-64 ~13 —16-0 
EE banciinecaeticldasesacsnaee — 1-63 —13 —17-0 





* Le Févre and Le Févre, J., 1953, 4041; Armstrong, Aroney, Le Févre, Le Févre, and Smith, J., 
1958, 1474; Le Feévre and Le Févre, Rev. Pure Appl. Chem., 1955, 5, 261. 

® Buckingham, Trans. Faraday Soc., 1956, 52, 611. 

* L.C.T., Vol. VII, pp. 110—112 (Ist Edn., 1930). 
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Our highest concentrations were 10—12%; had we proceeded above this limit it seems 
possible that an even better reconciliation could be effected between our observational 
data and those of the Russians. 


UNIVERSITY OF SYDNEY, 
N.S.W., AUSTRALIA. [Received, May lst, 1959.} 





26. Pyrrolo[2,3-d|pyrimidines. 
By J. DAvoLL. 


Pyrrolo[2,3-d]pyrimidines have been obtained by spontaneous cyclisation 
of 4-aminopyrimidyl-acetaldehydes and -acetones, which in turn were 
prepared by hydrolysis of their acetals, and, in the case of the aldehydes, by 
oxidation of 4-amino-5-(2,3-dihydroxypropyl)pyrimidines. The compounds 
prepared include analogues of biologically important purines. 


PyRROLO[2,3-d]PYRIMIDINE (I) may be regarded as an analogue of purine in which its 
Ni) has been replaced by a CH group, and the present series of compounds was prepared as 
possible antimetabolites to naturally occurring purine derivatives. When this work 
was prepared for publication, the only pyrrolo{2,3-d)pyrimidines reported were 
three derivatives of 5,6-dihydro-6-oxopyrrolo[2,3-d]pyrimidine (II; R= R’ = OH;} 
R = Me, R’ = OH;? and R = Me, R’ = H4), all obtained from derivatives of 4-amino- 
pyrimidylacetic acid, and the 4,6-dichloro-2-methyl derivative, prepared from the 4-hydr- 


I H 


N N N 
i 76 C x a OE; 1B 
3IN ~ CH,*CH(OEt) Nv 
S . 2 R’ CH,-C—CH, 
(II) 


(IIL) ; 2 9 

(IV) H,C—CH, 
oxy-derivative (II; R= Me, R’=OH).? Very recently, however, a patent‘ has 
described the preparation of compounds (VI) and (VII) by a different procedure from that 
given below, and their conversion into pyrrolo[2,3-d]pyrimidines by methods essentially 
similar to those described here. 2,4-Dihydroxypyrrolo{2,3-d]pyrimidine was also prepared 
from 6-aminouracil and chloroacetaldehyde. The properties of the compounds are in 
general agreement with our findings, although there is a considerable discrepancy in the 
ultraviolet spectra of 4-mercaptopyrrolo[2,3-d]pyrimidine [given in ref. 4 as 4 275 my 
(¢ 9450) at pH 1). 


R NH, CN 
a | CH;*CH(OH)*CH,-OH __(EtO),CH+CH,-CH- CO,Et (EtO),CH+CH, «CH(CN) , 
R’ (V) (VI) (VIL) 


The general method employed in the present work was to prepare by ring synthesis a 
4-aminopyrimidine with a potential acetaldehyde (or acetone) group at the 5-position, 
either as an acetal (III) [or ketal (IV)] which yielded the aldehyde (or ketone) on acid 
hydrolysis, or as a 2,3-dihydroxypropyl group (V) which yielded the aldehyde on oxidation. 
In each case the aldehyde or ketone cyclised immediately to a pyrrolo[2,3-d]pyrimidine. 
The first method proved more versatile, although the second procedure was more con- 
venient in a few cases. 


1 Johnson and Kohmann, Amer. Chem. J., 1913, 49, 186. 

* Foldi, Fodor, Demjén, Szekeres, and Halmos, Ber., 1942, 75, 755. 

3? Nesbitt and Sykes, J., 1954, 3057. / 
* Wellcome Foundation, B.P. 812, 366 (April 22nd, 1959). 
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For the preparation of 4-amino-5-(2,2-diethoxyethyl)pyrimidines ethyl «-cyano-a- 
(2,2-diethoxyethyl)acetate (VI) and 2,2-diethoxyethylmalononitrile (VII) were required, 
Attempts to prepare the mononitrile (VI) from bromoacetal and ethyl sodiocyanoacetate 
were unsuccessful, but it was obtained in 46% yield from bromoacetal and excess of ethyl 
cyanoacetate in the presence of potassium carbonate.5 Conversion into the amide followed 
by dehydration with phosphoric anhydride-triethylamine gave the malononitrile (VII), 
The sodio-derivative of the mononitrile (VI) was also prepared by ethoxycarbonylation of 
4,4-diethoxybutyronitrile. 

Condensation of the mononitrile (VI) with guanidine, urea, and thiourea gave the 
pyrimidines (III; R = NH,, OH, and SH, R’ = OH); and the pyrimidines (III; R= 
NH,, OMe, and SH, R’ = NH,) were similarly prepared from the dinitrile (VII) with 
guanidine, O-methylisourea, and thiourea. [Like malononitrile ® itself, the substituted 
malononitrile (VII) did not condense with urea to give a 2-hydroxypyrimidine.] The 
pyrimidines (III; R = H, R’ = OH and NH,) were prepared by desulphurisation of the 
corresponding 2-mercapto-derivatives with Raney nickel. 

Exactly similar syntheses were carried out from the ethylene ketal derived from ethyl 
acetonylcyanoacetate’ and the malononitrile prepared from it via the amide. In this way 
the pyrimidines (IV; R = NH,, OH, SH, and H, R’ = OH; and R = SH and H, R’ = 
NH,) were prepared. 

Schrage and Hitchings ® prepared 5-2’-hydroxyethylpyrimidines from the condensation 
product of ethyl cyanoacetate and ethylene oxide in the presence of sodium ethoxide. 
Similarly, glycide was found to condense with ethyl cyanoacetate, and direct reaction of 
the product with guanidine or thiourea gave the pyrimidine (V; R = NH, or SH, R’ = 
OH). In the same way, malononitrile with glycide gave a product from which the cyclic 
compounds (V; R= NH, and SH, R’ = NH,) were prepared. The two 2-mercapto- 
derivatives were desulphurised with Raney nickel. 


H H 
N. ON N_ ON 
RZ RZ Me HS 
(7 i | (? z= C {Yes -CH(OEt), 
Nx LL Nx ja Nv a :NPh 
R’ R’ 
I) 


(VIII) (1X) i (X 


All the acetals and ketals were converted almost quantitatively into pyrrolo[2,3-d]- 
pyrimidines by treatment with dilute hydrochloric acid at room temperature. In this way 
the compounds (VIII; R = H, NH,, OH, and SH, R’ = OH; and R = H, NH, OMe, 
and SH, R’ = NH,) and (IX; R = H, NH,, OH, and SH, R’ = OH; and R = Hand SH, 
R’ = NH,) were prepared. These include the pyrrolo[2,3-d)pyrimidine analogues of 
adenine, hypoxanthine, guanine, xanthine, and 2,6-diaminopurine. The isoguanine 
analogue (VIII; R = OH, R’ = NH,) was prepared from the 4-amino-2-methoxy-compound 
and concentrated hydrochloric acid. 

Oxidation of the 2,3-dihydroxypropyl compounds was les; straightforward, since in 
some cases secondary reactions appeared to occur between the main product and the 
formaldehyde also produced, and quantitative studies indicated that further oxidation also 
occurred. When the dihydroxypropylpyrimidines (V; R = NH,, R’ = OH and NH,) 
were treated with excess of sodium metaperiodate, 2-4 mols. of oxidant were consumed in 
less than 2 hr., although compound (V; R = H, R’ = OH and NH,) behaved normally, 
consuming approximately 1 mol. of metaperiodate, Even when the calculated amount of 
metaperiodate was added to a solution of the propanediol (V; R = NH,, R’ = OH) the 
required pyrrolopyrimidine could only be obtained if formaldehyde was continuously 


®* G. M. Robinson, J., 1924, 125, 226; R. Robinson and Watt, /J., 1934, 1536. 

* Bendich, Tinker, and Brown, J. Amer. Chem. Soc., 1948, 70, 3109; see, however, ref. 4. 
7 Klobb, Ann. Chim. (France), 1897, 10, 205. 

* Schrage and Hitchings, J. Org. Chem., 1951, 16, 1153 
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removed by evaporation during the oxidation; an amorphous by-product also obtained 
appeared to be a reaction product of the bicyclic compound (VIII; R = NH,, R’ = OH) 
and formaldehyde. Attempts to prepare 4-amino- and 2,4-diamino-pyrrolo[2,3-d]- 
pyrimidines by periodate oxidation failed, rather surprisingly in the first case, since the 
uptake of periodate was normal. However, 4-aminopyrrolo[2,3-d]pyrimidine was obtained 
in poor yield by use of lead tetra-acetate. Sodium bismuthate ® was also tried, without 
success. 

In general, the oxidation route was only satisfactory when the resulting pyrrolo- 
pyrimidine separated rapidly from the oxidation mixture; thus the four compounds 
(VIII; R =H, R’ = OH and R = SMe, R’ = OH and NH,) were all obtained in good 
yield by periodate oxidation of appropriate dihydroxypropyl compounds. 

Treatment of 4-hydroxypyrrolo{2,3-d]pyrimidine with phosphoryl chloride gave the 
4-chloro-derivative, from which the 4-mercapto-compound was prepared by reaction with 
thiourea, and the 4-benzylamino-, 4-furfurylamino-, and 4-propylamino-compounds by 
reaction with appropriate amines. The parent compound, pyrrolo[2,3-d]pyrimidine, was 
prepared by reductive dehalogenation of the chloro-compound and by desulphurisation of 
the 4-mercapto-derivative. 4-Chloro- and 4-mercapto-6-methylpyrrolo[2,3-d]pyrimidine 
were also prepared. 

Pyrrolo[2,3-d]pyrimidines might be expected to be nitrosated and azo-coupled at the 
5-position (as analogues of indole) or at the 6-position (which is vinylogous to the pyrimidine 


TABLE 1. Ultraviolet spectra of pyrrolo(2,3-d] pyrimidines. 
Amax. (Mp) (10-%e in parentheses) 


Compound 
(VIII) In HCl At pH 6-8 In NaOH 
R=H R’ =H 225 (27-3), 265 (3-1), 271 (4-0) 273 (3-9) 
299 (1-5) 

Cl 223 (26-0), 275 (4-5) ¢ 

NH, 225 (18-2), 274 (10-9) 271 (10-6) 272 (10-4) 

NHPr® 227 (14-3), 273 (14-4) 273 (14-2) 274 (14-1) 

OH 215 (16-3), 263 (9-9) 215 (16-9), 263 (10-1) 266 (10-9) 

SH _267 (5-6), 323 (19-6) 267 (5-5), 322 (20-2) 228 (17-4), 310 (17-8) 


R= NH, R’ = NH, 
OH 

R=OH R’=NH, 
OH 

R= OMe R’ = NH, 


225 (24-2), 262 (7-2), 
292 (6-9) 

221 (14-2), 259 (10-6), 
263 (sh) (10-3) 

224 (21-6), 293 (8-2) 


238 (6-9), 274 (6-4) 


224 (22-4), 260 (5-7), 
285 (7-5 


220 (24-7), 258 (7-2), 
287 (7-0) 

216 (19-4), 256 (11-2), 
277 (sh) (7-9) 

222 (26-7), 245 (5-7), 
296 (7-3) 

213 (18-8), 243 (7-1), 
275 (6-3) 

260 (sh) (7-2), 274 (8-1) 


259 (7:2), 285 (7-2) 
257 (9-9), 270 (sh) (9°1) 
252 (7-3), 288 (8-4) 
249 (9-9), 284 (7-1) 
260 (sh) (7-2), 274 (8-3) 


R=SH R’=NH, 235 (13-2), 250(sh) (10-1), 214 (16-9), 230 (sh) (14-6), 243 (22-6, 284 (14-1) 
299 (18-0) 290 (16-2) 
OH 241 (11-0), 298 (19-7) 227 (13-4), 293 (17-8) 229 (13-5), 290 (17-4) 
R=SMe R’=NH, 224 (18-6), 283 (13-8) 233 (21-8), 281 (12-2) 237 (21-9), 283 (12-4) 
OH 217 (16-4), 283 (11-6) 219 (16-0), 280 (11-4) 274 (11-5) 
(IX) 
R=H  R’=OH _ 269 (10-3) 265 (10-8) 270 (11-6) 
R= NH, R’=OH _ 222 (10-9), 268 (9-5) 259 (9-9) 261 (9-4) 
R=OH R’=OH 243 (8-8), 281 (6-5) 246 (8-2), 282 (6-6) 251 (11-1), 291 (7-2) 
R=SH R’=OH _ 240 (11-2), 304 (19-8) 295 (17-2) 295 (17-2) 
(X; R =H) 240 (sh) (8-7), 292 (10-5), 
374 (14-1) 
(X; R = Me) 248 (8-7), 294 (10-7), 
384 (13-4) * 





* In ethanol. 


5-position). With sodium nitrite in acetic acid the 2-amino-4-hydroxy- and the 2,4-di- 

hydroxy-compounds gave immediate indigo-blue and deep violet precipitates, while 

with the 4-amino-2-hydroxy- and 4-amino-2-methylthio-derivatives brown precipitates 
® Rigby, J., 1950, 1907. 
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separated more slowly. 4-Amino- and 4-hydroxy-pyrrolo[2,3-d]pyrimidine did not give 
nitroso-compounds, but the former gave a crystalline phenylazo-derivative, apparently 
(X; R= H), since 4-amino-6-methylpyrrolo[2,3-d]pyrimidine gave an analogous com- 
pound (X; R = Me) with closely similar ultraviolet absorption. 

An attempt was made to prepare a pyrrolopyrimidine with an angular methyl group. 
Methylation of the cyanoacetic ester (VI) and condensation with thiourea gave the acetal 
(XI; R=NH,). Treatment of this with dilute acid, however gave the hydroxy- 
compound (XI; R= OH), without hydrolysis of the acetal group, while stronger acid 
destroyed the compound. 

The ultraviolet absorption spectra of the pyrrolo[{2,3-d]pyrimidines show a general 
resemblance to those of the corresponding purines. Details are given in Table 1. 

All the pyrrolo[{2,3-d)pyrimidines and most of the pyrimidine intermediates were tested 
against a range of pathogenic and non-pathogenic organisms. No significant inhibition 
was observed, other than inhibition of Strep. pyogenes in vitro by some of the mercapto- 
derivatives; these were ineffective against infection by the organism in mice. 


EXPERIMENTAL 


Except where otherwise stated, samples were dried for analysis in a high vacuum at 100°. 

Ethyl 2,2-Diethoxyethylcyanoacetate.‘—A mixture of bromoacetal !° (160 g.), ethyl cyano- 
acetate (456 g.), anhydrous potassium carbonate (112 g.), and sodium iodide (8 g.) was stirred 
under reflux in an oil-bath at 145—150° until the vigorous reaction (evolution of carbon dioxide) 
had subsided, and then for a further 4 hr. at 140—145°. After cooling, the mixture was 
dissolved in water (800 c.c.) and ether (800 c.c.). The ether layer was washed with water, the 
aqueous portions were again extracted with ether, and the combined ether solutions were dried 
(MgSO,) and evaporated. Evaporation of the ether and fractionation of the residue through a 
6” Fenske column gave the ester (86 g., 46%), b. p. 111—115°/1-3 mm., m,,”° 1-4300 (Found: C, 
58-1; H, 8-5; N, 6-2. C,,H,,O,N requires C, 57-6; H, 8-4; N, 6-1%). 

2,2-Diethoxyethylmalononitrile.—A solution of the above ester (40 g.) in methanolic ammonia 
(200 c.c.; saturated at 0°) was treated with methanol (80 c.c.) containing dissolved sodium 
(0-2 g.). After 18 hr. at 20° the red solution was evaporated, finally with benzene, and the 
residual crude amide was dissolved in benzene (60 c.c.) and triethylamine (49 c.c.) (both distilled 
from phosphoric anhydride) and treated with phosphoric anhydride (33 g.). The mixture, 
whose temperature rose to ca. 60°, was then stirred under reflux for 30 min. at room temperature 
and for 3 hr. at 100—120° (bath-temperature), then cooled and added to water (250 c.c.) 
containing ammonia (d 0-88; 40 c.c.). More benzene was added, the benzene layer was 
separated, and the aqueous layer extracted twice with benzene. The combined benzene 
solutions were dried (MgSO,) and evaporated, and the residue was distilled, giving the nitrile 
(15-8 g., 50%), b. p. 100—103°/1 mm., ,,*° 1-4303, which slowly became yellow (Found: C, 
59-6; H, 7-8; N, 15-2. C,H,,0O,N, requires C, 59-3; H, 7-7; N, 15-4%). 

Ethyl a-Cyano-a-(2-methyl-1,3-dioxolan-2-ylmethyl)acetate—A mixture of ethyl acetonyl- 
cyanoacetate 7 (100 g.), ethylene glycol (40-4 g., 1-1 mol.), benzene (600 c.c.), and benzene- 
sulphonic acid (1-2 c.c. of 32% solution) was boiled under a Dean and Stark head until evolution 
of water ceased (ca. 4 hr.). The mixture was treated with a little solid sodium hydrogen 
carbonate, cooled, filtered, and evaporated, and the residue was distilled, giving the ketal 
(110 g., 87%), b. p. 116°/0-6 mm., ,* 1-4461 (Found: C, 56-8; H, 7-2; N, 6-5. C,ygH,,;O,N 
requires C, 56-3; H, 7-1; N, 6-6%). 

2-Methyl-1,3-dioxolan-2-ylmethylmalononitrile.*—Prepared from the above ester by the 
procedure described for the 2,2-diethoxyethyl compound, the nitrile (33% yield) had b. p. 124— 
128°/2 mm., and formed needles (from ethanol), m. p. 36—37° (Found: C, 58-2; H, 6-4; N, 
17-1. C,H, ,O,N, requires C, 57-8; H, 6-1; N, 16-9%). 

Ethyl Cyanoacetate and Glycide.—Ethyl cyanoacetate (45-2 g.) was added to a solution of 





* This nitrile and compounds derived from it were prepared by Dr. I. M. Lockhart of these Labora- 
tories. 


10 Bedoukian, J. Amer. Chem. Soc., 1944, 66, 651. 
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sodium ethoxide prepared from sodium (9-2 g.) and absolute ethanol (200 c.c.) and previously 
cooled to 5—10°. The mixture was stirred for 5 min. at 10°, then treated with glycide (29-6 g.) 
and allowed to warm with stirring. The sodium salt dissolved, with evolution of heat, and the 
temperature was kept below 60° by cooling. At the end of the reaction the mixture was kept 
30 min. at 55—60° and then treated with guanidine or thiourea (see below). 

Malonitrile and Glycide.—To a solution of malononitrile (26-4 g.) and glycide (29-6 g.) in 
absolute ethanol (200 c.c.) at 3° was added a solution of sodium ethoxide prepared from sodium 
(9-2 g.) and absolute ethanol (200 c.c.) and previously cooled to 3°. The mixture was allowed 
to warm, but was kept below 50° by cooling. At the end of the reaction the mixture was allowed 
to cool for 30 min., then treated with guanidine or thiourea (see below). 

Pyrimidines.—With the exception of the 2-methoxy- and 2-methylthio-derivatives, the 
2-substituted pyrimidines listed in Table 2 were prepared by the following general procedure. 

The ethanolic solutions of the sodio-derivatives of the dihydroxypropyl compounds derived 
from glycide were treated directly with guanidine (1 mol., prepared in filtered ethanolic solution 
from ethanolic solutions of equivalent quantities of the hydrochloride and sodium ethoxide) or 
thiourea (1 mol.). The other cyanoacetic esters were added to: (a) an ethanolic solution of 
guanidine (1 mol.) and sodium ethoxide (1 mol.); (b) an ethanolic solution of urea (1 mol.) and 
sodium ethoxide (2 mol.); or (c) an ethanolic solution of thiourea (1 mol.) and sodium ethoxide 
(1 mol.). The other malononitriles were added to (a) an ethanolic solution of guanidine (1 mol.) 
and sodium ethoxide (0-5 mol.), or (b) an ethanolic solution of thiourea (1 mol.) and sodium 
ethoxide (1 mol.). 

The reaction mixtures were then boiled under reflux for 3—4 hr., with stirring if necessary to 
prevent bumping due to separated solid. With the exception of the 2,4,6-triamino-compounds, 
the products were isolated by evaporation, dissolution of the residue in water, washing with 
ether, and addition of an equivalent of acetic acid to the aqueous solution. The products separ- 
ated either directly or on evaporation. In one case, (IV; R = SH, R’ = OH), the sodium salt 
was filtered directly from the cooled reaction mixture, dissolved in water, and acidified. The 
2,4,6-triamino-compounds were isolated by evaporation of the reaction mixture and crystallis- 
ation from water (for the 2,3-dihydroxypropyl compound), or by evaporation of the reaction 
mixture to half-volume (for the 2,2-diethoxyethyl derivative). 

Analytical samples of the acetals and ketals were dried at room temperature. 

2,4-Diamino-5-(2,2-diethoxyethyl)-6-hydroxypyrimidine from  v+yy-Diethoxybutyronitrile.—A 
mixture of yy-diethoxybutyronitrile (15-7 g.) and ethyl carbonate (97 c.c.) was added to 
“ foamed ” sodium ethoxide (from 2-3 g. of sodium) and heated with stirring under a 6” Fenske 
column with reflux ratio head until the temperature of the distillate remained above 100° (1 hr.). 
The mixture was evaporated to dryness under reduced pressure, and the residue heated under 
reflux for 3 hr. with guanidine (from 9-55 g. of hydrochloride) in absolute ethanol (100 c.c.). 
Isolated by the procedure described above, the pyrimidine (17 g. 70%) formed needles, m. p. 
156—158° (decomp.) after recrystallisation, undepressed by the previously described material 
(Found: C, 46-3; H, 7-6; N, 22-1. C,)9H,,0,N,,H,O requires C, 46-1; H, 7-8; N, 21-5%). 

4,6-Diamino-5-(2,2-diethoxyethyl)-2-methoxypyrimidine.—To a cold solution of sodium 
ethoxide (prepared from 2-22 g. of sodium and 95 c.c. of absolute ethanol) was added a cooled 
solution of O-methylisourea hydrochloride (10-2 g.) in absolute ethanol (50 c.c.), followed at 
once by 2,2-diethoxyethylmalononitrile (16-9 g.). The mixture was boiled for 4 hr. under 
reflux, treated with water (120 c.c.), and evaporated to small bulk. The residue was shaken 
with water (200 c.c.), and the pyrimidine (16-3 g., 69%) was collected (see Table 2). 

2-Methylthiopyrimidines.—The two compounds listed in Table 2 were prepared by adding 
dimethyl sulphate to solutions of the mercapto-compounds in N-sodium hydroxide, using 
equivalent quantities for compound (_V; R= SMe, R’ = NH,) and a 30% excess of each 
reagent for compound (V; R = SMe, R’ = OH). The mixtures were shaken vigorously, and 
the products were collected after standing. 

2-Unsubstituted Pyrimidines by Desulphurisation.—Compounds of this type listed in Table 2 

were prepared from the 2-mercapto-compounds as follows. The 2-mercapto-compound (10 g.), 
water (500 c.c.), ammonia (d 0-88; $0 c.c.), and Raney nickel ™ (from 30 g. of alloy) were boiled 
under reflux with stirring for 1 hr., then filtered hot, and the filtrate evaporated. 

Pyrvolo[2,3-d]pyrimidines from Acetals and Ketals.—The pyrimidines listed in Table 2 (Nos. 


1 Manske, Canad. J. Res., 1931, 5, 592. } 
12 Brown, J. Soc. Chem. Ind., 1959, 69, 353. 
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1—14) were converted into pyrrolo[2,3-d]pyrimidines as follows. Compounds 2—4 and 10— 
12 were shaken for 24 hr. with 0-2n-hydrochloric acid (1-5 equiv.), and the products were 
collected; compound 1 and 9 were dissolved in 0-2N-hydrochloric acid (1-5 equiv.), and the 
products were precipitated with ammonia after 3 hr.; and compounds 5—8, 13, and 14 were 
dissolved in N-hydrochloric acid (5 equiv.) and after 3 hr. the products were isolated by precipit- 
ation with ammonia (Nos. 7, 13), addition of the calculated amount of sodium hydroxide 
(Nos. 6, 8, 14), or addition of ammonia followed by evaporation to small bulk (No. 4). 

The product of the last reaction was obtained in higher yield by evaporation of the neutral- 
ised hydrolysis solution to dryness and addition of 20N-sulphuric acid (8 equiv.) to an aqueous 
solution of the residue, giving 2,4-diaminopyrrolo[2,3-d]pyrimidine sulphate hexahydrate * (99%) 
as needles (from water) which lost five molecules of water at 100° in vacuo (weight loss, 19-7. 
5H,O requires 20-7%) [Found: C, 34:7; H, 4:6; N, 33-2; S, 7-7. (C,H,N;).,H,SO,,H,O 
requires C, 34-8; H, 4-4; N, 33-8; S, 7-7%]. 

Pyrvolo[2,3-d)]pyrimidines from 2’,3’-Dihydvoxypropylpyrimidines.—The following procedure 
was used for compounds 17, 18 and 21 (Table 2). A solution of the pyrimidine in hot water was 
either cooled rapidly to 20° (No. 17) or added to an equal weight of crushed ice (Nos. 18 and 21) 
and treated at once with sodium metaperiodate (1 mol. of ca. 0-2m-solution). The products 
separated rapidly. 

Compound 15 (2 g.) in hot water (300 c.c.) was evaporated at water-pump vacuum until the 
temperature fell to 25°. With continued evaporation from a bath at 35—40° a solution of 
sodium metaperiodate (2-14 g.) in water (50 c.c.) was added during 30 min.; the solution was 
then evaporated to 75 c.c., and 2-amino-4-hydroxypyrrolo[2,3-d]pyrimidine (0-78 g., 46%) was 
later collected (see Table 3). Its identity with the sample prepared from the acetal was con- 
firmed by mised m. p., and by ultraviolet and infrared spectra. On a larger scale, the main 
product was an amorphous powder (Found: C, 45-9; H, 4:3; N, 30-4. C,H,O,N, requires C, 
46:7; H, 4-5; N, 31-1%). 

A solution of compound 19 (18-4 g.) in water (400 c.c.) was cooled to room temperature and 
treated with lead tetra-acetate (44-3 g.) in hot glacial acetic acid (240 c.c.), added rapidly with 
stirring. After 30 min. the clear red solution was treated with N-sulphuric acid (200 c.c.), 
stirred for 15 min., and filtered. Evaporation and treatment with ethanol gave 4-aminopyrrolo- 
[2,3-d]pyrimidine acetate (7-6 g., 39%) as needles or prisms (from water), m. p. 249—251° 
(decomp.), with loss of acetic acid above 180° (Found: C, 49-8; H, 5-9; N, 28-8. 
C,H,N,,C,H,O, requires C, 49-5; H, 5-2; N, .28-9%). Treatment with sodium hydroxide in 
aqueous solution gave 4-aminopyrrolo[2,3-d]pyrimidine (89%), identical with a sample prepared 
by the acetal route (mixed m. p.; infrared spectrum) (Found: C, 53-4; H, 4-8; N, 42-3%). 

4-Amino-2-hydroxypyrrolo[2,3-d]pyrimidine.~—4-Amino-2-methoxypyrrolo[2,3-d]pyrimidine 
(5-15 g.) and concentrated hydrochloric acid (15 c.c.) were kept for 5 min. at 100°. Methyl 
chloride was evolved. Dilution with water, neutralisation with ammonia, and recrystallisation 

of the separated solid from 10% ethanol gave the 4-amino-compound (4-1 g., 87%) as laths, 
which did not melt (Found: C, 47-9; H, 4:3; N, 36-9. C,H,ON, requires C, 48-0; H, 4:0; N, 
373%). 

4-Chloropyrrolo[2,3-d]pyrimidine.4—4-Hydroxypyrrolo[2,3-d]pyrimidine (10 g.) and phos- 
phoryl chloride (100 c.c.) were boiled together under reflux for 45 min. Phosphoryl chloride 
was removed im vacuo and the residue treated with crushed ice and extracted with ether 
(4 x 100 c.c.). Evaporation of the dried (MgSO,) ether extract gave the chloro-compound 
(9 g., 79%) sufficiently pure for further use. After crystallisation from ethyl acetate (as laths) 
and sublimation at 110—120° (bath-temp.)/0-5 mm. it had m. p. 189—190° (decomp.) (Found: 
C, 47-3; H, 2-6; N, 27-1. C,H,N,Cl requires C, 46-9; H, 2-6; N, 27-4%). 

4-Mercaptopyrrolo[2,3-d]pyrimidine.*—The crude chloro-compound (9 g.), thiourea (9 g.), 
and absolute ethanol (230 c.c.) were boiled together under reflux for 2 hr. Evaporation and 
crystallisation of the residue from water (750 c.c.) (charcoal) gave the mercapto-compound 
(6-2 g., 70%) as grey needles, m. p. 293—295° (decomp.) (Found: C, 47-3; H, 3-6; N, 27:3. 
C,H,N,S requires C, 47-7; H, 3-3; N, 27-8%). 

4-Mercapto-6-methylpyrrolo(2,3-d]pyrimidine.—Similarly prepared from 4-hydroxy-6-meth- 
ylpyrrolo[2,3-d]pyrimidine, without purification of the chloro-compound (which was extracted 
with chloroform), the mercapto-compound (24% overall yield) formed yellow rods (from 50% 
acetic acid) (Found: C, 51-2; H, 4-85; N, 25-6. C,H,N,S requires C, 50-9; H, 4-3; H, 25-5%). 

Pyrvolo({2,3-d|pyrimidine.s~—(a) From the 4-mercapto-compound. The procedure used was 
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that described above for desulphurisation of 2-mercaptopyrimidines. Pyrrolo[2,3-d]pyrimidine 
(69%) formed colourless prisms (from ethyl acetate), m. p. 131—133°, soluble in water (Found: 
C, 60-5; H, 4:7; N, 35-3. C,H,;N, requires C, 60-5; H, 4:2; N, 35-3%). 

(b) From the 4-chloro-compound. The chloro-compound (0-77 g.; recrystallised from ethyl 
acetate) was hydrogenated in ethanol with 10% palladised charcoal. One mol. of hydrogen 
was absorbed and after filtration N-sodium hydroxide (5 c.c.) was added to the filtrate. Evapor- 
ation and extraction of the residue with ethyl acetate gave pyrrolo[{2,3-d]pyrimidine (0-44 g., 
73%), m. p. 131—132° alone or mixed with the above sample (Found: N, 35-1%). 

4-Propylaminopyrrolo[2,3-d]pyrimidine.—The crude 4-chloro-compound (4-6 g.), n-propyl- 
amine (8-2 g., 4 mol.), and butan-l-ol (46 c.c.) were boiled together under reflux for 
4hr. Evaporation and crystallisation from aqueous ethanol gave the propylamino-compound 
(3-75 g., 71%) as blades, m. p. 160—161° (Found: C, 61-7; H, 7-2; N, 31-8. C,H,,N, requires 
C, 61-3; H, 6-9; N, 31-8%). Similarly, benzylamine (2-5 mol.) and furfurylamine (2-5 mol.) 
gave, respectively, 4-benzylamino- (62%), needles, m. p. 203° (Found: C, 69-8; H, 5-8; N, 24-6. 
C,,;H,.N, requires C, 69-6; H, 5-4; N, 25-0%), and 4-furfurylamino-pyrrolo[2,3-d]pyrimidine 
(72%), needles, m. p. 150—152° (Found: C, 61-5; H, 4:8; N, 26-2. C,,H,ON, requires C, 
61-7; H, 4-7; N, 26-2%). 

4-Amino-5-phenylazopyrrolo[2,3-d]pyrimidine.—A diazonium solution prepared from aniline 
(1-65 g.) in 2N-hydrochloric acid (50 c.c.) and sodium nitrite (1-2 g.) in water (50 c.c.) was added 
to a solution of 4-aminopyrrolo[2,3-d]pyrimidine (2-4 g.) in 0-5n-hydrochloric acid (120 c.c.). 
The mixture was added to a solution of sodium carbonate (20 g.) in water (400 c.c.), and the 
phenylazo-compound (3-8 g., 89%) collected after storage. Addition of ethanol to its solution 
in 75% acetic acid gave yellow prisms, m. p. 297—-298° (decomp.) (Found: C, 60-0; H, 4-9; N, 
35-9. C,,.H,)N, requires C, 60-5; H, 4:2; N, 35-3%). 

4-A mino-6-methyl-5-phenylazopyrrolo[2,3-d]pyrimidine.—Similarly prepared, the phenylazo- 
compound (79%) formed yellow needles, m. p. 312—314° (decomp.) (Found: C, 61-9; H, 5-4; 
N, 33-6. C,,;H,.N, requires C, 61-9; H, 4:8; N, 33-3%). 

Ethyl «-Cyano-a-(2,2-diethoxyethyl)propionate.—To a solution of sodium ethoxide (from 2:3 g. 
of sodium) in absolute ethanol (60 c.c.) was added, with stirring, ethyl «-cyano-a-(2,2-diethoxy- 
ethyl)acetate (23 g.), followed after 5 min. by methyl iodide (7-5 c.c.). The mixture was boiled 
under reflux for 3 hr., then evaporated, and the residue was shaken for 1} hr. with 0-7N-sodium 
hydroxide (45 c.c.). Extraction with ether gave the propionate (16-2 g., 67%), b. p. 102— 
104°/1 mm., ,*° 1-4297 (Found: C, 59-3; H, 9-0; N, 5-4. C,,H,,O,N requires C, 59-2; H, 
8:7; N, 5-8%). 

6-A mino-5-(2,2-diethoxyethyl)-4,5-dihydvo-2-mercapto-5-methyl-4-oxopyrimidine.—To a solu- 
tion of sodium ethoxide (from 0-92 g. of sodium) in absolute ethanol (20 c.c.) was added thiourea 
(1-52 g.), followed by the preceding ester (4-86 g.). The mixture was boiled for 5 hr. under 
reflux, cooled, and treated with glacial acetic acid (2-4 c.c.) and water (25 c.c.), giving the 
oxopyrimidine (4-61 g., 84%); it formed cream-coloured needles (from ethanol), m. p. 216° 
(decomp.) (Found: C, 48-3; H, 7-4; N, 15-2. C,,H,sO,N,S requires C, 48-3; H, 7-0; N, 
15-4%). 

5-(2,2-Diethoxyethyl)-4,5-dihydro-6-hydroxy-2-mercapto-5-methyl-4-oxopyrimidine.—The pre- 
ceding compound (8-64 g.) and 0-2N-hydrochloric acid were stirred together for 3 hr. Collected 
after cooling to 0°, the product (3-42 g., 40%) formed rods (from water), m. p. 94—96° (Found: 
C, 48:3; H, 6-6; N, 10-1. C,,H,,0,N,S requires C, 48-2; H, 6-6; N, 10-2%). 


The author thanks Dr. R. E. Bowman for many helpful discussions, Miss E. M. Tanner for 
determination of the spectra, and Mr. F. Oliver for the microanalyses. 


CHEMICAL RESEARCH DEPARTMENT, PARKE, Davis & Co., LtTD., 
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27. The Solubilisation of Some Dibasic Fatty Acids by Lecithin 
in Benzene. 


By P. H. E_wortay. 


The solubilisation of twelve dibasic fatty acids by solutions of lecithin 
in benzene has been studied; quite large amounts of the acids were solubilised. 
Those acids containing an odd number of carbon atoms were taken up to a 
larger extent by the micelles than those containing an even number, 
indicating a different type of packing in the micelle for each sub-series. The 
number of molecules of acid solubilised per molecule of lecithin decreased as 
the chain length of the acid increased, but the actual volume of solubilisate 
increased with chain length. Using a model of the micelle, we suggest an 
explanation of the mode of packing of the acids from which the cross- 
sectional area of the lecithin molecule at the head group can be calculated; 
it agrees well with results from surface film experiments. The possible 
biological significance of this type of solubilisation is discussed. 


LECITHIN forms both small and large micelles in benzene.1 The small micelles have a 
molecular weight of 3200, and the large ones of 55,000. Diffusion and viscosity studies ? 
have shown the micelles to be laminar in structure, presumably with the polar head groups 
forming a double sheet in the centre of the micelle, and the hydrocarbon chains protruding 
outwards into the benzene. It has been suggested! that it might be possible to solubilise 
polar substances between the two sheets of polar groups in the micelle centre. Dibasic 
fatty acids have been chosen for study in view of their ease of assay and low solubility 
in benzene, and results on twelve acids have shown that solubilisation in the lecithin 
micelle is possible. 


EXPERIMENTAL 
Materials.—Good-quality commercial acids were used, each being recrystallised at least 
twice from a suitable solvent. Some physical constants of the recrystallised materials are 
given in Table 1; molecular weights were determined by titration. 


TABLE 1. Physical constants of dibasic fatty acids. 


No. of carbon atoms............... 2 3 4 5 6 7 
Molecular weight (obs.)_ ......... 89-93 104-0 118-0 132-2 146-2 160-2 
Molecular weight (calc.) ......... 90-03 104-1 118-1 132-1 146-1 160-2 
Melting point (obs.) ............... 188° 132° 185° 97° 153° 105° 
Melting point (lit.3) ............... 189° 132° 185° 97° 153° 106° 
No. of carbon atoms............... 8 9 10 12 13 16 
Molecular weight (obs.) ......... 173-8 188-1 202-6 230-8 244-9 286-0 
Molecular weight (calc.) ......... 174-2 188-2 202-3 230-3 244-4 286-4 
Melting point (obs.) ............... 113° 106° 132° 128° 112° 125° 
Melting point (lit.*) ............... 114° 107° 133° 128° 113° 125° 


The physical constants of the lecithin and benzene used have been reported.! 

Solubilisation Measurements.—The solution of lecithin, together with the dry powdered acid, 
and a stainless-steel ball bearing, were placed in 100 ml. conical flasks, whose bottoms were 
slightly curved. The ground-glass stoppers were sealed in with ‘‘ Parafilm ”’ to exclude moisture. 
The flasks were attached to a metal frame, and were held half submerged in a thermostat 
bath at 25° + 0-05°. The frame was rocked by a motor, causing the ball bearings in the 
flasks to move; this movement kept the solution and acid well mixed, and also ground the 
acid very finely. When equilibrium had been reached, rocking was stopped, and the solutions 
set aside for 24 hr. Samples were withdrawn into a pipette fitted with a sintered-glass filter and 
preheated a few degrees above 25°. ;The sample was run into a tared flask and weighed, the benz- 
ene was evaporated, 10 ml. of neutral alcohol were added, and the acid was titrated (phenol- 
phthalein) with alkali of convenient concentration. 

1 Elworthy, J., 1959, 813. j 

2 Elworthy, J., 1959, 1951. 

® Rodd, ‘‘ The Chemistry of Carbon Compounds,” Elsevier, London, 1952, Vol. I, Part B, p. 954. 
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The time required to reach equilibrium was found by stopping the rocking of the flasks 
after 2, 3, 4, and 5 days, withdrawing a sample, and titrating it. Generally 2—3 days were 
required for complete saturation of solution with acid. Blanks on the solubility of the acid in 
benzene, and on the titration of lecithin alone, were performed under identical conditions. 


RESULTS 


The results for the twelve dibasic fatty acids are given in Table 2. Below 0-73 g. 11 
(0-00110 mole of lecithin per kg. of solution) small amounts of acids were solubilised by the small 
micelles. Very small titres were obtained in these experiments, yielding rather inaccurate 
results. From the mass-action law for this system,’ the concentrations of small and large 
micelles at any lecithin concentration can be calculated and, from a knowledge of the amount 
of an acid taken up by the small micelles, the amount solubilised by the large micelles can be 
calculated for any solution. All results in Table 2 have been corrected for the solubility of the 


TABLE 2A. Amounts of oxalic acid solubilised by solutions of lecithin in benzene. 


(i) Total lecithin concentration, moles/kg. of solution. 

(ii) Total acid concentration, moles/kg. of solution. 
(iii) Lecithin concentration as large micelles, moles/kg. of solution. 
(iv) Acid concentration in large micelles, moles/kg. of solution. 


(v) Moles of acid/moles of lecithin = M,/M,. 


TBP! coccce 0-46 0-87 1-03 14-61 17-03 22-70 29-04 34-07 43-81 45-49 
ee 0-92 1-79 2-17 32:00 37:06 48-93 62:80 73:65 94:02 97-97 
oe — — —_— 13-12 16-53 21-17 27-49 32-51 42-23 43-91 
_ — — 28:90 33-91 45-7 59-54 70-37 90-70 94-65 
BUF séxccce 2-0 2-1 2-1 2-203 = 2-051 2-160 2-166 2-165 2-148 2-156 


Small micelles, mean = 2-1 molecules of acid/molecule of lecithin. 
Large micelles, mean = 2-150 molecules of acid/molecule of lecithin. 


TABLE 2B. Amounts of dibasic acids solubilised by solutions of lecithin in benzene. 


Mean M,/M, Mean M,/M, Mean M,/M, Mean M,/M 
for small for large for small for large 

Acid micelles micelles Acid micelles micelles 
ag eee 2-1 2-150 DOT Kg, csiivevcecss 18 1-387 
Malonic, Cy ...........- 2-3 2-013 Sebacic, Cyg ........+ 0-9 0-799 
Seccinks, Ge cvsceces 1-2 1-209 Decane-1,10-dicarb- 
Glutaric, C, ......... 2-1 1-900 CME, Cae ceceesees 0-8 0-746 
BL, Wits sutcegsnanes 1-0 1-082 Brassylic, C,,_ ...... 1-9 1-039 
a 1-1 1-397 Tetradecane-1,14- 
SE, Rie sissieccccan 1-0 0-955 dicarboxylic, Cy, 0-9 0-629 


acids in benzene. The results are finally expressed as the number of acid molecules solubilised 
by one lecithin molecule, M,/M,. 

Quite large amounts of the acids of shorter chain length were solubilised, about two molecules 
of oxalic and malonic acid being associated with each lecithin molecule. As the chain length 
of the acid increased, M,/M, decreased, and for tetradecane-1,14-dicarboxylic acid (C,,) only 
0-6 molecule per molecule of lecithin was solubilised. 

The set of results for oxalic acid is shown in fullin Table 2A. The data for the other eleven 
acids are summarised in Table 2B. For the small micelles each value of M,/M, given is the 
mean of three determinations, and for the large of at least six. 


DISCUSSION 
It is likely that the acids, which are only slightly soluble in benzene, are solubilised 
between the two sheets of polar groups in the centre of the laminar micelle. Owing to 
the inaccuracies of measurements on small micelles, only the large ones will be considered. 
Fig. 1 shows the volume of acid solubilised by two lecithin molecules as a function of 
chain length of solubilisate. This is the apparent volume solubilised between two lecithin 
molecules, t.e., between one lecithin molecule in one sheet of polar groups, and the opposite 
lecithin molecule in the second sheet. The volume solubilised increases as the chain 
length of the acid increases, and the acids appear to fall into two separate series, those 
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containing an odd number of carbon atoms being taken up by the micelle to a greater 
extent than those containing an even number. The volumes of the acid molecules were 
calculated from density data.*56? 

The packing of the acids in the micelle cannot be explained simply. It is unlikely that 
the acids pack so that their c axes (long axes) are perpendicular to the polar sheets. The 
cross-sectional area ¢ of the acids is 18-1 A? and this value is reasonably constant throughout 
the series; malonic and oxalic acid differ slightly. An equal number of molecules of all 
acids should be solubilised per molecule of lecithin if packing perpendicular to the polar 
sheets is assumed. Table 2 shows that this is not so. 

If the acids lie in the micelle with their long axes parallel to the polar sheets, the area 
of acid apparently lying between two lecithin molecules can be calculated from volume 
solubilised/+/(cross sectional area). 

The area of acid solubilised increases with chain length, and again there is a large 
difference between the odd- and even-numbered acids. This difference indicates that 








80o0r 
700+ i 
600+ 
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Fic. 1. Volumes of acid solubilised by ox 
two lecithin molecules as a function ~— $00F- 
of the chain-length of the acid. & 
x Odd no. of C. > q 
O Even no. of C. 3 400 
> o- 
JOO} ° 
200 1 nl 1 1 1 4 ae 





° 2 4 6 8 ‘0. f@ tt 16 
No. of carbon atoms 


the two sub-series pack into the micelle in different ways. If the acids covered the polar 
sheets exactly, the areas given in Table 3 should be constant. The larger areas of longer- 
chain acids taken up indicate that some parts of the molecules may protrude over the 
edges of the polar sheet into the solvent. 


TABLE 3. Area of solubilisate associated with two lecithin molecules. 
OS pens ._ £—_ & we 2 ees ae - e.. C. e 
Area (A?) ......... 90-4 104-3 74:1 140-3 96-0 131-7 101-9 160-1 102-4 110-8 167-3 120-1 
If one polar head-group of a dicarboxylic acid is held in the micelle, the remainder of 
the acid, residing outside the micelle, is akin to a monocarboxylic acid. The latter type 
is freely soluble in benzene at 25°. A tentative explanation of the packing can be given 
based on the assumptions that the acids may protrude into the benzene, and that the acids 
with an odd and an even number of carbon atoms pack into the micelle in different ways. 
Theoretical Calculation of Number of Acid Molecules lying on a Polar Sheet.—Caspari,‘ 
in crystallographic studies, has shown that the gap between adjacent molecules in the line 
of the c axis is 2-09 A, and that the oxygen and hydrogen atoms of the two molecules lie 
in this gap. The calculation of the number of acid molecules which can lie on a strip of 
lecithin molecules is based on this measurement. Thus if the length of the acid is 10 A, a 
strip of lecithin molecules of length 10 A can hold two acid molecules [Fig. 2 (I)]. If the 
* Caspari, J., 1928, 3235. 
Morrison and Robertson, J., 1949, 980, 987, 993, 1001. } 


5 
* Hendricks, Z. Krist., 1935, 91, 48. 
7 “ Handbook of Chemistry and Physics,’’ Chemical Rubber Publ. Co., Cleveland, 1959, p. 1027. 








142 Elworthy: The Solubilisation of Some 


strip length is 12-09 A (10 + 2-09) it can hold three acid molecules [Fig. 2 (II)], one being 
placed centrally, and one polar head of each of the remaining two molecules being on the 
strip, while the rest of the two molecules are outside the micelle. The relevant portions 
of graphs of lecithin strip length against the number of acid molecules taken up on the 
strip are given in Fig. 3. 

Application of Theory to Solubilisation, and Calculation of Dimensions of Polar Sheet.— 
Considering first those acids containing an odd number of carbon atoms, we calculate 
from results in Table 2 the ratio (number of C, acid molecules)/(number of C,, acid mole- 
cules solubilised by one lecithin molecule), where ” is the number of carbon atoms in the 
acid. Fig. 3 is used to find the length of a lecithin strip upon which the acids can pack so 
that the ratio of C,/C,, is in accord with experiment. 


Fic. 2. (I) Packing of two acid molecules (length 10 A) on a strip of lecithin 10 A wide. (II) Packing of 
three acid molecules (length 10 A) on a strip of lecithin 12-09 A wide. 


Acid molecules 


a 


| | J | | 


\ o 
Lecithin strip 
(1) (a) 


The best agreement between experiment and theory was found by considering the 
packing of acids on a strip of lecithin molecules whose length lay between 29-6 and 35-4 A 
(Fig. 3). This type of packing, with part of the acids protruding outside the micelle, will 
explain why the same amount of acids of different chain lengths can be solubilised (C, 
and C,). The total number of acid molecules in the micelle is calculated from (M,/M)) x 
(number of monomers in the micelle); the number of monomers is 70, from diffusion and 




















Fic. 3. Theoretical number of acid molecules of different chain lengths packing on a lecithin strip: 
A, odd-numbered acids from C, reading downwards; B, even-numbered acids from C, reading downwards. 
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viscosity results. For simplicity a simple rectangular shape is assumed for the polar sheet. 
Each row of acid molecules consists of six molecules of malonic, five of glutaric, four of 
pimelic acid, etc. The rows of acid molecules lie parallel to one side of the rectangular 
model of the polar sheet (Fig. 4). In this case the side has a length between 29-6 and 
35-4 A (mean 32-5 A). The total number of acid molecules in the micelle divided by the 
number in one row gives the number of rows in the micelle. The width of each row is the 
same as the width of the acid molecule, +/(18-1) = 4-24 A. The number of rows of acid 
molecules of different chain lengths lying on the polar sheet should be constant, and is 
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reasonably so (Table 4), with a mean value of 24-6. The number of rows multiplied by 
4-24 gives the second dimension of the rectangular polar sheet, which is 103 A. 

The difference between the numbers of odd- and even-acid molecules solubilised can be 
explained by supposing that the odd-numbered acids pack across the shortest dimension 
of the rectangular polar sheet, while the even-numbered acids pack across the longest 
dimension. This is shown diagramatically in Fig. 4. Results from the odd-numbered 
acids predict, on this basis, that the long dimension of the rectangle should be 104 A. The 
calculated and theoretical number of acid molecules packing on a strip of this length should 


agree. 
TABLE 4. Fit of theory to experiment for odd-numbered acids. 


Bs EE OT BE OE ai icssacnsascnrnsncensasensacantannienaees 3 5 7 9 13 
No. of molecules of C,/no. of molecules of C,, (expt.) ......... 1-94 1-83 1-35 1-34 1-00 
No. of molecules of C,/no. of molecules of C,, (calc.) ......... 2:00 167 41:33 1:33 ~~ 1-00 
DOME MEN GEE UNI ac cctcscccccdcodesdecescccccsescecssecence 141 133 98 97 73 
DEPEND GE DUE GR GUND BO ova sce scesicccccssstssicsinsscccctensessces 6 5 4 4 3 
No. of rows of acid molecules in micelle .................seeeeeee0s 23-5 26-6 24-5 24-3 24-2 


The results for two strips of lengths 101 and 104 A are given in Table 5, as the position 
at 103 A is complicated, as shown in Fig. 3, by the strip’s being of such a length that 
several acids are changing from one packing number to another. The agreement between 
observed and calculated ratios of C,/Cy, is reasonable, being a little better at 101 than 


Fic. 4. Diagram of one half of a lecithin micelle, showing one way in which a row of acid molecules 
may be packed. 
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104 A. As a check on the dimension of the rectangular polar sheet at right angles to the 

101 A length, the mean number of rows of acid molecules is 7-1, giving a length of 7-1 x 

4-24 — 30 A, in agreement with 32-5 found by considering the odd-numbered acids. 
This explanation of the solubilisation, although tentative, shows why a larger volume 


TABLE 5. Comparison of theory and experiment for even-numbered acids. 


OS eae 2 4 6 8 10 12 16 
Ratio, no. of molecules C,/Cy,. (expt.) ..........+. 3-42 1-92 1-72 1-52 1-27 1-19 1-00 
Ratio, no. of molecules C,/C,, (calc. at 104A) 3-33 2-50 2-00 1-67 1-33 1-17 1-00 
Ratio, no. of molecules C,/C,, (calc. at 101 A) 3-33 2-33 1-83 1-50 1-33 1-17 1-00 
Molecules of acid in micelle ..................00e00: 151 85 76 7 56 52 44 
Molecules of acid in one row, at 104A ......... 20 15 12 10 s 7 6 
Molecules of acid in one row, at 101A ......... 2 14 ll 9 8 7 6 
Rows of acid molecules in micelle, at 104° A... 7-5 5-6 6-3 6-7 7-0 7-5 7:3 
Rows of acid molecules in micelle, at 101A ... 7:5 6-0 6-9 74 7-0 7-5 73 


of the acids of longer chain length can be taken up by the micelles. The rectangular model 
of the polar sheet, with sides 32-5 and 101—104 A, has an area of 3330 A.2. As 35 monomers 
of lecithin are present in one polar sheet (half the micelle) the cross-sectional area of the 
lecithin molecule at the position of the head-group is 95 A*. This value agrees well with 
figures from surface-film studies. At the air—water interface ** the en of several 


® Leathes, J. Physiol., 1923, 58, vi; Lancet, 1925, 208, 853. 
* Hughes, Biochem. J., 1935, 29, 430. 
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determinations was 109 A,? at the benzene-water interface 116 A?, and at the xylene- 
water 1! interface 80 A2. No assumption about the cross-sectional area of the molecule 
was made in treating the solubilisation data. 

Possible Biological Significance of Solubilisation.—Finean,” on the basis of X-ray 
studies on nerve myelin, suggested a structure for the myelin containing four phosphatide 
molecules arranged in two pairs. In each pair the molecules are arranged so that their 
polar heads form a double sheet. It is possible that polar materials could lie in the double 
sheets, as they can in the lecithin micelles. This space may serve as a storage place for 
materials to be transferred to or from the interior of the nerve. 


I thank Dr. L. Saunders for useful discussions, and Dr. E. P. Taylor, of Allen and Hanburys 
Ltd., Ware, for the gift of the C,, and C,, acids. 
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10 Alexander and Teorell, Trans. Faraday Soc., 1939, 35, 727. 
11 Cheesman, Arkiv Kemi, Min., Geol., 1946, B, 22, No. 1. 
12 Finean, Experientia, 1953, 9, 17. 





28. Free-radical Substitution in Aliphatic Compounds. Part II} 
Halogenation of the n-Butyl Halides. 


By P. S. Frepricxs and J. M. TEDDER. 


The n-butyl] halides have been fluorinated, chlorinated, and brominated in 
the gas phase. The effect of the halogen already present in the molecule is to 
retard substitution at a 8-carbon atom, the effectiveness of the halogens 
being in the order F > Cl > (Br); fluorine slightly deactivates the y- 
position. The halogen already present also affects substitution at the 
a-carbon atom, but to an extent and manner which varies greatly with the 
nature of the attacking radical. The selectivity of the radicals is in the same 
order as found before,! Br > Cl > F, but the nature of the selectivity is no 
longer similar. At the $-carbon atom bromination is relatively the least 
affected by the halogen already present, fluorination the most. At the 
a-carbon atom fluorination appears to be appreciably, and chlorination is 
slightly, retarded by the substituent halogens in the order Br > Cl = F, but 
bromination is activated. These results are explained in terms of the 
relative strengths of the bonds broken and formed, and the polarity of the 
hydrogen halide produced. 


Tue halogenation of the alkyl halides,2-* usually by the same halogen, has received 
considerable study and the generalisation that the halogen already in the molecule directs 
attack away from itself * has been accepted § in spite of the fact that the results available 
show that this is a poor approximation of the truth. The present investigation has been 
carried out under exactly similar conditions to those used for the previous study of the 
halogenation of n-butane and isobutane.’ Fluorine has been used both as substituent and 
halogenating agent for the first time in such investigations. 

? Part I, Anson, Fredricks, and Tedder, J., 1959, 918. 

* Hass, McBee, and Hatch, Ind. Eng. Chem., 1937, 29, 1335. 

* Tischenko et al., Zhur. obschei Khim., 1937, 7, 658; 1948, 18, 43; Nekrasova, Doklady Akad. Nauk 
S.S.S.R., 1953, 88, 475. 

* Rust and Vaughan, J. Org. Chem., 1941, 6, 479. 

* Hass and Hufiman, J. Amer. Chem. Soc., 1941, 68, 1233. 


* Kharasch and Brown, J. Amer. Chem. Soc., 1939, 61, 2142. 
7 Kharasch, Zimmt, and Nudenberg, J. Org. Chem., 1955, 20, 1430 


* Ash and Brown, Rec. Chem. Progr., 1948, 9, 81; Brown and Ash, J. Amer. Chem, Soc., 1955, 77, 
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EXPERIMENTAL 


The halogenations were performed as described previously,! a flow apparatus being used 
and the products separated by gas-phase chromatography. The greatest problem was the 
correct identification of the isomers formed. When dihalides of known structure were avail- 
able the procedure was to chromatograph the product and then add the individual dihalides 
one at a time to the reaction product and see which peak had been enlarged. By this means 
the peak on the original chromatogram could be identified unequivocally. However, in many 
cases synthesis of the dihalides would have been extremely tedious; for instance, no satis- 
factory synthesis of unsymmetrical 1,2-dihalides is known. Another method was to halogenate 
a 2-halogenobutane and compare the retention times of the products; e.g., chlorination of 
n-butyl fluoride yielded four dihalide peaks. The retention times of two of these peaks were 
identical with the retention times of two of the peaks on the chromatogram obtained from the 
fluorination of 2-chlorobutane. These peaks must therefore be due to 2-chloro-1-fluorobutane 
and 3-chloro-1-fluorobutane. It was possible in some cases to identify peaks by analogy, e.g., 
chlorination of n-butyl fluoride and n-butyl chloride yielded chromatograms of identical shape, 
differing only slightly in their relative areas. All the peaks from the chlorination of butyl 
chloride had been identified by the addition of known compounds. The final peak from butyl 
fluoride, which corresponded to the 1,4-dichlorobutane peak, was identified as due to 1-chloro-4- 
fluorobutane by the same means. The reasonable assumption was therefore that the other 
peaks from butyl fluoride corresponded with those from butyl chloride similarly. In a few 
cases it was possible to collect sufficient of an isomer eluted from the column to attempt chemical 
identification but this never proved very satisfactory. In one case a single isomer was collected 
in this fashion and its structure deduced from its nuclear magnetic resonance spectrum. 

Preparation of Authentic Dihalides for Identification.—1,1-Dichlorobutane,® 1,3-dichloro- 
butane,?” 1,4-difluorobutane," and 1-chloro-4-fluorobutane !* were prepared as described in the 
literature. 1,4-Dichlorobutane and 1,2-dibromobutane were available commercially. The 
following were prepared by adaptions of well-known methods: 1,2-dichlorobutane by addition 
of chlorine to but-l-ene;?* 1-chloro-1-fluorobutane and 1,1-difluorobutane from 1,1-dichloro- 
butane by treatment with mercuric oxide and anhydrous hydrogen fluoride (Found: C, 51-4; 
H, 8:5. C,H,F, requires C, 51-1; H, 8-6%); 1,3-difluorobutane from 1,3-dibromobutane by a 
similar method (Found: C, 50-7; H, 8-6%); 1-bromo-3-chlorobutane from 1-bromo-3-hydroxy- 
butane #® by treatment with thionyl chloride (b. p. 34—36-3°/15 mm.) (Found: C, 28-3; H, 
4-8. C,H,ClBr requires C, 28-0; H, 4:7%): 1-bromo-4-chlorobutane from 4-chlorobutan-1-ol 
by treatment with concentrated hydrobromic acid and sulphuric acid; !* 1,3-dibromobutane 
from butane-1,3-diol by the same method; 1,4-dibromobutane from tetrahydrofuran and 
hydrogen bromide. 

Apparatus and Procedure for Halogenations.—These were as before.1_ The butyl halides were 
introduced into the gas stream by passing nitrogen through a trap containing the compound. 
The trap was surrounded by a constant-temperature bath. The concentration of the butyl 
halide in the gas stream was controlled by the temperature of this bath, and the actual con- 
centration determined from a vapour-pressure curve which was measured in the conventional 
way beforehand. 

Gas-phase Chromatography.—The apparatus has been described.1_ The analysis depends on 
the assumption that the thermal conductivity of the isomeric dihalogenobutanes is very 
similar. All the data at present available indicate that any variations in the thermal con- 
ductivity of isomers of this type would be extremely small. In the chlorination of butyl 
chloride the validity of this assumption was checked by analysing identical runs on both our 
chromatography column and on a Pye Argon Chromatograph. The results were the same with- 
in experimental error. 


® Meyer and Petrenko-Kristochenko, Ber., 1892, 25, 3308; Henne and Hinkamp, J. Amer. Chem. 
Soc., 1945, 67, 1197. 

10 Fargher and Perkin, J., 1914, 105, 1353. 

" Hoffman, J. Org. Chem., 1949, 14, 105. 

% Hoffman, J]. Org. Chem., 1950, 15, 425. 

13 Coffin and Maass, J]. Amer. Chem. Soc., 1928, 50, 1427. 

™ Henne, J. Amer. Chem. Soc., 1938, 60, 1569. } 

15 Levene, Walti, and Haller, J. Biol. Chem., 1926, 71, 467. 

1 Kamm and Marvel, Org. Synth., 1921, 1, 5. 
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Halogenations.—The degree of substitution at the four positions of a butyl halide (%) are 
shown in Table 1, with relevant details. 

Identificaton of Halogenation Products——Chlorination of n-butyl chloride. These were 
identified by the individual addition of the authentic dihalide to the reaction products. 

Chlorination of n-butyl fluoride. 1-Chloro-4-fluoro- and 1-fluoro-l-chloro-butane were 
identified by the addition of authentic materials. The shape of the chromatogram was identical 
with that from chlorinated butyl chloride. Fluorination of 2-chlorobutane yielded a mixture, 
the chromatogram of which had two peaks which coincided with two of the peaks on the 
chromatogram from the above results; these were therefore due to 2-chloro-1-fluoro- and 
3-chloro-1-fluoro-butane. 

Chlorination of n-butyl bromide. There were five peaks on the chromatogram. The first 
eluted was of 1,2-dichlorobutane. The fourth and the fifth were identified as due to 1-bromo-3- 
chlorobutane and 1-bromo-4-chlorobutane respectively, by the addition of authentic material. 
The second peak was established as due to 1-bromo-1l-chlorobutane by comparison with the 
products from the bromination of butyl chloride. The third and smallest (less than 3%) was 
therefore due to 1-bromo-2-chlorobutane. 

Bromination of n-butyl chloride. The very small peak which was the last to be eluted was 
identified as due to 1-bromo-4-chlorobutane by addition of authentic material. The first peak 
was identified as due to 1-bromo-1l-chlorobutane by comparison with the chromatograms from 
the chlorination of n-butyl bromide. The remaining two peaks were therefore of 2-bromo-1- 
chlorobutane and 3-bromo-l-chlorobutane and were assumed to be eluted in this order by 
analogy with the dichlorobutanes. 

Bromination of n-butyl fluoride. There were only three peaks on the chromatogram and the 
third and largest was collected and submitted to nuclear magnetic resonance spectroscopy. 
Both the 4H and ¥°F spectra were examined. The proton spectrum clearly established the 
presence of a methyl group adjacent toa -CHX- group. This means that the peak must have 
been due to 3-bromo-1-fluorobutane and all the other details of the spectra confirmed this. 
The remaining peaks were assumed to be due to 1-bromo-1-fluorobutane and 2-bromo-1-fluoro- 
butane eluted in this order by analogy with the results described above. 

Bromination of n-butyl bromide. Bromination of butyl bromide was strongly inhibited by 
some product of the reaction, and when conditions similar to those described for the bromin- 
ation of butyl chloride and butyl fluoride were employed, a large portion of the bromine failed 
to react and the sides of the vessel became coated with a brown film. We believe this to be 
due to the formation of olefinic material by loss of bromine from some of the intermediate 


radicals (-CH-CHBr- —» -CH=CH-). Runs were attempted at both 78° and 146°; the 
chromatogram only showed one large peak which was found to be due to 1,3-dibromobutane by 
the addition of authentic material. There were other very small and badly defined peaks; two 
of these were identified as due to 1,2 and 1,4-dibromobutane, but there remained other low- 
boiling compounds which could not be identified. 

Fluorination of n-butyl fluoride. There were only three difluoride peaks. Addition of 
authentic 1,1-difluorobutane to the products showed that this isomer would not be separated 
from the unchanged butyl fluoride. The first difluorobutane peak on the chromatogram was 
found to be due to 1,3-difluorobutane and the third to 1,4-difluorobutane, both by addition of 
authentic material. The second difluoride peak was therefore due to 1,2-difluorobutane. 
Because of the impossibility of separating the 1,1-difluorobutane from the unchanged butyl 
fluoride we sought another method of analysis. Dr. J. R. Majer examined our products on the 
mass spectrometer. The calculation of results from the mass-spectra proved considerably more 
difficult than expected; the large excess of unchanged butyl] fluoride again greatly complicated 
the problem. The products from two runs having identical conditions to those described in 
Table 1 (except that the amount of nitrogen was increased to 400 parts) were analysed and the 
results (%) were as follows: 


unchanged C,H,F 1,1- 1,2- 1,3- 1,4-C,H,F, 
92-2 <0°5 1-3 3-5 3-0 
92-0 <0°5 1-0 4-9 2-1 


The agreement between the mass-spectra results and those obtained by gas chromatography is 
very good (the relative proportions of the 1,2- and the 1,4-isomer are identical by both methods, 
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and the mass-spectra indicate the presence of slightly more of the 1,3-isomer). The mass- 
spectra clearly show the 1,1-isomer to be present in the smallest proportion. 





TABLE 1. 
BuX Y, N, No. of 
(parts) (parts) (parts) Temp. runs CH,X CH, CH, —— eT. 

Chlorination of n-butyl chloride (X = Y = Cl) 

10 1 400 35° 10 81406 258406 486+41-1 17-5 + 1-2 

2 ” ” 78 »» 9-6 + 0-8 26-1 + 1-1 45-7 + 1-0 18-6 + 1-0 

” ” - 146 8 96+11 225412 471408 208+ 20 

in o - _ 5 824+07 21416 475418 22:24 3-1 
Chlorination of n-butyl fluoride (X = F; Y = Cl) 

10 1 100 0 10 974+06 208406 525418 170415 

» ” ” 35 10 107+08 208+05 486+07 199+ 0-9 

10 1 400 78 7 11-4 + 0-7 21-8 + 0-4 47-4 + 0-4 19-4 + 0-9 

” ” ” 146 7 127+08 215+08 454405 2044 1-4 
Chlorination of n-butyl bromide (X = Br; Y = Cl) (at 252 mm. Hg) 

+ 4 200 35 + 8-0 + 0-7 Trace 668+15 22524 1-9 

” ” ” 78 6 7-8 + 0-5 am 64-94 1-7 273+ 2-0 
Bromination of n-butyl chloride (X = Cl; Y = Br) 

10 1 400 146 9 23:0+2:0 217409 5534 2-4 Trace 
Bromination of n-butyl fluoride (X = F; Y = Br) 

10 2 400 146 5 10-0 + 0-5 89+05 81-1406 Not detected 
Fluorination of n-butyl fluoride (X = Y = F) 

5 1 100 21 10 =. 2328+18 305+14 45-7416 
Fluorination of n-butyl chloride (X = Cl; Y = F) 

5 1 100 21 5 -- 52-3 + 1-6 47-7+ 1-6 


* Analysed on a Pye Argon Chromatograph, Cat. 12,000. 


Fluorination of n-butyl chloride. There were only two peaks. The second was established 
as due to 1-chloro-4-fluorobutane by addition of authentic material. Comparison with the 
chromatogram of chlorinated butyl fluoride showed that 1-chloro-1-fluorobutane would not 
have been separated from the unchanged butyl chloride. In the chlorination of n-butyl fluoride, 
the chlorofluorobutanes were eluted in the order 1,1-, 1,2-, 1,3-, and 1,4-. In the fluorination of 
butyl fluoride the elution order of the 1,2- and the 1,3-difluoride was inverted. This suggested 
that in the fluorination of butyl chloride the 1-chloro-2-fluoro- and 1-chloro-3-fluorobutane 
would have very similar retention times. The size of the first peak actually obtained indicated 
that the retention times of the two products were so similar that only one large peak appeared 
on the chromatogram. This was confirmed by careful comparison with the chromatogram 
from the chlorination of 2-fluorobutane. 

Competitive Chlorination of n-Butane and n-Butyl Chloride.—Approximately equal con- 
centrations of butane (5 parts) and butyl chloride (5 parts) in nitrogen (100 parts) were mixed 
with chlorine (1 part) in nitrogen (100 parts). The method was exactly as above, and the 
yields of 2-chlorobutane and 1,3-dichlorobutane were compared. To do this the gas phase 
chromatography apparatus had to be calibrated with synthetic mixtures of 2-chlorobutane and 
1,3-dichlorobutane (there was no reason to suppose the thermal conductivity of these two 
compounds to be the same). The relative rates per hydrogen atom in two sets of runs were 
2-chlorobutane/1,3-dichlorobutane = 1-07 and 1-21. These results are unity within experi- 
mental error, as very accurate measurement of the flow rates of butane and butyl chloride was 
not possible. 


F DISCUSSION 


The experimental results are shown in Table 2 as Relative Selections (RS,*), 7.¢., 
relative reactivities per hydrogen atom at each carbon atom, the primary hydrogen atoms 
in n-butane being taken as unity: / 


RS,* = 3{1,x-Dihalogenobutane]/{1,4-Dihalogenobutane] 
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TABLE 2. Halogenation of n-butyl halides, RS,*. 








Temp. X CH,X——CH,———CH, CH; Temp. X CH,X——CH,——CH, -CH, 
(a) Fluorination (b) Chlorination 
20° H 1 1-3 1-3 1 356° Cl 0-7 2-2 4-2 1 
20 F <0-3 0-8 1-0 1 78 ‘ 0-8 2-1 3-7 1 
21 Cl ? 1-7 1 146 - 0-7 1-6 3-4 1 
(b) Chlorination 35 Br 0-5 —_ 4-0 l 
0 H l 43 4:3 1 78 eo 0-4 — 3-6 1 
35 eo l 3-9, 3-9, 1 aaa 
78 rs 1 3-6 3-6 1 (c) Bromination 
146 1 3-3 3-3 1 146 H 1 82 82 1 
146 F 10 9 82 1* 
0 F 0-9 1-8 (4-6) 1 146 Cl 34 32 82 1* 
35 wn 0-8 1-6 3-7 1 
78 A 0-9 1-7 3-7 1 * RS,’ is assumed to be 82 and the RS,? and 
146 bs 0-9 1-6 3-2 1 RS,} are calculated accordingly. 


The results are presented together with previous ones for the halogenation of n-butane! 
for comparison. The validity of this comparison has been checked in the chlorination of 
butyl chloride, by competitive chlorination with n-butane. The similarity of the RS,8 
values in all cases confirms that the rate of attack on Cj) in these compounds is the same as 
on the terminal carbon atoms in butane. The present results are in reasonable agreement 
with such previous work as is available (e.g., chlorination of butyl chloride »*48 and 
bromination of butyl chloride”). The chlorinations carried out at more than one temper- 
ature show that in these examples the differences in reactivity of the different hydrogen 
atoms are mainly due to differences in the energies of activation. 

The first generalisation that can be made about these results is that halogen atoms 
already present in an aliphatic hydrocarbon retard hydrogen abstraction from a $-carbon 
atom, and the extent of this retardation follows the electronegativity of the substituent 
halogen, F > Cl > (Br). Fluorine exerts a slight influence on the y-carbon atom, as 
shown by the fluorination results. Data about substitution 8 to a bromine atom 
have been hard to obtain because of the instability of the intermediate radical 
CH,Br-CH-CH,-CH,. Rust and Vaughan ‘ found previously that above 200° apparent 
rate of chlorination at the 8-carbon atom in butyl chloride decreased with increasing 
temperature until at 320° practically no 1,2-dichloride occurred in the reaction products. 
Ash and Brown have suggested that this “ vicinal effect ”’ is due to the instability of the 
intermediate radical (CH,CI-CH-C,H,) at high temperatures.® Our results confirm this 
suggestion, for, although we have not attempted halogenation at very high temperatures, 
the corresponding bromobutyl radical breaks down at quite moderate temperatures and 
we have found 1,2-dichlorobutane in place of the expected 1-bromo-2-chlorobutane. Our 
results also indicate that at 146° the breakdown of the butyl chloride radical occurs 


slightly. 
PO Hayes gs 


CHy:CH:CH,'CH CH,Br-CHCI*CH,CH, 
3 


Cls Y 


CH,CI*CHCI*CH,°CHs 
“ Abnormal " product “Normal " product 
(found) (present in traces only) 


The second very noticeable feature of the present results is that the hydrogen atoms on 
the same carbon atom as the substituent halogen are comparatively easily abstracted by 
chlorine and bromine atoms. Ash and Brown adopt a far too naive view of their own 
results, which are reasonably in agreement with the present work, when they reassert 
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the generalisation that further substitution occurs preferentially at carbon—hydrogen 
bonds remote from the chlorine substituent. The reason for this mistake is hard to under- 
stand since Rust and Vaughan had previously drawn attention * to the high reactivity of 
the «-hydrogen atoms in chlorination. The hydrogen atoms on C,,, must be compared 
with those on the other terminal carbon atom (4) and not regarded as ordinary secondary 
hydrogen atoms to be compared with those at Ci.) and Cy). On this basis the «-position in 
butyl chloride and fluoride is very slightly deactivated to chlorination, but is actually 
activated to bromination. With fluorination, however, the «-position in butyl fluoride 
is strongly deactivated and the evidence available suggests that it is also appreciably 
deactivated in butyl chloride, so that in fluorination further substitution really does occur 
preferentially at sites remote from the substituent halogen atom. 

The third and perhaps most striking result of the present work is the very marked 
difference in the nature of the selectivity of the three different halogen atoms as hydrogen 
abstractors. Although the exact nature of these results could not in all probability have 
been predicted, they are readily explained on existing theory. We have already indicated 
our belief in the importance of resonance stabilisation of the incipient alkyl radical by 
conjugation or hyperconjugation in hydrogen abstraction reactions.” This readily 
explains the high reactivity of the «-position [cf. (I,) and (Ip)]. The extent of the slight 


. +- 
(Is) X-CH-C,H, <e— *X-CH-C,H, (Ip) 


deactivation of the «-position. to chlorination follows the order Br > Cl =F so often 
observed with the halogens when the mesomeric effect (-++-M) is in opposition to the 
inductive effect (—J).18 In bromination and with hydrogen abstraction by methyl 
radicals 1 the resonance stabilisation (+M) overcomes the inductive effect, and the 
hydrogen atoms on the same carbon atom as the substituent are activated. With methyl 
radicals the extent of this activation follows the mesomeric release of the halogens (1.e., 
F>Cl> Br). The low reactivity of the @-position relative to the y-position must be 
partly due to the reduced possibilities for hyperconjugation, and not solely to the inductive 
effect. 

Several papers have discussed the difference in selectivity of different radicals,2°-*4 but 
they have all suffered from insufficient data. The transition state in these hydrogen- 
abstraction reactions must have some of the characteristics of both reactants and products. 
In general the smaller D(C-H) and the larger D(H—-X) the lower the activation energy. 
The breaking of the C-H bond will be greatly affected by the stability of the incipient 
alkyl radical, and the greater the resonance stabilisation of the alkyl radical the smaller is 
D(C-H).% However, we must also consider the bond being formed; unlike the breaking 
C-H bond, which is almost non polar, the H-X bond formed may be highly polar, usually 


+—> 
in the direction H—X. The more polar HX, the more polar we may expect the transition 


+———__—> 

state $C-++*H+++*X. The ease with which such structures can be formed will be greatly 
affected by any polar properties of the organic compound, hindered by electron-withdraw- 
ing groups, and aided by electron-donating groups. We can therefore make the following 
predictions about the course of attack by a radical X- on an aliphatic compound. If HX 
has little polar character, that hydrogen atom which on abstraction yields the most stable 
alkyl radical will be removed preferentially. If HX is very polar then hydrogen abstrac- 
tion will be favoured at the site which can most easily accommodate a positive charge. In 


17 Fredricks and Tedder, Chem. and Ind., 1959, 490. 

18 Baddeley, J., 1950, 663; Tedder and Henne, Ind. chim. belge, 1954, 29, 695. 

1” Raal and Steacie, J. Chem. Phys., 1952, 20, 578. 

20 Szwarc, Discuss. Faraday Soc., 1951, 10, 143. 

#1 Kooyman, van Helden, and Bickel, Proc. k. ned. Akad. Wetenschap., 1953, B, 56, 75. 
22 Price and Morita, J. Amer. Chem. Soc., 1953, 75, 3686. } 

23 Russell and Brown, J. Amer. Chem. Soc., 1955, 77, 4578. 

24 Baugham, Evans, and Polanyi, Trans. Faraday Soc., 1941, 37, 377. 
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both cases the selectivity of X- will depend mainly on the strength of the H-X bond being 
formed. The two effects can be in opposition, in which case the course of the reaction will 
be determined by the polarity of HX. Thus we can arrange the common radicals in the 
order Br > Me > Cl > OH > F for selectivity, but the extent to which they will be 
affected by polar substituents will be in the order F >OH >Cl1>Br> Me. These 
predictions are well borne out by the present data. 
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Dyestuffs Division of Imperial Chemical Industries Limited are thanked for assistance with 
nuclear magnetic resonance spectra, and the General Chemicals Division for the loan of a 
fluorine generator. We thank Dr. J. R. Majer (University of Birmingham) for the mass- 
spectral results. 
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29. Physicochemical Studies on Starches. Part XXI.* 
Observations on Z-Enzyme. 





By W. Banks, C. T. GREENWoopD, and I. G. JONEs. 


The action pattern of the Z-enzyme associated with preparations of 
B-amylase has been critically studied by viscosity and light scattering. 
Solutions of the enzyme were obtained by selective inhibition of the B-amylase 
with mercuric chloride. The enzyme degraded, in a manner consistent with 
a random hydrolytic action, both linear amylose and amylose containing 
a barrier to B-amylase. Limited hydrolysis of amylopectin f-limit dextrin 
occurred, whilst there was no action on the £-limit dextrin of glycogen. The 
hydrolytic action of Z-enzyme on amylose and amylopectin is indistinguish- 
able from that of an «a-amylase. The implication of these findings regarding 
the nature of the barrier to B-amylase in amylose is discussed. 


THE nature of the barrier to the complete $-amylolysis of amylose is not yet known. We 
have shown, however, that the barriers may be due to an artefact as they can be introduced 
by treating a heated solution of amylose with oxygen. Such artificially induced barriers 
can be effectively removed 2—as can those which normally occur in amylose—by the 
Z-enzyme described by Peat, Pirt, and Whelan.* These results suggested that Z-enzyme 
was either specific for the removal of oxidised anhydroglucose residues or had a random 
hydrolytic action. In a effort to characterise amylose completely, as a preliminary to 
detailed studies of hydrodynamic behaviour, we have now investigated the action of 
Z-enzyme. The nature of this enzyme has been in dispute.3~?_ Peat, Pirt, and Whelan * 
have shown that it is heat-labile, is inactivated at pH 3-6, and has optimum activity about 
pH 6 at which pH the barriers to 8-amylase present in amylose are effectively removed. 
The original evidence ‘ that Z-enzyme had no «-amylolytic activity but was a 6-glucosidase 
has been questioned.5® As we were unable to repeat the isolation * of Z-enzyme from 
impure preparations of soya-bean $-amylase, we have employed selective inhibition of 
g-amylase in samples containing both enzymes. This technique has proved to be both 
exceptionally simple and effective. Z-Enzyme was present in only small amounts, 
therefore physicochemical methods were essential to study the enzyme action pattern; 


* Part XX, J., 1959, 3436. 


Banks, Greenwood, and Thomson, Chem. and Ind., 1959, 928. 
Banks and Greenwood, Starke, 1959, in the press. 

Peat, Pirt, and Whelan, J., 1952, 705. 

Peat, Thomas, and Whelan, J., 1952, 722. 

Hopkins and Bird, Nature, 1953, 172, 492. 

Neufeld and Hassid, Arch. Biochem. Biophys., 1955, 59, 405. 
Cowie, Fleming, Greenwood, and Manners, J., 1957, 4430. 
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chemical methods dependent on measurements of reducing power and iodine-stain were 
insensitive to detect the limited changes involved. 


EXPERIMENTAL 


Isolation of Substrates—Amylose samples I and II were isolated from dispersions of potato 
starch (vars. Epicure and Redskin) as described earlier. Amylose Ila was a linear subfraction 
of potato amylose obtained by aqueous leaching.® Amylose III was leached at 85° from oat 
starch (var. Milford). Amylose IV was a composite sample of subfractions of wheat amylose 
(var. Victor II). Amylopectin was prepared from potato starch (var. Redskin).* Glycogen 
was isolated from brewers’ yeast.!° 

Enzyme Preparations.—Purified and crude soya-bean 8-amylase were prepared as described 
by Peat e¢ al.®™ Commercial samples A, B, and C were obtained from Nutritional Biochemicals 
Corporation, Lights Ltd., and Wallerstein Laboratories Inc., respectively. (Sample C was 
kindly provided by Dr. Manners.) Maltase activity was negligible in all preparations. The 
percentage conversion into maltose of amylose I and potato amylopectin is shown in Table 1 
for these enzymes in digests of various values of pH, using ca. 50 units of B-amylase ! per mg. 
of substrate. 

Effect of Various Inhibitors on Enzymic Activity Digests were prepared with crude soya- 
bean B-amylase (50 units 12 of enzyme/mg. of amylose; pH 4-6) in the presence of the inhibitors 
shown below. After 48 hr. at 35°, the residual polysaccharide was isolated as the butan-l-ol 
complex and its B-amylolysis limit determined with purified soya-bean B-amylase. The results 
were as shown. 











B-Amylolysis limit ¢ Inhibition ° of 
Inhibitor “original final ‘p-amylase Z-enzyme 
Formamide (30% aq.; v/v) — .........06- 82 83 os a 
Formamide (40% aq., v/v) .........see0s 82 80 “+ oe 
Ascorbic acid (1 x 107m) _............... 82 84 oe a 
Mercuric chloride (1-5 x 10-®m) ......... 82 89 _ 
* Expressed as percentage conversion into maltose. ® + = Complete inhibition; — = non 


inhibition. 


Experiments involving Inhibition by Mercuric Chloride.—Digests were prepared as follows: 
enzyme solution (10 ml.; 2500 units of 8-amylase !*) and 0-2m-acetate buffer (10 ml.) were 
diluted to ca. 60 ml. with water, and 1-5 x 10°m-mercuric chloride (10 ml.) was added. Amylose 
solution (10 ml.; ca. 100 mg. of amylose) was then added, and the whole diluted to 100 ml. and 
incubated at 37°; toluene was added to prevent bacterial action. Control experiments without 
enzyme were carried out similarly. After 48 hr. samples were withdrawn for estimation of 
reducing power,® and then the polysaccharide was precipitated as a complex with butan-l-ol. 
A small, variable amount (<5%) of amylose which retrograded from solution during this 
time was removed by centrifugation before the addition of alcohol. 

Characterisation of Amylose.—The limiting viscosity number was determined on the butan-1- 
ol complex. §-Amylolysis limits after treatment with Z-enzyme were obtained with purified 
soya-bean B-amylase at pH 3-6; details of this procedure have been given elsewhere.® 

Light Scattering —Amylopectin 8-limit dextrin (ca. 10 mg.) was dissolved in water (25 ml.) 
and clarified by filtration under gravity through a G4 sintered-glass filter.1* Enzyme powder 
(ca. 100 units of B-amylase/mg. of substrate) was dissolved in 0-2M-acetate buffer (3 ml., of 
appropriate pH), any undissolved material being removed by filtration. (This procedure 
avoided an immediate increase in turbidity observed when the enzyme was brought to an acid 
pH.) The enzyme solution was then added to the solution of the dextrin, and measurements 
was immediately made of the light scattered at 90° [(Ryo)], a Brice-Phoenix photometer being 
used.!8 Measurements were then made after incubation for varying times to give (Ryo);. 

Similar experiments were carried out on glycogen 8-limit dextrin, the only difference being 
that the solutions were rather more concentrated (ca. 18 mg./25 ml.). 


§ Cowie and Greenwood, /J., 1957, 2862. 

® Banks, Greenwood, and Thomson, Makromol. Chem., 1959, $1, 197. 

10 Greenwood and Jones, unpublished results. 

™ Bourne, Macey, and Peat, J., 1945, 882. j 
12 Hobson, Whelan, and Peat, /., 1950, 3566. 

18 Bryce, Greenwood, and Jones, J., 1958, 3845. 
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Results were expressed as (2g9):/(Mgo)o, and this ratio was plotted as a function of time (t) 
(see Figure). Variations in angular scattering were neglected and hence absolute values of 
molecular weights are not available, but changes in the Rayleigh ratio indicate changes in 
molecular weight, i.e., amy decrease in (Bgo);/(Fg9)9 must represent a decrease in molecular 
weight of the polysaccharide, particularly as this ratio is liable to cause underestimation of any 
changes involved. 

Z-Enzyme Activity.—The measurement of Z-enzyme activity is difficult. A relative measure 
was adopted in this work. Digests containing amylose, enzyme, and mercuric chloride at pH 
5-5 were incubated for 1 hr. at 37°. After denaturation of the Z-enzyme by heat, the 
amylose was isolated as the butan-l-ol complex. The resultant decrease in limiting viscosity 
number of the amylose was taken as a measure of Z-enzyme activity. The results quoted below 
are the relative activities of Z-enzyme for equal amounts of @-amylase activity: 

Sample Commercial A Commercial B Commercial C Crude soya-bean 

Relative activity ...... 1 2 3 6 


RESULTS AND DISCUSSION 

The 8-amylolysis results in Table 1 show that all the enzyme preparations, with the 
exception of purified soya-bean f-amylase, contained Z-enzyme. The crude soya-bean 
preparation apparently contained «-amylase as shown by an increase in the 6-amylolysis 
limit for amylopectin at pH 5-5. A preparation from another batch of soya-beans behaved 
similarly. However, this enzyme did not attack glycogen 8-limit dextrin, and hence was 
not an «amylase (see below). 

The nature of the essential thiol groups in f-amylase was first established by Weill 
and Caldwell.4 These authors! also showed that the enzyme could be inhibited by 
iodine, hydrogen sulphide, iodomercuric compounds, and iodoacetamide. More recently, 
non-competitive inhibition by ascorbic acid # has been studied. Other inhibitors which 
have been suggested include formamide !’ and mercuric chloride. However, no reports 


TABLE 1. Properties of 8-amylase samples. 


B-Amylolysis limit * for 








Amylose Amylopectin 

. ) i am oo ie . 

pH of digest 3-6 4-6 5-5 3-6 4-6 5-5 
MUO va svasnceesciocesovextensponsee 80 82 83 56 57 57 
SUE UNOPENED covscvccesccosccsecccnsencceacess 83 98 99 55 57 63 
COMSMIGTCIRL GREYS A. o.6iccccccsccccsccecccscess 81 98 100 56 56 57 
Commercial enzyme B ..............ssccccseseees 83 100 99 57 56 57 
Commercial enzyme C. .......cccccccccesescoccess 82 100 100 56 57 57 


* Expressed as percentage conversion into maltose. 


of the inhibition of 8-amylase in the presence of Z-enzyme appear to have been made. 
We therefore studied the effect of some of the above inhibitors on a mixture of 6-amylase 
and Z-enzyme to see whether a preferential inhibition of 6-amylase could be achieved. 
This was found to occur with mercuric chloride; the inhibition of B-amylase was com- 
plete, but Z-enzyme was unaffected (cf. ref. 4). This inhibitor was therefore used in all 
subsequent work to provide solutions of Z-enzyme. 

The Action of Z-Enzyme on Amylose.—Table 2 shows the properties of various amyloses 
after treatment with Z-enzyme at pH’s of 3-6, 4-6, and 5-5. The control experiments— 
in which amyloses were incubated without enzyme and also with inhibited purified 
8-amylase—show that the physical conditions caused no fundamental change in either 
6-amylolysis limit or limiting viscosity number. However, with the exception of those 
at pH 3-6, in all digests containing Z-enzyme, the limiting viscosity numbers of the isolated 
amyloses were considerably smaller than of the controls, whilst the B-amylolysis limits tended 

14 Weill and Caldwell, J. Amer. Chem. Soc., 1945, 67, 212. 

18 Weill and Caldwell, J. Amer. Chem. Soc., 1945, 67, 214. 


16 Rowe and Weill, Cereal Chem., 1958, 35, 289. 
17 Husemann and Lindemann, Sidrke, 1954, 6, 141. 
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to 100% conversion. At pH 3-6, where Z-enzyme is inhibited, the properties of the treated 
and control amylose were comparable. 

The decrease in viscosity was largest in those digests buffered to pH 5-5, in which region 
Z-enzyme has maximum activity (cf. ref. 4). Even at this pH, however, reducing sugars 
could not be detected in the digests by the alkaline ferricyanide reagent. When the 
enzyme : substrate ratio was substantially increased, by incubating ca. 20 mg. of amylose 
with 3,000 units of commercial enzyme B in the presence of inhibitor, reducing sugars 
were still not apparent; the residual polysaccharide could not be precipitated with butan- 
1-ol, indicating considerable hydrolysis, but it still gave a typical blue stain with iodine. 

It is difficult to postulate any arrangement of barriers in amylose such that a specific 
attack by Z-enzyme, at the site of these barriers, could result in the large decreases in 
viscosity reported in Table 2. The non-specific nature of Z-enzyme is further emphasised 
by its ability to attack sample IIa, a linear amylose, 7.e., one which is completely degraded 
by pure B-amylase and cannot therefore contain any barriers. 

The large decrease in viscosity suggests, in fact, that random hydrolytic action of an 
a-amylolytic type is occurring. This will necessarily result in an increase in the 
g-amylolysis limit. If it is assumed that random degradation of amylose chains—having 
not more than one barrier per molecule—is occurring, then 


L = 100 — {(100 <9 Lo)[n)/{a]o} 


where L, and [»], are the original $-amylolysis limit and limiting viscosity number, 
respectively, and L and [»] are the corresponding values for the degraded amylose. This 
derivation assumes that [y] varies as the molecular weight, which has been shown for our 
experimental conditions. Values for such theoretical 8-amylolysis limits for the amylose 


TABLE 2. The action of Z-enzyme on amylose.* 
Amylose pH [not [n]t Lot Lt Lea} Amylose pH [mot [nt Lot LY Lead 


Purified soya-bean Commercial enzyme B 
II 3-6 440 430 83 82 83 II 3-6 440 440 83 84 83 
46 430 420 84 83 83 46 430 110 84 97 96 
55 420 435 84 83 83 . 55 420 30 84 100 99 
IV 3-6 190 190 71 72 71 
Crude soya-bean 4:6 195 80 74 92 89 
I 36 360 370 81 81 81 55 19 30 73 96 96 
46 370 60 83 96 97 , 
5-5 370 20 83 100 99 Commercial enzyme C 
III 3-6 160 165 74 74 74 II 36 440 430 83 84 83 
4:6 170 75 74 88 89 46 430 145 84 95 95 
IV 3-6 190 185 71 73 71 5-5 420 45 84 99 98 
4-6 195 80 74 93 89 IV 3-6 190 185 71 72 71 
5-5 195 25 73 98 97 4-6 195 115 74 85 85 
5-5 195 45 73 94 94 
Commercial enzyme A 
II 36 440 440 83 83 83 
46 430 290 84 89 89 
55 420 120 84 94 95 
IV 3-6 190 190 71 73 71 
4:6 195 160 74 77 79 
5-5 195 80 73 87 89 


IIa 4- 250 150 98 99 99 


* For digest conditions see text. 

+ Limiting viscosity number of amylose in control solution [7],, and amylose after treatment with 
Z-enzyme [vn]. 

¢t B-Amylolysis limit of amylose in control solution (L,), after treatment with Z-enzyme (L), and 
calculated value, random degradation being assumed (Late) [See text]. 


samples treated with Z-enzyme show excellent agreement with the observed values (see 
Table 2), thus again suggesting that the action of Z-enzyme on amylose is of an «amylolytic 
type. On this basis, B-amylolysis of the amylose samples treated with Z-enzyme is not 
necessarily expected to be complete; the extent will depend simply on the concentration 








154 Banks, Greenwood, and Jones: 


of enzyme (cf. activity measurements quoted in the Experimental section) and the pH of 
the digest. 

The difference between the concurrent action of the two enzymes and the effect of 
B-amylase following Z-enzyme must be related to the high turnover number of the 
8-amylase.4® Amylose is thought to consist ® of a mixture of (i) completely linear molecules 
and (ii) those containing a randomly situated barrier; the percentage of the latter being 
ca. 45% for potato starch. When both enzymes are present, the $-amylase will rapidly 
degrade all the linear molecules completely and those with a barrier to ca. 50%. Further 
8-amylolysis will then occur as these resistant portions are concurrently hydrolysed by 
Z-enzyme. As the effective concentration of the resistant material will rapidly decrease, 
f-amylolysis of the amylose will soon be effectively complete. However, when 
Z-enzyme acts alone, it will hydrolyse a random selection of the amylose molecules present, 
Hydrolysis of a linear molecule will cause no change in the observed 6-limit, whilst 
hydrolysis of a molecule with a barrier will cause an increase in subsequent 8-amylolysis; 
the conversion will depend simply on the extent of hydrolysis. 

The Action of Z-Enzyme on Amylopectin and Glycogen.—If Z-enzyme is an «-amylase, 
it should attack amylopectin and glycogen even though the extent of such reaction under 
our conditions will necessarily be very small. Previous claims * that Z-enzyme had no 
effect on these substrates were based on evidence of reducing power and iodine-staining 
measurements. However, neither of these methods is sensitive to limited degradation, 
and some physical technique for measuring changes in molecular size is required. The 
light-scattering method is the most convenient and accurate of these for following con- 





/ 
2 





Action of Z-enzyme on amylopectin and glycogen 
B-limit dextrins as shown by light scattering. 


eo 
e Variation of (Rgo)1/(Roo)9 [See text] as a function 
=e . of time of incubation with Z-enzyme for (1) 
glycogen f-limit dextrin at pH 5-5, (2) 
— amylopectin f-limit dextrin at pH 3:6, 
a 
| 











Ri (3) amylopectin f-limit dextrin at pH 4-6, 
(4) amylopectin f-limit dextrin at pH 5-5. 
4g 
oO I l 
oO l2 24 
Time ( hr.) 


tinuous changes and we have used it here. Typical results of such studies are shown in 
the Figure. 

It is obvious that, whereas the amylopectin $-limit dextrin is degraded at those pH 
values at which Z-enzyme is active, the glycogen $-limit dextrin is unaffected. Further- 
more, the enzyme present in the crude soya-bean preparation which degraded amylopectin 
at pH 5-5 (see Table 1) had also no effect on the molecular size of glycogen. This suggests 
that true «-amylase is absent, the increase in hydrolysis being brought about by the 
Z-enzyme. As the crude soya-bean 8-amylase contained much more Z-enzyme than any 
other preparation (see Experimental section) a measurable increase in $-amylolysis limit 
would be expected when amylopectin is incubated with high concentrations of commercial 
enzyme. This was, in fact, found to be the case. 

Earlier Observations on the a-Amylolytic Nature of Z-Enzyme.—Peat et al.4 suggested 
that Z-enzyme could not be a weak a-amylase because (1) «-amylases are inhibited by 
mercuric ions, whereas Z-enzyme is not, and (2) when Z-enzyme was replaced by salivary 
a-amylase, the 6-amylolysis limit of the amylose did not reach 100% conversion. Hopkins 
18 Englard, Sorof, and Singer, J. Biol. Chem., 1951, 189, 217. 
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and Bird® have already pointed out that the first argument is fallacious (cf. ref. 19). Further, 
our results suggest that comparison of Z-enzyme with a true «-amylase is impossible. 

In an earlier paper,” we found that the mean sedimentation coefficient of amylose did 
not change appreciably during the action of $-amylase alone, or under the concurrent 
action of @-amylase and Z-enzyme. It was therefore concluded that not only did g-amylase 
degrade by a single chain mechanism, but that the constancy of molecular weight during 
degradation in the presence of Z-enzyme suggested that random degradation was not 
occurring. However, measurement of the change in mean sedimentation coefficient is 
not sufficient to detect changes in molecular-weight distribution. The mean value 
measures, in fact, only the sedimentation coefficient of the most abundant species present. 
As the digests were not carried out at the optimum pH of Z-enzyme, the number of bonds 
broken by this enzyme would obviously be small. In the initial stages of the attack 
by @-amylase and Z-enzyme, any hydrolytic action exerted by the latter would result 
in a change in the molecular-weight distribution without necessarily affecting the value 
of the mean sedimentation coefficient. At rather higher percentage conversions into 
maltose, the most abundant species present is still likely to be the limit dextrin, which has 
the same sedimentation coefficient as the original amylose. [This reasoning is based on 
the assumption that, at high conversions, the rate-controlling factor will be hydrolysis by 
Z-enzyme (cf. above).] 

Conclusions.—We have shown that four different samples of B-amylase contain a second 
amylolytic enzyme. This enzyme is not inhibited by mercuric chloride, has no apparent 
effect on the $-amylolysis limit of amylopectin under normal digest conditions, and is 
inactivated by digestion at pH 3-6. Further, the enzyme exerts a random hydrolytic 
action on amylose, a limited hydrolysis of a few bonds in amylopectin, but is unable to 
attack glycogen. 

Thus the action pattern of Z-enzyme on amylose and amylopectin is indistinguishable 
from that of an a-amylase. Its apparent inability to attack glycogen, however, differen- 
tiates it from normal «-amylases. 

The usual source of the enzyme is the ungerminated seed.*4_ In the dormant state 
seeds do not contain «-amylase,™ but there js no doubt that it appears on germination. 
Z-Enzyme could therefore be the dormant form of «-amylase. (It is of interest that Baba 
and Kojima * suggested that the Z-enzyme present in preparations of crude emulsin is 
an a-amylase.) 

As Z-enzyme is non-specific in character, the nature of the barrier in amylose to the 
action of B-amylase remains unknown. It could be an artefact introduced during isolation 
or fractionation of the starch, or a natural modification of the amylose chain, or a mixture 
of both. The barrier may indeed vary according to the botanical source of the amylose. 
Elsewhere,? we have discussed these problems in detail and concluded that a combination 
of both a natural and an artificial barrier is most likely; artificial barriers can be inadver- 
tently introduced during fractionation,’ whilst phosphate groups * or branching may well 
occur naturally. These problems are being studied. 


We thank Professor E. L. Hirst, C.B.E., F.R.S., for his interest, Dr. W. J. Whelan for 
helpful discussion, and the Department of Scientific and Industrial Research for a maintenance 
grant (to W. B.). 
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19 Caldwell, Weill, and Weill, J. Amer. Chem. Soc., 1945, 67, 1079. 

2° Cowie, Fleming, Greenwood, and, Manners, J., 1958, 697. 

*1 Whelan in Ruhland, “‘ Encyclopedia of Plant Physiology,”’ Springer-Verlag, Berlin, 1958, Vol. VI, 
p. 154. 

#2 Myrbiack and Neumuller in Myrback and Sumner, ‘‘ The Enzymes,” Academic Press, New York, 
1950, Vol. I, p. 653. j 

3 Baba and Kojima, Chem. Abs., 1958, 52, 17,337. 

* Banks and Greenwood, Biochem. J., 1959, 78, 237. 
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30. Non-empirical Molecular-orbital Calculations on Benzene: 
The Scale Parameter Z. 


By E. THEAL STEWART. 


As a guide to the reliability of calculations on other conjugated molecules, 
the energies of the lower x-electron levels of benzene have been computed by 
Goeppert-Mayer and Sklar’s! method over a wide range of Z. As with 
ethylene,? the Z-dependence is so marked that the calculated energies can 
have but slight intrinsic quantitative significance in the absence of any 
properly defined procedure for the precise scaling of the wave functions. 
Four approximate methods for evaluating three- and four-centre integrais 
have been examined systematically and found to diverge badly when Z < 3. 


Not without misgivings, Goeppert-Mayer and Sklar? adopted Zener’s * value (Z = 3-18) 
of the “‘ effective nuclear charge ”’ 2 of carbon (1s?2s*2p? 8P) as the scale parameter in their 
molecular-orbital calculations on benzene, which have served as the basis of almost al] 
subsequent non-empirical * studies on the x-electron energy levels of hydrocarbon mole- 
cules. 

Despite the recent developments in electronic computing techniques, it is now clear 
that the many-sided problem of determining an optimum value of Z, altogether insuper- 
able in 1938, is likely to await a solution for some time. In order to establish a reliable 
procedure for the scaling of molecular-orbital wave functions in calculations simplified 
by the use of the Hiickel x-electron approximation 5—if this is possible—it will almost 
certainly be necessary, as we have suggested elsewhere,* to carry out model computations 
in which the approximation is abandoned, i.e., in’which the o electrons are considered 
explicitly along with the x electrons. 

Until this exceedingly difficult undertaking can be accomplished, the interpretation of 
the numerical results of non-empirical molecular-orbital calculations is bound to be largely 
a matter of subjective judgement: there is always the danger of mistaking the properties 
of a set of simultaneous equations for those of the x-electron system which they purport 
to represent. 

There being thus no well-defined procedure for determining the appropriate values of 
the scale parameter(s) to use in a Goeppert-Mayer-Sklar calculation, the computed energies 
can have little quantitative meaning unless they can be seen to be insensitive to small 
changes in Z in the neighbourhood of whatever the arbitrarily selected value(s) may be. 
Unfortunately, as we now show, both state energies and, to a lesser extent, excitation 
energies are rapidly varying functions of Z. 

In completing an investigation ** of some of the approximations which have to be 
adopted in antisymmetrized molecular-orbital calculations, we have had occasion to 
compute the core-attraction energies and the electron-repulsion energies of the lower z- 
electron states of benzene over a wide range of Z. In addition, we have evaluated the 
kinetic energies so as to make use of the opportunity of studying the Z-dependence of 
the total x-electron energies. The results are examined below from the two points of view 
just mentioned. 

Approximations for Three- and Four-centred Integrals.—Using the symbols 4, 
b, c, d, e, f to represent both the normalized atomic 2x orbitals and also (as subscripts) 

1 Goeppert-Mayer and Sklar, J. Chem. Phys., 1938, 6, 645; Sklar and Lyddane, ibid., 1939, 7, 374; 
Parr and Crawford, ibid., 1948, 16, 526, 1049; Roothaan and Parr, ibid., p. 1001. 

Stewart, Proc. Phys. Soc., in the press. 

Zener, Phys. Rev., 1930, 36, 51. 

Coulson and Jacobs, Proc. Roy. Soc., 1951, A, 206, 287. 
Altmann, Proc. Roy. Soc., 1951, A, 210, 327, 343. 
Stewart, Proc. Phys. Soc., in the press. 


Stewart, J., 1959, 70. 
Stewart, /., 1959, 1856. 
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their origins of co-ordinates, we may write the x-electron Hamiltonian operator, H, for 
benzene as follows, V being Goeppert-Mayer and Sklar’s core-potential function: }? 


- 1 
H = —}5 v2? + S(Vai + Voi +... + Vp) + 227, 
([Summations: i = 1 to 6; 7 =1to5; i>J] 


The energies, (O|H|®), of the various x-electron states (@,, . . ., ®, in our notation °) 
can be broken down into sums of products of overlap integrals and three types of energy 
integral over atomic orbitals, corresponding to the three summation terms in the Hamil- 
tonian operator. Whereas the numerical values of the individual kinetic-energy integrals 
can be obtained quite straightforwardly, core-attraction and electron-repulsion integrals 
invariably require computations of considerable complexity when the integrands are 
functions of co-ordinates referred to more than two origins. In practice the latter integrals 
are always evaluated approximately in terms of one- and two-centre Coulomb integrals. 
If we consider typical overlap, core-attraction, and electron-repulsion integrals, 


Sig [ava 
(a|V,|5) = [avebae 


(as| 7 


the four approximations in common use are as defined below. 





: 2 | cd) = feayoay > (2)d(2)dzydz, 


732) 12 


Sklar Approximation ™ (S): 
(a|Ve|b) = San(g|Velg) 
(as, 


cd) = SusSu | ! ) 
"12 


[g = midpoint between a and b; h = midpoint between c and d] 














Mulliken Approximation ™ (M): 
(a|V.|b) = 4Sanf{(a|V-|a) + (b|V-|b)} 


13 od) = 1SuSuc (aa, ~ lee) + (aa 
12 
Mulliken—Parr—Pariser Approximation ®.12 (M.P.P.): 
(20, od) = 15S.{(aal,t ce) + (aa\~ : aa) + (00/5 c ce) + (v0|* \a la a) 
asl” 7191 Fon | \¢ Taal 


[without the above restriction] 

















ral) + (fale) + (lr 


[provided not more than two of a, b, c, d are identical] 





)} 











® Stewart, J., 1958, 4016. 

#0 Sklar, J. Chem. Phys., 1939, '7, 984; A. London, ibid., 1945, 18, 396. 

™ Mulliken, J. Chim. phys., 1949, 46, 497; Riidenberg, J. Chem. Phys., 1951, 19, 1433. 
#2 Parr and Pariser, J. Chem. Phys., 1955, 28, 711. 
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TABLE 1. Calculated energies (ev *) of the lower x-electron configurations of benzene, 


4 ae 1-5 2-0 2-5 3-0 3-5 4-0 4:5 5-0 55 
F. acdeaintcsoestnses 1-14 1-52 1-89 2-27 2-65 3-03 3-41 3-79 4-17 
Kinetic energy. 

Configuration 
Gd. (14 4) 31:14 48-08 67-74 91-32 120-29 156-05 199-64 251-62 312.07 


Exc. (By,, Boy Ey,) 3658 55:42 7689 102-11 132-42 169-09 213-07 264-92. 394.75 


Core-attraction energy (hydrogen-like 2s orbital). 


Con- 
fign. Approxn. 
Gd. Ss. — 297-52 —339-08 —368-06 —392-19 —415-81 —440-92 —468-23 —497-73 —529.29 
M. — 324-57 —356-08 —378-33 —398-30 —419-34 —442-91 —469-32 —498-32 —529.54 
Exc. S. — 307-89 —346-25 —374-36 —398-63 —422-58 —447-84 —475-01 —504-07 —534-85 
M. — 322-93 —357-08 —381-52 —403-12 —425-24 —449-34 —475-82 —504-51 —535-10 
Core-attraction energy (nodeless 2s orbital). 
Con- 
fign. Approxn. 
Gd. = — 286-30 —327-54 —356-72 —381-20 —404-:97 —429-95 —456-86 —485-68 —516-15 
M. — 312-03 —343-59 —366-34 —386-85 —408-21 —431-75 —457-84 —486-22 —516-46 
Exc. S. — 296-30 —334-38 —362-76 —387-41 —411-51 —436-62 —463-38 —491-76 —521-60 
M. —310-55 —344-72 —369-57 —391-63 —413-97 —437-98 —464-11 —492-16 —521-82 
Electron-repulsion energy. 
Con- 
fign. Approxn. 
1A, S. 63-86 78-66 90-34 99-42 106-51 112-23 117-06 121-34 125-31 
M. 69-87 83-52 93-76 101-65 107-94 113-18 117-71 121-81 125-64 
M.P.P. 69-90 83-32 93-45 101-36 107-80 113-24 118-02 122-33 126-34 
z.d.o. 71-64 84-73 94-47 102-05 108-23 113-51 118-18 122-43 126-39 
1B. $s. 70-70 81-41 91-88 100-67 107-90 113-95 119-23 124-02 128-53 
M. 66-91 82-23 93-16 101-60 108-47 11430 119-47 124-20 128-68 
M.P.P. 69-05 82-59 93-01 101-36 108-31 114-30 119-66 124-57 129-18 
z.d.0. 71-62 84-76 94-64 102-47 109-02 114-75 119-93 124-72 129-27 
1B, S. 67-16 79-66 90-79 99-78 106-92 112-71 117-62 121-96 125-96 
M. 68-04 82-47 92:96 101-07 107-60 113-07 117-82 122-09 126-06 
M.P.P. 69-01 82-46 92-73 100-84 107-49 113-12 118-06 122-49 126-58 
z.d.0. 71-68 84-84 94-64 102-28 108-51 113-83 118-52 122-79 126-77 
a S. 69-40 82-09 93-44 102-73 110-24 116-43 121-75 126-49 130-89 
M. 69-78 84-90 95-94 104-48 111-37 117-16 122-23 126-82 131-12 
M.P.P. 71-34 85-32 95:99 104-42 111-35 117-26 122-48 127-23 131-65 
z.d.o. 72-60 86-40 96-83 105-04 111-78 117-56 122-68 127-36 131-73 
*Ba S. 67-18 78-91 89-49 98-03 104-74 110-10 11454 118-37 121-82 
M. 67-11 81-57 91-87 99-64 105-75 110-73 114-95 118-65 122-02 
M.P.P. 68-88 82-10 92-03 99-72 105-86 110-94 115-29 119-12 122-59 
z.d.o. 71-55 84-49 93-95 101/15 106-88 111-64 115-76 119-42 122-78 
*B,, S. 70-36 80-97 91-28 99-87 106-84 112-58 117-48 121-85 125-88 
M. 66-31 81-51 92-37 100-69 107-36 112-92 117-74 122-05 126-04 
M.P.P. 69-01 82-46 92-73 100-84 107-49 113-12 118-06 122-49 126-58 
z.d.o. 71-68 84-84 94-64 102-28 108-51 113-83 118-52 122-79 126-77 
°E.. S. 68-77 79-94 90-39 98-95 105-79 111-34 116-01 120-11 123-85 
M. 66-71 81-54 92-12 100-17 106-56 111-83 116-34 120-35 124-03 
M.P.P. 68-95 82-28 92-38 100-28 106-67 112-03 116-67 120-81 124-59 
z.d.0o. 71-62 84-66 94-29 101-72 107-70 112-74 117-14 121-10 124-77 
Total n-electron energy (hydrogen-like 2s orbital). 
Con- 
fign. Approxn. 
1Ay, Ss. — 202-52 —212-34 —209-97 —201-45 —189-01 —172-64 —151-54 —124-76 —91-83 
M. 223-57 —224-47 —216-83 — 205-33 —191-11 - “173-6 151-97 —124-89 —9]-83 


* a.u. = 27-210 ev. 
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Zero Differential Overlap Approximation ®12-44 (z.d.0.): 


(a0, ca) = 0unlessa=bandc=d 
I7s21 


Sa = 0 unless a = D 


Limiting the scope of the work by considering only the states (‘‘ configurations ”’ 4) 
defined by Goeppert-Mayer and Sklar? (or, equivalently, by Stewart %), and ignoring 
configuration “ interaction ’’ and oz “‘ exchange,”’ we have calculated the components of 
the z-electron energies of benzene for Z = 1-13637(0-37879)4-16669, 1.e., for ZR,/2 = 
1-5(0-5)5-5. R, = 1-397/0-52917 Bohr radii } is the ortho C-C bond-length.'* In evaluating 
integrals over atomic orbitals we have used Kopineck’s !” and Roothaan’s #8 formule and 
tables. 

We have eschewed Goeppert-Mayer and Sklar’s approximate relation }}2? 


(o|—3v? + Vala) ~ Sas(al—30? + Vala) ~ SaWep, 
where a, b represent any two members of the set a, b,..., f. This relation can patently 


not be treated as an identity in Z (a point sometimes overlooked). 


Energies of the lower m-electron configurations of benzene, calculated relative to that of the ground state. 
Three- and four-centre potential-energy integrals evaluated by means of the Sklar approximation (three 
lower curves at the left of each half of the figure) and the Mulliken approximation (three upper curves). 
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The results in Table 1 confirm those reported previously,”® and call for little further 
comment. Attention must be directed, however, to the large discrepancies between the 
results of the various approximate calculations which arise when Z < 3. These affect 
not only the configuration energies (a matter which would perhaps not be very serious in 
a Goeppert-Mayer-Sklar calculation with the usual limited objectives) but also the excit- 
ation energies (see Figure). 

Preliminary calculations on ethylene (Murai;! cf. Stewart *) suggest that values of 

13 

4 

15 


16 
17 


Pariser and Parr, J. Chem. Phys., 1953, 21, 466, 767. 
Mulliken, ‘‘ Symposium on Molecular Physics at Nikko, 1953,” p. 17. 
Kauzmann, “‘ Quantum Chemistry,” Academic Press Inc., New York, 1957, App. 1. 
Langseth and Stoicheff, Canad. 7. Phys., 1956, 34, 350. 
Kopineck, Z. Naturforsch., 1950, 5a, 420; 1951, 6a, 177; 1952, 7a, 785; Preuss, ‘‘ Integraltafeln 
zur Quantenchemie,” Springer-Verlag, Berlin etc., 1956, Vol. 1. 
18 Roothaan, J. Chem. Phys., 1951, 19, 1445; idem, ‘‘ Tables of Two-Center Coulomb Integrals 

— Is, 2s, and 2p Orbitals,’’ Laboratory of Molecular Structure and Spectra, Ugiversity of Chicago, 

55. 

% Murai, Progr. Theor. Phys. (Japan), 1952, 7, 345. 
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Z nearer 2 than 3 may be appropriate for the excited configurations. If this should 
prove to be a feature of general applicability and general importance in x-electron cal- 
culations, it will obviously become necessary to investigate the evaluation of three- and 
four-centre integrals much more thoroughly than hitherto. [Although this paper is 
concerned essentially with non-empirical calculations, we should emphasize the need for 
discretion in semi-empirical calculations in which artificially low values of Z are used.] 

The differences (ca. 11—13 ev) between the two sets of core-attraction energies in 
Table 1 have, of course, no direct bearing on the choice of a 2s orbital of optimum form: 
the 2s orbital is represented only in the core-potential function and not in the (incomplete) 
molecular wave function. The calculated excitation energies are relatively insensitive to 
the type of 2s orbital used: Table 1 reveals a maximum divergence of 0-37 ev. [A hydrogen- 
like orbital was used in obtaining the excitation energies plotted in the Figure.] 

Z-Dependence of Calculated Energies.—The variety of approximations available for the 
calculation of the potential-energy components makes the estimation of the total z-electron 
energies very arbitrary, especially at low values of Z. Using the same approximation for 
repulsion as for attraction energies (because this gives the least disconcerting results), 
we have listed the x-electron energy of the ground state in the last two rows of Table 1. 
It is evident that in the region around Z = 3-18 a change of only 1% in Z changes the 
ground-state energy by about 14 ev, and much the same is true for the excited states: 
in the absence of any procedure for determining the precise value of Z, state energies have 
thus scarcely any quantitative significance. 

We have recently ? examined the conditions under which the variation principle may 
be invoked in calculations embodying Goeppert-Mayer and Sklar’s application of the 
Hiickel z-electron approximation, and it suffices here to re-affirm that the energy minima 
near Z = 1-5 are entirely without variational significance. 

The results shown in the Figure are altogether different from those which Shull and 
Ellison 2 obtained with the use of Goeppert-Mayer and Sklar’s We, approximation. 
Excitation energies are necessarily much less sensitive to changes in Z than state energies, 
but the uncertainty which the Figure reveals is nevertheless most disquieting. While it 
is pleasing that the order of the energy levels is the same over the whole of the range of 
Z likely to be of interest, it seems very doubtful whether there can be much justification 
for carrying out elaborate calculations to obtain results of such slight quantitative value, 
or for using these results in the analysis of electronic spectra. 


This work was carried out during the tenure of Carnegie and Junior Deeds Research Fellow- 
ships in the University of St. Andrews, partly in response to a Referee’s comment on an earlier 
paper.? I thank Mrs. T. E. Stewart for computational assistance. 


CHEMISTRY DEPARTMENT, QUEEN’S COLLEGE, 
DuNDEE, SCOTLAND. (Received, July 17th, 1959.) 


29 Shull and Ellison, J. Chem. Phys., 1951, 19, 1215. 
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31. The Thermal Isomerisation of Methyl Geranate and 
Dihydromyrcene. 


By G. A. Howarp and R. STEVENs. 


When heated at 530° for 2 seconds, methyl geranate and dihydromyrcene 
undergo conversion of the isopropylidene into an isopropenyl group. Methyl 
citronellate is unaffected under these conditions. 


SPECTROSCOPIC investigations! have shown that, contrary to earlier chemical evidence, 
the common natural alicyclic terpenes and their derivatives exist almost exclusively in the 
isopropylidene form. In these laboratories we have found that isopropylidene groups in 
alicyclic terpenoids are sometimes thermolabile (contrast Egloff e¢ al.*). 

During other work, information was sought about the infrared spectrum and gas- 
chromatographic behaviour of methyl geranate (1). Commercial citral which appeared 
by gas chromatography to be a mixture of two forms,’ was accordingly oxidised with moist 
silver oxide,‘ and the resulting mixed acids were esterified with diazomethane and distilled. 
Gas chromatography then disclosed two esters, presumably the cis- and the trans-form (I), 
a comparison of its infrared absorption with those of other derivatives of geranic acid 
supporting this assumption. Separation on a preparative scale afforded two esters having 
infrared spectra such as were to be expected for these cis- and trans-forms.5 The spectra, 
however, differed from that of the material before gas chromatography: the absorption 
bands at 5-78 (ester C=O) and 6-03 » (C=C) were unaffected, but the samples isolated from 
the column had bands at 5-58 and 11-12 » whereas the original mixed esters had no 
absorption at these wavelengths but showed bands at 11-50 and 11-66 ». These facts are 
consistent ® with the presence of isopropenyl and «f-unsaturated ester groupings in the 
separated esters and of the isopropylidene grouping in the ester (I). Passage through the 
gas-chromatography equipment had thus brought about the isomerisation (1) —» (II) 
and since this change has not been encountered before its cause was sought. 


Acucome SCH-CO,Me S iy lil 
SS > CO,Me CHO 
| l | l 
N NN 


(II) (II) (IV) (V) (VI) 
(X) 


(1) 
e 4 
| | 
(VID) (VIII) (1X) 


During gas chromatography, the sample passed through (a) an inlet flash-heater, (6) 
a column maintained at temperatures varying from 137° to 188°, (c) the detector, and (d@) 
an exit heater. Passage through sections (a), (6), and (c), alone or together, failed to 


1 (a) Thompson and Whiffen, J., 1948, 1412; Barnard, Bateman, Harding, Koch, Sheppard, and 
Sutherland, J., 1950, 915; (b) Carroll, Mason, Thompson, and Wood, J., 1950, 3457; (c) Naves, Bull. 
Soc. chim. France, 1951, 505. 

2 Egloff, Hulla, and Komarewsky, “‘ Isomerisation of Pure Hydrocarbons,” Reinhold, New York, 
1942. ; 

§ Liberti and Cartoni, ‘‘ Gas Chromatography 1958,” Butterworths, London, 1958, 321; Naves and 
Odermatt, Bull. Soc. chim. France, 1958, 377. 

* Bernhauer and Forster, J. prakt. Chem., 1936, 147, 199. 

5 Bellamy, ‘‘ Infra-red Spectra of Complex Molecules,’’ Methuen, London, 1954, pp. 31—46, 
156—163. 
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effect rearrangement when the temperature of the inlet flash-heater was 275°. Rearrange. 
ment took place, however, during the two seconds taken by the material to pass through 
the exit heater, the temperature of which was found to be 530°. No detectable change 
took place when chromatography was carried out with this heater at 250° or when methy]| 
geranate was heated for 20 minutes at 180° in a sealed tube. The transformation 
(I) —» (II) thus occurs rapidly at 530° but not at 275°, irrespective of the stereo- 
chemistry of the «8-unsaturated ester groupings. 

Methyl citronellate (III) was unaffected by the conditions which caused isomerisation 
of methyl geranate, the infrared absorption of all the samples examined indicating sub- 
stantial absence of the isopropenyl form ¥ (the ester was prepared by oxidising citronellal 
and esterifying the acid with acidified methanol). The spectroscopic evidence suggests 
that neither citronellic acid not its ester is as readily isomerised by acid as is citronellol,« 
The infrared spectrum of citral (IV) was unaffected by gas chromatography when the 
exit heater was at 230°, but when the heater was at 530° the carbonyl absorption at 6 u was 
markedly reduced, so the product was not further examined. Reduction of technical 
myrcene by sodium and alcohol gave a mixture of five compounds from which the pre- 
ponderant constituent, dihydromyrcene, was isolated by gas chromatography, the exit 
heater being at 230°. The infrared absorption of this product was consistent with 
structure (V). Further chromatography with the exit heater at 530° altered the absorp- 
tion: bands at 5-6, 6-08, 6-25, 11-0, and 11-2 uw were much stronger than in the original 
dihydromyrcene, new bands had appeared at 12-05, 12-4, 12-95, 13-7, and 14-4 u and those 
at 5-95, 9-6 and 12-6 u disappeared. These facts again suggest isomerisation (V) — (VI) 
although rearrangement of the other double bond in (V) is not rigidly excluded. 

Thermal rearrangements of an isopropylidene to an isopropenyl group in alicyclic 
terpenoids has not apparently been previously reported although this transformation can 
take place under acidic conditions.“ The available evidence? points to thermal, as 
distinct from catalytic, conversion of isopropenyl into isopropylidene groups rather than 
the reverse, as, for example, of ocimene into allo-ocimene and 2,5-dimethylhexa-1,5-diene 
into the 2,4-diene, 1.e., to a tendency to proceed towards the conjugated diene form. 
Cyclic terpenes, however, are converted by heat into compounds containing an iso- 
propenyl group: thus a-pinene affords limonene,®*’ pinane and norpinane afford iso- 
propenylcyclopentanes,® and the stability of the isopropenyl group to heat is indicated 
by the stability of 1l-isopropenyl-4-methylcyclohexane at 600°. In general, however, 
thermal isomerisation of cyclic hydrocarbons to unsaturated acyclic hydrocarbons gives 
substances with isopropylidene rather than isopropenyl groups, as, for example, the 
conversion of «-pinene (VII) into allo-ocimene (VIII) and neoallo-ocimene,’ and of 6,6-di- 
methylnorpinane (IX) into 7-methylocta-1,6-diene (X).2° The results reported now show, 
however, that it cannot be assumed that the isopropylidene will always be more stable 
to heat than the isopropenyl group. 


EXPERIMENTAL 


Gas Chromatography.—The apparatus (Gas Chromatography Ltd., London) contained a 
column 180 cm. long, 1-5 cm. in internal diameter, having 84 g. of a mixture of Celite (60—80 
B.S.S. mesh) and Apiezon M grease (15%; 1.e., 10-95 g. of grease in column) and was used at 
temperatures ranging from 137° to 188° (vapour-jacket). The eluting gas was hydrogen, 
usually at 180 ml. per min. and inlet pressures of 25 cm. A current of 120 ma. was passed 
through the katharometer detector wire (80 ohms resistance at 188°). The input flash-heater 


* Goldblatt and Palkin, J. Amer. Chem. Soc., 1941, 68, 3517; Fuguitt and Hawkins, ibid., 1945, 67, 
243. 
7 Alder, Dreike, Erpenbach, and Wicker, Annalen, 1957, 609, 1. 
* Pines, Hoffman, and Ipatieff, J]. Amer. Chem. Soc., 1954, 76, 4412. 
* Frank and Berry, thid., 1950, 72, 2988. 
4 Pines and Hoffmann, tbid., 1954, 76, 4417. 
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used to vaporise the sample was at 230°, and the heater at the exit from the katharometer 
chamber at various temperatures as reported above. The exit heater was a ‘‘ Pyrex” glass 
tube, 1 cm. in diameter, 5 cm. long, heated externally by a resistance winding. Specific 
retention volumes (Vg) were calculated by the method recommended by Ambrose e¢ al.™ 

Methyl Geranate.—Citral (20 g.; B.D.H.; redistilled; b. p. 107—110°/10 mm.) was oxidised 
with moist silver oxide,* and the resulting crude geranic acid (19-5 g.) converted by ethereal 
diazomethane into the methyl ester, b. p. 122—125°/17 mm., 7,,”° 1-4696 (lit.,17 b. p. 117°/14 
mm., ”,,"° 1-4714). Gas chromatography showed the presence of two components (Vg 476 and 
650, respectively, at 137°, 99 and 126 at 170°, and 59 and 71 at 188°). 

Methyl Citronellate.—Citronellal (Hopkins and Williams Ltd.; redistilled; b. p. 114—116°/27 
mm.) was oxidised as for citral, to citronellic acid which with methanolic sulphuric acid gave 
methyl citronellate, b. p. 116—128°/11 mm., n,*° 14360. Gas chromatography indicated the 
presence of one compound (Vg 156 at 170°). 

Dihydromyrcene.—Reduction of technical myrcene (A. Boake, Roberts, & Co. Ltd.) with 
sodium and alcohol !* afforded material from which dihydromyrcene (Vg 23 at 170°) was isolated 
by gas chromatography. 

Infrared Spectra.—The mixture of methyl cis- and trans-geranate isolated by preparative 
gas chromatography under conditions avoiding isomerisation had absorption bands in carbon 
tetrachloride solution at 3-41s, 3-50infl.,m, 5-82s, 6-09m, 6-99m, 7-28w, 7-38w, 7-56w, 7-82infl.,w, 
819s, 8-64s, 8-72s, 9-03w, 9-80w, 10-16w, 10-82w, 11-50infl.,w, and 11-66m u. 

After passage through the preparative gas-chromatography column and the heater at 
530° the bands were at 3-38s, 3-45infl.,m, 5-58s, 5-70infl.,m, 5-78s, 6-04m, 6-92m, 7-22w, 7-34w, 
7-62w, 7°80infl.,w, 8-Oinfl.,m, 8-lls, 8-34m, 8-64s, 9-Ow, 9-48w, 9-6lw, 9-86w, 10-05w, 10-80w 
and 11-12m uw. 

Methyl citronellate, examined as the liquid, had bands at 3-42s, 5-78s, 6-87 and 6-99m, 7-27 
and 7:35m, 7:79m, 8-0m, 8-25infl.,m, 8-40s, 8-50 and 8-60infl.,s, 9-20s, 9-85m, 11-3lm, 11-85m, 
and 13-55m pw. 

Dihydromyrcene, examined as the liquid, had bands at 3-35s, 3-65w, 5-6w, 5-95m, 6-08m, 
6-25w, 6-9s, 7-25s, 8-25w, 8-65w, 9-0m, 9-6w, 10-05m, 11-0m, 11-2s, 11-9infi.,m, 12-05m, 12-6m, 
and 13-45w wu. 

After passage through the gas-chromatography apparatus with the exit heater at 530°, the 
recovered ‘‘ dihydromyrcene ”’ (examined as the liquid) had bands at 3-35s, 3-65w, 5-6s-m, 6-08m, 
6-25m, 6-9s, 7-25s, 8-25w, 8-65w, 9-Ow, 10-05m, 10-35w, 11-Oinfi.,s, 11-2s, 11-9infl.,m, 12-25infl.,m, 
12-35m, 12-96w, 13-45w, 13-68m, and 14-4w u. 


The authors thank A. Boake Roberts and Co. Ltd. for gifts of materials and Dr. A. H. 
Cook, F.R.S., for his encouragement. 


BREWING INDUSTRY RESEARCH FOUNDATION, 
NUTFIELD, SURREY. (Received, July 17th, 1959.) 


1! Ambrose, Keulemans, and Purnell, Analyt. Chem., 1958, 30, 1582. 
12 Auwers and Eisenlohr, J]. prakt. Chem., 1911, 84, 25. 
18 Semmler, Ber., 1901, 34, 3126. 
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32. Chemistry of Hop Constituents. Part XIV.* 2,4-Diacetyl- 
3,4-dihydroxy-5-methylcyclopent-2-enone, An Analogue of Isohumulone A, 


By P. MARGARET Brown and G. A. Howarp. 


4- Acetyl - 5,6 - dihydroxy - 2,6 - dimethylcyclohex-4-ene-1,3-dione, an 
analogue of the hop bitter substance humulone, is isomerised by hot dilute 
aqueous sodium carbonate to 2,4-diacetyl-3,4-dihydroxy-5 -methylcyclopent- -2- 
enone. This cyclopentenone, an analogue of isohumulone A, is hydrolysed 
by aqueous sodium hydroxide to 2-acetyl-3,4-dihydroxy-5-methylcyclopent- 
2-enone and oxidised by air in the presence of lead acetate to 4-acetyl-5- 
hydroxy-2-methylcyclopent-4-ene-1,3-dione. The analogue lacks the bitter 
taste and the considerable bacteriostatic power which distinguish iso- 
humulone A. 


TRANSFORMATION of humulone (II; R= (C,H, R’ = Bu‘) into isohumulone A (III; 
R = C;Hg, R’ = Bu’) is important in brewing since the latter and its congeners are largely 
responsible for the bitter flavour and bacteriostatic power imparted by hops to beer, 
Although analogues of humulone have been synthesized none of isohumulone A has been 
prepared (other than those which are derived from — as such). 


1" cor’ kg 
HO HO 


iw R con aie 
° (II) (Ii) 
CsHy coBu! nf 
° OH ° OH 
(VI) CsHy’ “CsHy (V) 


The simplest known analogue (II; R = R’ = Me) of humulone, obtained by Campbell 
and Coppinger! by aerial oxidation of dimethylphloroacetophenone (I; R = R’ = Me) 
in the presence of lead acetate, was selected as a suitable starting point for such a synthesis. 
We find that in this oxidation never more than 0-35 mol. of oxygen is absorbed and much of 
the starting material can be recovered and used again. The product differed from humu- 
lone in having no bitter taste and only low bacteriostatic activity against Lactobacilli 
isolated from infected beer. 

Boiling 0-1N-sodium carbonate, which converts humulone into isohumulone A,? con- 
verted the analogue (II; R = R’ = Me) into a crystalline substance which resembled 
isohumulone A in giving a red colour with methanolic ferric chloride while its equivalent 
weight and ultraviolet and infrared absorption were consistent with its having the structure 
(III; R= R’ = Me). Like that of isohumulone A, its ultraviolet light absorption in 
aqueous solution at all pH’s above | is similar to that in alkaline ethanol. Analysis fails 
to distinguish between the compounds (III; R = R’ = Me) and (IV; R = R’ = Me), so 
close characterisation was needed. Although the only crystalline derivatives of isohumulone 
A are the metal salts,* the new compound readily formed crystalline anils the analyses of 
which left no doubt that our ketone was the desired analogue (III; R = R’ = Me) of iso- 
humulone A. Hydrolysis by dilute sodium hydroxide afforded the crystalline analogue 


Part XIII, J., 1959, 545. 

Campbell and Coppinger, J. Amer. Chem. Soc., 1951, 78, 1849. 
Howard, J. Inst. Brewing, in the press. 

Howard and Tatchell, ibid., 1957, 142. 


* 
1 
: 
* Hudson and Rudin, ibid., in the press. 
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(IV; R'= R’ = Me) of humulinic acid (IV; R = C,Hg, R’ = Bu’), which was also character- 
ised by the preparation of anils. As with isohumulone A, potentiometric titration of the 
compound (III; R = R’ = Me) with methanolic lead acetate failed to reveal the formation of 
a lead salt although, after titration, the solution deposited a precipitate. Removal of lead 
from the deposit afforded a crystalline substance which from its ultraviolet spectrum and 
ferric chloride reaction appeared to have structure (V; R= R’ = Me). This unexpected 
reaction recalls the ready oxidation ® of isohumulone A itself by bismuth acetate to the 
compound (V; R = C;H,, R’ = Bu’) and provides further evidence of the ring structure 
and ease of oxidation of isohumulone A and its analogues. Isohumulone A and the other 
jso-compounds present in beer give blue colours with the Folin—Denis and the Folin- 
Ciocalteu reagent which have been proposed as a method for their determination,®’ but 
the analogue (III; R = R’ = Me) gives no colour with these reagents. The crystalline 
isohumulones,® tetrahydroisohumulone, and tetrahydroisocohumulone® also give no 
reaction with the Folin—Ciocalteu reagent and this reaction is thus apparently confined 
to certain iso-compounds of the type found in beer. The reasons for this specificity remain 
unknown. 

The isohumulone analogue (III; R = R’ = Me) differed from the bitter substances 
found in beer also in that it had no bitter taste and its bacteriostatic power was low. The 
latter finding recalls Riedl’s observations ® that the bacteriostatic power of analogues of 
lupulone (VI) falls as the size of the acyl side-chain is reduced. 


EXPERIMENTAL 

4-Acetyl-5,6-dihydroxy-2,6-dimethylcyclohex-4-ene-1,3-dione (II; R = R’ = Me).—A solution 
of dimethylphloroacetophenone (12-5 g.) and lead acetate trihydrate (24 g.) in methanol (400 
ml.) was shaken with oxygen. In 4 min., when 500 ml. of oxygen had been taken up, the rate 
of uptake had diminished and the precipitate (21 g.) was filtered off and decomposed with 
hydrogen sulphide in methanol to give a product (5-5 g.). Concentration of the filtrate from 
the oxidation gave unchanged starting material (4-5 g.; m. p. 228—230°) which was shaken in 
methanolic lead acetate (8 g.) until uptake of oxygen (170 ml.) had ceased (30 min.). Filtration 
gave the lead salt (6 g.) from which further product (2-2 g.) was obtained. Dilution with water 
of the filtrate from the oxidation gave unchanged starting material (2 g.). The total crude 
product (7-9 g., 69%), m. p. 156°, was recrystallised from water to give the pure product (6-5 g.), 
m. p. 157-5—159° [Found: C, 56-9; H, 5-95; active H, 1-28%; M, by potentiometric titration 
against methanolic lead acetate (4% w/v), 220. Calc. for C,,H,,0,: C, 56-6; H, 5-7; 3 active 
H, 141%; M, 212], having Amax, 230, 240, 283, and 315 my (e 10,800, 10,200, 9650, and 6400 
respectively) in acidic ethanol and 257 and 310 my (e 19,400 and 12,800 respectively) in alkaline 
ethanol. 

The compound gave a blue colour with the Folin—Denis reagent but failed to reduce 
ammoniacal silver nitrate. 

2,4-Diacetyl-3,4-dihydroxy-5-methylcyclopent-2-enone (III; R= R’ = Me).—A _ solution 
of the preceding product (2-2 g.) and sodium carbonate (5-2 g.) in water (100 ml.) was raised 
to the b. p. in 2 min., boiled for 2 min., cooled rapidly, and acidified at 0°. The solution was 
saturated with sodium chloride and extracted with ethyl acetate, and the extract washed with 
brine and evaporated. The solid residue crystallised from water, giving the product as rosettes 
of needles, m. p. 118—119° (Found: C, 56-8; H, 5-9; active H, 0-92%; equiv., 212, 204, 203. 
CyH,,0O, requires C, 56-6; H, 5-7; 2 active H, 0-92%; equiv., 212). The compound sublimed 
readily in vacuo, gave a red colour with methanolic ferric chloride, was acidic to litmus, failed 
to reduce Fehling’s solution, the Folin—Denis reagent, or ammoniacal silver nitrate, and had 
Amax, 227 and 265 mu (e 10,900 and 9100 respectively) in acidic ethanol and 253 and 267 (infl.) 
my (c 19,200 and 18,100 respectively) in alkaline ethanol. In 0-2m-sodium phosphate buffers 
it had Amax, 253 and 270 (infl.) my (e¢ 15,200 and 12,200 respectively) at pH 1-0 and Aggy, 253 and 
270 mu (e 18,800 and 14,900 respectively) at pH 2-4 and 4-4. It afforded in the usual way an 

5 Brown, Howard, and Tatchell, J., 1959, 545. 

® Hall, Proc. Europ. Brew. Conven., 1957, 314. 

7 Owades, Jakovac, and Brenner, Amer. Brewer, 1959, No. 2, p. 42. ] 

) 


Howard, Slater, and Tatchell, J. Inst. Brewing, 1957, 237. 
Riedl, Annalen, 1953, 585, 38. 
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anil, m. p. 168° (from methanol) (Found: C, 66-2; H, 5-9; N, 4:9. CigH,,O,N requires 
C, 66-9; H, 5-9; N, 4-9%), Amax, 245 and 315 my (e 12,700 and 22,000 respectively) in ethano| 
and 270 my (ce 20,300) in alkaline ethanol, a p-chloroanil, m. p. 155° (from ethanol) (Found: 
C, 59-8; H, 4:5; N, 4-0; Cl, 10-9. C,,H,,O,NCI requires C, 59-7; H, 5-0; N, 4-4; Cl, 11-0%), 
and a 2,4-dichloroanil, m. p. 168° (from ethanol) (Found: C, 53-9; H, 4-4; N, 4:2; Cl, 19-7, 
C,,H,,0,NCl, requires C, 53-9; H, 4-2; N, 3-9; Cl, 19-9%). 

2-Acetyl-3,4-dihydroxy-5-methylcyclopent-2-enone (IV; R= R’ = Me).—The compound 
(III; R = R’ = Me) (500 mg.) in ethanol (7-5 ml.) and aqueous N-sodium hydroxide (25 m1) 
was boiled under reflux for 4 hr. and then poured on ice. The solution was acidified at 0° and 
extracted with ethyl acetate, and the extract washed with brine, dried (MgSO,), and evaporated 
to a solid (326 mg.; m. p. 92—94°) which was sublimed at 100°/2 mm., giving the product, m. p, 
111—112° (unchanged on recrystallisation from water) (Found: C, 56-4; H, 63. C,H,,0, 
requires C, 56-4; H, 5-8%). The compound gave an orange colour with methanolic ferric 
chloride and afforded in the usual way an anil, m. p. 205° (from ethanol) (Found: C, 68-0; 
H, 6-1; N, 5-8. C,,H,,O,N requires C, 68-6; H, 6-1; N, 5-7%), a p-chloroanil, m. p. 177° (from 
ethanol) (Found: C, 59-7; H, 5-0; N, 5-1; Cl, 13-2. C,,H,sO,;NCI requires C, 60-1; H, 5-0; 
N, 5-0; Cl, 12-7%), and a 2,4-dichloroanil, m. p. 204° (from ethanol) (Found: C, 53-2; H, 4-1: 
N, 4:6; Cl, 22:7. C,,H,,0,NCl, requires C, 53-5; H, 4:1; N, 4-5; Cl, 22-6%). 

4-Acetyl-5-hydroxy -2-methylcyclopent-4-ene-1,3-dione (V; R= R’ = Me).—A solution 
of the compound (IV; R = R’ = Me) (43 mg.) in methanol (5 ml.) was titrated conducti- 
metrically with methanolic lead acetate (415 mg. of trihydrate in 10 ml. of methanol). No 
break was observed in the titration curve and after 4 ml. of the solution had been added the 
mixture was left for 10 min. The orange-brown precipitate (19 mg.) was filtered off, suspended 
in methanol, and treated with hydrogen sulphide. Lead sulphide was filtered off and the 
filtrate evaporated to dryness. The residue crystallized from water, sublimed at 180°, and 
then recrystallized from water to give a yellow product, m. p. 208—210° (Found: C, 57-4; 
H, 5-0. C,H,O, requires C, 57-2; H, 4-8%) which gave a green colour with methanolic ferric 
chloride and had 2,,,, 253 and 275 (infl.) my (e 21,900 and 16,300 respectively) in acidic ethanol 
and 272 and 300 my (ce 26,000 and 22,300 respectively) in alkaline ethanol. 

Bacteriostatic Activity—Compounds were tested against a Lactobacillus (isolated from 
infected beer) by serial dilution in the liquid version of the medium L described by Williamson.” 
Isohumulone A was active at 50 p.p.m., effected almost complete inhibition at 75 p.p.m., and 
completely prevented growth at 100 p.p.m. Neither compound (II) nor (III; R = R’ = Me) 
affected growth at concentrations of 100 p.p.m. 

Infrared Spectra.—Absorption maxima for Nujol mulls, determined with a Perkin-Elmer 
spectrophotometer model 137, were as follows. 

Dimethylphloroglucinol, 2-78w, infl., 2-85s, 6-1lm, 6-20m, 6-6lm, 7-72m, 7-92s, 8-32w, 
9-20s, 9-80m, 11-60m, 12-30m uz. 

Dimethylphloroacetophenone, 2-85s, 6-20s, 6-35w, 6-67w, 7-03w, 7:35m, 7-:78m, 8-15s, 
8-50m, 8-95s, 9-70m, 11-0s, 11-45m, 12-02m, and 14-10m u. 

The analogue (II; R = R’ = Me) of humulone, 2-98s, 3-18m, 6-02s, 6-10m, 6-55m, 7-20 
(infl.), 7-28m, 7.35m, 7-85s, 8-38m, 8-91m, 9-48m, 9-70m, 10-02m, 10-75m, 11-08m, 11-82m, 
and 12-78m u. 

The analogue (III; R = R’ = Me) of isohumulone, 2-95m, 5-88s, 5-98s, 6-2 to 6-45s, 8-02w, 
8-13m, 8-47m, 8-70s, 9-30m, 9-47m, 9-75m, 10-20m, 10-70m, 11-14m, 11-59w, 11-92m, and 
13-03m wu. 

The analogue (IV; R = R’ = Me) of humulinic acid, 2-86m, 5-80s, 6-10s, 6-30s, 7-65w, 
8-Ow, 8-17w, 8-40m, 8-94m, 9-08w, 9-45m, 10-41m, 11-15m and 12-13m p. 

The anil of compound (III; R = R’ = Me), 2-85m, 3-06w, 5-74m, 5-87w, 6-10s, 6-30 and 
6-38s, 7-65m, 9-21m, 9-61m, 10-80m, 11-0m, 11-5m, 13-10w, and 14-23m u. 

The anil of compound (IV; R = R’ = Me), 2-83m, 3-05w, 5-74w, 5-87m, 6-12s, 6-38s, 7-92m, 
8-26m, 8-97m, 9-45m, 10-26m, 10-70w, 11-05w, 11-80m, 13-20m and 14-17s up. 


The authors thank Dr. A. H. Cook, F.R.S., for his encouragement. 
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33. Phthalocyanine Crystal Spectra. 
By L. E. Lyons, J. R. Watsu, and J. W. WHITE. 


The theory of the crystal splitting of the intense absorption bands in 
phthalocyanine crystals is used to make quantitative predictions of the 
spectra of the crystal. Experimental polarized spectra of single crystals of 
metal-free phthalocyanine are reported. Theory and experiment are com- 
pared, and the theory, even if the errors which arise from the point-dipole 
approximation and interaction with further excited states were completely 
removed, is found to be deficient in so far as it relies upon experimentally 
determined intensities and bands which are not of negligible width as 
required by the theory. The assignment of each pair of upper states near 
15,000 cm. and 28,000 cm. to B,, and By, symmetry in D,, (Ey, in Dy) 
seems none the less to be reasonably certain for metal-free phthalocyanine 
and related compounds. 


CrysTALs of metal-free phthalocyanine exist in three forms,!»? solutions of all of which 
give rise to the same spectrum. The conditions of formation of the a-, B-, and y-forms 
are known. A transition temperature of 200°c between « and #6 has been reported.) 
The @-form is the most stable at room temperature and is usually the form obtained by 
crystallization. Robertson * has determined the crystal structure of the 6-form, which is 
monoclinic prismatic. The space group is P2,/a with two largely planar centro-symmetric 
molecules in a unit cell. 
Fic. 1. Molecular directions. 


/ 


The unit-cell dimensions are a = 19-85, b = 4-72, c= 148A (all +0-03 A); p= 
122° 25’. Molecular directions are shown in Fig. 1. The /-direction is actually the 
shorter in-plane axis in the crystal but, following Robertson, is called the long axis. With 
this assignment of molecular directions we use By, (in D2,) to describe the symmetry of an 
upper state which terminates a transition which is polarized m, and Bg, for /. 

The direction cosines connecting crystal and molecular directions are: Ja, 0-3532; 
Ib, 00395; Id, 0-9347; ma, 0-6615; mb, 0-6960; md —0-2794; na, —0-6617; nb, 0-7169; 
nd, 0-2197, where b is the crystal axis, a is perpendicular to 6 in the (001) plane, and d is 
perpendicular to both a and 6. 

The observed spectra * of solutions are represented in Fig. 2 where also are shown the 
spectra of crystals (see below). 

In free phthalocyanine solutions in «-chloronaphthalene absorption maxima are given 
by the relations, ¥, = 14,290 +-.15852,, ¥. = 15,060 + 1585n, cm." , where m, and m, are 
integers. 1585 cm. is readily interpreted as the frequency of a vibration which is 

Karasek and Decius, J. Amer. Chem. Soc., 1952, 74, 4716. 
Ebbert and Gottlieb, J. Amer. Chem. Soc., 1952, 74, 2806. } 


1 

2 

8 Robertson, /., 1935, 615; 1936, 1195. 
* Fichen and Linstead, J., 1952, 4846. 
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probably totally symmetric. The two series of intense peaks are replaced by one series 
in a number of metal phthalocyanines. It should be noted that, if use is made of 
Linstead’s schematic representation of the spectra, account should be taken of the 
intensities of the various bands if this conclusion is to be seen easily. A similar simplific- 
ation of the spectrum of porphin has been observed. The absorption in both series in the 
free phthalocyanine spectrum is very great; the oscillator strength of each peak in this 
spectrum is one half of that observed in a metal phthalocyanine peak. 

At higher energies (about 28,000 cm.) there occurs a further intense absorption which 
is the analogue of the Soret band in porphyrin spectra; in certain metal compounds this 
band appears split. At higher energy still, an even more intense absorption occurs. 


Fic. 2. Spectra of solution (broken line) and polarized crystal (full line) of phthalocyanine. The dotted 
line is the absorption spectrum of a film; ac and b denote polarizations. The ordinates of the spectrum 
of the crystal are in arbitrary units. 
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Unpolarized spectra of crystals have been reported previously for various phthalo- 
cyanines.® In both the free and the metal compounds the lower-energy system shows 
both a peak and a distinct shoulder. 

Symmetry of the Molecule.—In the $-form of the crystal a molecule does not display Dy 
symmetry, but either Dg, or a lower symmetry depending on the positions of the central 
hydrogen atoms. It seems reasonable to consider the molecule in Dg, (rather than in a 
lower symmetry group) when z-electronic spectra are being considered since the effect of 
the hydrogen atoms is then describable as a small perturbation which may be neglected. 
This was the assumption used in an earlier paper. However, as was there pointed out, 
an alternative approach is to regard the molecule in Dg, and this must be approximately 
true. This assumption has been used in some molecular-orbital calculations by Basu.’ 
From the theory of atomic orbitals each nitrogen atom bonded to a hydrogen atom should 
be pyramidal and thus the hydrogen atoms would be non-planar. 

Metal phthalocyanines such as those of copper or cobalt show in the crystal much less 
distortion from a Dy, symmetry than does the free phthalocyanine. 

® Fielding and Gutman, J]. Chem. Phys., 1957, 26, 411. 


* Lyons, J., 1958, 1347. 
7 Basu, Indian J. Phys., 1954, 28, 511. 








Ties 
e of 
the 
lific- 
| the 
this 


hich 
this 


lotted 
trum 


halo- 
hows 


4 Dar 
ntral 

ina 
ct of 
cted, 
| out, 
ately 
Jasu.? 
nould 


h less 





(1960) Phthalocyanine Crystal Spectra. 169 


Kasha’s suggestion ® that the 16,000 cm. bands in porphyrins involve at least two 
electronic transitions is consistent with the assumption of D2, rather than D4, symmetry. 

Both absorption systems in metal phthalocyanines are so intense that it is reasonable 
to say that both denote allowed electronic transitions. In Ds, there are expected several 
allowed electronic transitions which arise from a ground state which is totally symmetrical. 
All the lower-energy allowed transitions correspond in D4, to E, «<— A, transitions. The 
differences amongst them have been described in a simple molecular-orbital treatment 
and are indicated in Fig. 4, taken from Basu’s results. 

Since the excited electronic state of the molecule is E,, in all these cases there is to be 
expected an interaction between the various states which would lead to, inter alia, a 
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redistribution of intensity and an alteration in the band positions from those calculated for 
no interaction. It is clear that all allowed transitions of interest at present are likely to 
terminate in degenerate upper states. 

A reduction of symmetry from D,,, e.g., to Dg, must lead to a splitting of a levei 
degenerate in Dy. In Dy, By, and By, states would replace the E, state in Dy. The 
splitting between By, and By, states would be a measure of the departure from Dy 
symmetry. 

The interpretation of the free-phthalocyanine bands at 14,290 and 15,050 cm. can 
therefore be made in terms of the replacement of an E,, state in Dy, by twoy;states, By, + Ba. 


' 


® Kasha, quoted by Longuet-Higgins, Rector, and Platt, J. Chem. Phys., 1950, 18, 1174. 
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in Dy. The evidence from oscillator strengths is consistent with this interpretation. The 
possibility of tautomerism has not been excluded completely, but if tautomers were 
responsible for the two spectral series near 15,000 cm.* it is necessary that the tautomers 
should be present in equalamount. In the absence of evidence that tautomers are indeed 
present, the lower-energy transition in the visible spectrum provides evidence that the 


Fic. 4. Molecular orbitals’ and predicted electronic states of the phthalocyanine molecule with the lowest. 
energy allowed transitions indicated with vertical lines. 
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effective molecular symmetry is Dy, for metal phthalocyanines and Dz, (or lower) for free 
phthalocyanine. 

Earlier calculations * considered phthalocyanine in Dz, and used a direct summation 
method. The question of the effect of molecular symmetry when this involved degenerate 
levels was not then investigated. The present calculations provide evidence on this 
question by extending the theory to the Dy, case. The method of direct summation has 
the advantage of giving individual interactions between various molecule pairs but is 
subject to some error when the total interaction is desired, unless the number of molecules 
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considered is inconveniently large. Consequently the Ewald—Kornfeld method of sum- 
mation ® was used here. It gives the total interaction, and all the spectroscopically observ- 
able quantities can then be calculated. Both methods are limited in validity by their 
assumption of point dipoles. An increasing error is introduced as the molecular dimensions 
become larger in comparison with the intermolecular spacings. The larger the molecule 
the larger are the intermolecular spacings, but none the less the error is expected to be 
larger for big molecules and it is probably appreciable for any aromatic molecular crystal. 

The approximation of point dipoles is expected to be good in the case of phthalo- 
cyanines for all pairs of inequivalent molecules, and for all pairs of equivalent molecules 
except the pair of nearest neighbours separated along the 0} direction. In this instance an 
estimate of the error showed that the point dipole result of 2458 cm.-1 A~ for an /-1 inter- 
action (Table 1) between equivalent molecules is likely to be high by several hundred 
cm.1 A, but the error should be rather less than 50%. The splitting between com- 
ponents of the same band is not affected by such errors, although the spread of the four 
levels from a degenerate molecular level, as given in Fig. 3, will be high. The estimate of 
error was made by consideration of dipoles placed on the extremes of the molecular frame- 
work instead of concentrated at the molecular centre. In phthalocyanine the effective 
molecular dimension is the 18-membered conjugated ring which is to some extent shielded 
from neighbouring molecules by the outer atoms of the molecule. This has the effect of 
reducing the error. 

The theory and the methods have been described previously 1° and will not be discussed 
here except for one or two new points. 

The symbolism and expressions for the crystal wave-functions y* and y follow previous 
usage. Transitions to y* from the ground state are ac polarized, to y® b polarized. The 
energy E of a crystal transition is given by E = w + D + S, where w denotes the energy 
of the free molecule transition, D denotes a shift due to a change of phase, and S denotes a 
sum of various intermolecular integrals.” The present calculations give values for E 
relative to w + D. 

Calculations were made in three ways: (1) For an E, upper state in Dy,; these results 
are most applicable to metal derivatives and also to the metal-free derivatives for consider- 
ation of the Soret band which is relatively insensitive to metal substitution. (2) For a 
B;, upper state in Dg, (m-polarized). (3) For a Bg, upper state in Dg, (/-polarized). The 
results of (2) and (3) can be corrected for crystal mixing of upper states of similar crystal 
symmetry. When the Bj, and Be, upper states have the same energy this procedure then 
becomes identical with the D4, method. 

The formal relation between the Dg, and Dg, methods is made clear in the Appendix 
(p. 174). It is seen later that, as far as the location of the crystal components is concerned, 
there is little to choose between the methods. Of the two, the Dg, method is the simpler 
and is therefore to be preferred. However, when intensities are to be considered there is a 


TABLE 1. Dipole sums for phthalocyanine calculated by the Ewald—Kornfeld 
method (cm. A-®). 


Interaction Equivalent Inequivalent Interaction Equivalent Inequivalent 
type molecules molecules type molecules molecules 
Ll 2458 60 l-n s 
m—m —1121 —430 n-l } —30l 356 
n—n — 1328 — 460 n—-m } — 3654 29 
l-m a ; < 2 

} —118 —291 m-n 

m-l 


small difference between the tw6 methods. Of course, when the components are split by 
intramolecular forces the Dg, method can be used. 
The results for the dipole sums are given in Table 1. Calculated energies and relative 


/ 
® Born and Bradburn, Proc. Camb. Phil. Soc., 1943, 39, 104. 
© Craig and Walsh, J., 1958, 1613; and references therein. 
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TABLE 2. Calculated energies and relative intensities of bands in a metal-free phthalocyanine 
crystal. (The energy is expressed in cm. '/M? and is relative to w + D). 


In Du 
(E,, molecular level) In Dy 
Relative Molecular Relative 
Polarization Energy intensity level Energy intensity 
a 2560 0-04 Bay 2518 0-06 
c pe 0-46 By te 0-44 
a — 1592 0-24 By — 1551 0-22 
c - 0-02 By ae 0-04 
b 2408 0-003 Bs, 2398 0-001 
b — 700 0:24 B,, —691 0-24 


intensities of crystal bands are given in Table 2. The a and c polarized bands fall at the 
same energy in each case. 


EXPERIMENTAL 


The polarized spectra of phthalocyanine crystals have been observed at 90° and 300° x. 
The crystals were prepared by vacuum-sublimation and were mounted on fused silica discs, 
Because of the small dimensions of suitable crystals, the spectra were taken with the aid of a 
microscope with reflecting optics. For the spectra taken at liquid-air temperature the crystals 
were mounted in a cell which could be attached to the microscope stage. The light from the 
microscope was collimated and passed through a Wollaston prism before reaching the slit. In 
this way two oppositely polarized components of the spectrum were recorded on the plate. 
On use of a high-intensity carbon are as the source and slit widths of 50 u, exposure times on the 
E1 Hilger large quartz spectrograph varied from 5 to 40 min. For the Soret band a 150-watt 
high-pressure xenon lamp was used as the source, and exposure times were between 10 sec. and 
3 min. The third system was not penetrated. The plates were microphotometered on a 
Hilger Recording microdensitometer. A neon arc was used for calibration. 

Relative crystal thicknesses were measured with an Ehringhaus rotatable compensator. 


RESULTS 


Microphotometer traces of the spectra are shown in Fig. 2. No sharpening of the bands 
occurred at liquid-air temperature. 

A schematic representation of the observed 15,000 cm. system is shown in Fig. 3(e) in 
which the bands for the crystal are shown in the correct relationship with the bands for 
solutions, indicated by arrows. 

In order to compare the calculated values with experiment it is necessary to determine the 
effective transition moment to be associated with each transition. The total intensity under 
each of the first two peaks in the free phthalocyanine spectrum corresponds to an oscillator 
strength f = 0-52, |M| = 1-27 A, M2 = 1-62 A*. The use of the total oscillator strength, 2f, 
is most justified when the band in solution is not split. When, as in the 15,000 cm. region of 
the spectrum of the metal-free phthalocyanine, there are two distinct bands in the spectrum of 
solutions it seems best to consider each band separately, i.e., each with f = 0-52. This results 
in a much lower separation of the components in the spectrum of the crystal than that calculated 
with a strength of 1-04. 

The results of the calculations may be applied to the group of compounds having similar 
crystal structures to the metal-free phthalocyanine, e.g., to various metal derivatives. In 
addition to the system near 15,000 cm. the Soret band can also be considered. In this work 
only the metal-free compound is discussed in detail, but the results in Tables 1 and 2 can be 
applied to the other compounds without great difficulty. 

The predictions for the 15,000 cm.! system in metal-free phthalocyanine are shown in 
Fig. 3. 

Figs. 3(a) and 3(b) assume that the total intensity is concentrated at a point and, as expected, 
the predicted spread (13,000 cm.) of the bands is much greater than that observed 
(1860 cm."). 

From Table 2, as from Figs. 3(a) and 3(b), it is clear that very little change is brought about 
by adopting the Dy, rather than the simpler D,, approach. Thus, in Fig. 3 the separation of 
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the ac polarized transitions is increased from 4069 cm. in (b) to 4152 cm. in (a); the separ- 
ation of the b polarized transition is increased from 3089 cm." in (b) to 3108 cm.“ in (a). When 
intensities in the crystal are considered, Table 2 shows that the two methods again give very 
similar results. This adequacy of the D,, treatment to discuss a D,, case is expected to be 
moderately general and to be valid whenever there is an appreciable separation of energy 
between similarly polarized crystal transitions arising from oppositely polarized molecular 
transitions. As expected on general grounds, the effect of changing from D,, to D,, is to push 
similarly polarized transitions very slightly further apart. 

When the intensity is divided between the two bands of the spectra of the solution, two 
predictions are possible depending upon whether the lower-energy transition is to B,, or to a 
By, upper state. With M? = 0-7 for each band (as taken previously *) the predictions for the 
two possibilities are shown in Figs. 3(c) and 3(d). Although neither prediction agrees exactly 
with the observed spectrum, the better agreement is obtained if the lower-energy transition for 
the solution is to an upper state which is of B,, symmetry. It must be remembered that in 
compiling Fig. 3 it has not been possible to determine the variation in D on going from solution 
to crystal, and this correction must be made when the information becomes available. Since 
the effect would be to shift all the predicted bands equally to different energies the comparison 
with experiment may still be made safely. For an intense transition the change due to D is 
expected to be small compared to S (Craig #4). 

The differences between the predicted [Fig. 3(d)] and observed [Fig. 3(e)] spectra are three- 
fold: (i) the order of the four bands, (ii) the energy separating the bands, and (iii) the intensity 
of the bands. 

(i) The two components of lower energy appear in the predicted sequence but the other two 
do not. The further refinement ’of the theory, by taking into account interactions between 
appropriate upper states arising from the 15,000 cm.* and the 28,000 cm. systems (and 
possibly higher-energy systems also) may remove this discrepancy. 

(ii) The separations of the various bands are of the right order of magnitude, especially for 
the lower-energy pair and the overall spread of the four bands. This is almost all that can be 
expected of the theory in its present form. The prediction of both the spread and the separ- 
ations of the bands varies directly with the value chosen for M?. The total intensity in the 
15,000 cm. region corresponds to M? = 3-2, and this choice for M? results in a spread such as 
is shown in Figs. 3(a) and 3(b) which would be reduced by perhaps 1000 cm. upon removing 
the point-dipole approximation. However, the spread would still be in excess of that observed. 
Consideration of this and of the splitting of the lowest-energy band shows that the choice of 
M?* = 0-7 for each band gives better agreement with the observed spectrum [Fig. 3(c), 3(d), 
and 3(e)]. This choice for M*? was based upon the rather arbitrary conclusion drawn from the 
appearance of the spectrum of the solution in which each band appeared to be about 300 cm. 
wide. The remaining intensity was distributed over other regions of the spectrum and was 
disregarded. Since the phthalocyanine spectrum has two very sharp peaks, the choice for M? 
was made more easily than would have been the case for a system which showed only one 
broader band. 

The separation of purely electronic from vibronic bands has been discussed by others. 
The occurrence of both lattice and intramolecular vibrational broadening in the crystal makes 
exact predictions of the spectrum of the crystal difficult, as does the use of values for M? based 
purely on spectra taken in solution. The numerical application of the theory in its present 
form is limited by the difficulty in assigning a value to M?. 

(iii) Differences between predicted and observed intensities occur in both polarizations and 
in this respect the present theory is inadequate. The further refinement mentioned in (i) 
should lessen the discrepancies, but is not expected to remove them completely. 

In the 28,000 cm. system in the metal-free phthalocyanine crystal (Fig. 2), three com- 
ponents are observed, spread over 2900 cm.?. The fourth (b polarized) component is presum- 
ably at higher energies and buried beneath the next system. The total spread is therefore likely 
to be greater than 2900 cm.~, t.e., rather greater than that observed in the 15,000 cm. system. 
The splitting in the two systems appears to be in the same sense, ¢.g., the component at lowest 
energy is ac polarized, the next b, and the next ac polarized. This is consistent with the assign- 
ment of the upper states of both systems as B,, + By, in D.,. Only the beginning of the 


11 Winston, J. Chem. Phys., 1951, 19, 156; Craig, J., 1955, 2302; Simpson and Peterson, J. Chem. 
Phys., 1957, 26, 588. 
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system at energies greater than about 31,000 cm. has been observed. The observations are 
again consistent with a pair of upper states which are similar to the lower-energy states in 
symmetry. Such conclusions agree with the expectations based on molecular-orbital theory 
(Fig. 4). 

A comparison is possible between the factor-group (Davydov) splittings calculated in the 
present work by using the Ewald—Kornfeld summation over the whole crystal and those 
calculated previousy * by using a direct summation method over a sphere of 20 A radius. On 
taking M* = 0-7 (as was done previously) the factor-group splittings between oppositely 
polarized components are now calculated as 196 and —595 cm.7*; previously they were found 
to be 280 and —860cm.*. In view of the large variations which result from varying choices 
for M2, this difference between the two methods of summation is small. The sense of the 
previous results is confirmed, as is the magnitude to less than 50%. However, the hope 
expressed earlier * that the calculations by the present theory of the sign of the factor-group 
splitting would provide a criterion for the experimental assignment of the polarization of the 
transition has now been shown to be false. In one of the present cases the calculated sign 
is opposite to that observed. In this respect also the theory needs to be improved. 

In conclusion, it is clear that the theory in the form used, without consideration of the 
interaction between the various systems at 15,000 cm."1, 28,000 cm."}, etc., is at best semi- 
quantitative. The greatest difficulty arises in determining what value is to be given to M?, and 
the resulting errors may be greater than 100%. Errors also arise from the point-dipole ap- 
proximation and from the neglect of the interaction with systems of higher energy. However, 
even if these were completely eliminated the difficulty over M? still remains and would still be 
the cause of greatest inaccuracy. 

Thus, only in its qualitative features is the present theory completely successful (7.e., the 
number of components in the crystal is correctly predicted) and for this no numerical comput- 
ation is necessary. Improvements in the theory should include quantitative consideration of 
(i) the interaction in the crystal of all molecular systems, (ii) an exact consideration of the effect 
of removing the point-dipole approximation, and (iii), most importantly, the factors which 
broaden the absorption bands. 


APPENDIX 


The method of treating a doubly degenerate level in Dy, may be regarded as composed of 
two stages: (i) in which the two levels are regarded as independent and as terminating 
transitions which are oppositely polarized in D,,, followed by (ii) interaction between crystal 
levels of similar symmetry. In this way the relation between the D,,, and D,, methods becomes 
clear. 

For an excited degenerate state the wave function ®; can be written 


Di = Cyyi® + CoyP + Cyym™ + Cyym® ; i= 1,2,3,4, 


where y* denotes a crystal function for the state which arises in a transition polarized along the 
laxis. The energies of the four levels, D;, are given by the roots of the equation 


X + 1/7 0 Jim®™ 0 | 
0 X+I1 0 me | 

+ li? ‘nit. 2a 
JSiun® 0 xX + | 0 | 
0 Tin? 0 X+ InP | 


where X = w+ D—E 


IWe= > n+ > In 
equiv. inequiv. 
If= ¥ Iu- > In 
equiv. inequiv. 
Jumt= SF Sut > Jus 
equiv. inequiv. 
and JuP= > Ju-— > Jun 


equiv. inequiv. 
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Equation (1) can be rewritten 


X + 1 Tim® X + 1A JimP 


Jim xX + Linm™ Jim? x + | am 


In equation (2) X (= w + D — E) will differ slightly in one factor from its value in the other 
owing to changes in w, which have been allowed for in compiling Fig. 3, and changes also in D, 
which can be neglected.1° When the J terms are negligible, the solutions for X are given by 
Iu, Imm”, In®, and Imm? and these are just the values obtained from a treatment which consists 
only of stage (i). Stage (ii) alters the results obtained from stage (i) by an amount which 
depends on the magnitudes of Jjm* and Jim’. Numerical values of the J and J terms may be 
derived from Table 1, e.g., Zy* = 2518; Imm* = —1551, but Jj,* = —409 only, and this is not 
large enough to affect the energy values greatly. 

In order to calculate intensities it is necessary to find c,, c,, cz, and c, in each case. For 
a states the ratio of the intensities of the a polarized components is given by 


SS ae 








(c,.Ja + ¢3.ma)?/(—c3.la + c,.ma)? 


where Ja denotes the cosine of the angle between the / molecular and the a crystal axis. 
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34. The Structure of Laminarin. Part III. Synthesis of 
Structural Oligosaccharides. 


By STANLEY Peat, W. J. WHELAN, and J. M. Evans. 


The chemical syntheses of eight’ oligosaccharides are described. Three 
are reducing trisaccharides based on 8-p-glucose and contain 1,3- and 1,6- 
glycosidic bonds. The others consist of D-mannitol substituted at C,,) by 
glucose or laminaridextrins. Some of these sugars have previously been 
found in partial acid hydrolysates of laminarin and baker’s yeast glucan. 


THE picture of the structure of laminarin which emerges from studies +? of the oligo- 
saccharides formed by its partial acid hydrolysis is that of chains of 8-p-glucose members 
linked mainly by 1,3-bonds, but to a lesser degree by 1,6-links also. Furthermore, they 
showed that a unit of D-mannitol was an integral component of about half of the laminarin 
chains (see also ref. 3) and that this mannitol unit was most probably joined glucosidically 
to the chain through the primary alcohol group of the mannitol (7.e., through Cq) or C@, 
these positions being equivalent because of the centre-point symmetry of the hexitol). 
Later studies by Smith and his co-workers * suggest that the mannitol is also substituted 
at Cy) and that mannose is present. 

The identification of the oligosaccharide fragments was based in part on comparison 
with authentic specimens which were prepared by chemical synthesis. The present paper 
records the details of these definitive syntheses. 

The “ trisaccharide fraction” of the partial acid hydrolysate of laminarin contained 
three reducing sugars identified»? as laminaritriose (Ia), 3-O-8-gentiobiosylglucose (Ib) 

1 Part IT, J., 1958, 729. 

2 Part I, J., 1958, 724. 

’ Peat, Whelan, and Lawley, Chem. and Ind., 1955, 35; Unrau and a ae ibid., 1957, 330; 


Anderson, Hirst, Manners, and Ross, /]., 1958, 3233. 
* Goldstein, Smith, and Unrau, Chem. and Ind., 1959, 124; Smith and Unrau, idbid., 1959, 636. 
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and 6-O0--laminaribiosylglucose (Ic) as well as two non-reducing “ trisaccharides” 
containing mannitol, namely, 1-O-8-laminaribiosylmannitol (If) and 1,6-di-O-f- “glucosyl- 
mannitol (Id). The last-named was obtained from the laminarin hydrolysate in such 
relatively small yield that no structural significance could be attached to its presence.! 
The methods employed in the synthesis of the “‘ trisaccharides ’’ (Ia), (Ib), (Ic), (Id), 


Oligosaccharides related to laminarin. 


2 an ae, =, Pn: Fe OOO 


(Ia) Laminaritriose (Ib) 3-O-B-Gentiobiosylglucose (Ic) 6-O-8-Laminaribiosylglucose 


e='-e Chm ‘e=e=" 


(Id) 1,6-Di-O-B-glucosylmannitol (Ie) 1-O-8-Glucosylmannitol (If) 1-O-8-Laminaribiosylmannitol 


oO xy. O= M CF ez -@ 37 Iv 


(Ig) 1-O-8-Laminaritriosylmannitol (Ih) 1-O-8-Laminaritetraosylmannitol 


Key. © = glucose. @ = reducing glucose unit. M = mannitol. 


and (If), as well as of 1-O-8-glucosylmannitol (Ie) and the higher oligosaccharides (Ig) and 
(Ih) are described below. The glucosylmannitol (Ie) is found in the laminarin hydrolysate 
and also occurs in the free state, together with (Id), in Fucus vesiculosus. The latter (Id) 
has been previously synthesised by Lindberg. The work now described also assisted 
in the elucidation’ of the structure of yeast glucan, since partial acid hydrolysis of the 
latter yielded the reducing trisaccharides (Ia), (Ib), and (Ic). 

The syntheses were all based on the Koenigs—Knorr reaction, whereby an «-1-bromo- 
sugar acetate (A) is condensed, in the presence of silver oxide, with a ‘“‘ monosaccharide ” 
(B), partially acylated in such a way that it carries a free hydroxyl group in the appropriate 
position.’ A §-glycosidic linkage is thus established between A and B, the condensation 
being accompanied by optical inversion. The specific components used in each con- 
densation are shown in Table 1 


TABLE 1. Koenigs—Knorr condensations. 


Component A Component B Deacylated product 
Hepta-O-acetyl-a-laminaribiosyl 1,2,4,6-Tetra-O-acetyl-8-glucose | Laminaritriose (Ia) 
bromide 
Hepta-O-acetyl-a-laminaribiosyl 1,2,3,4-Tetra-O-acetyl-8-glucose  6-O-8-Laminaribiosylglucose (Ic) 
bromide 
Hepta-O-acetyl-«-gentiobiosyl 1,2,4,6-Tetra-O-acetyl-8-glucose 3-O0-B-Gentiobiosylglucose (Ib) 
bromide 


P . wad 1-O-8-Glucosylmannitol (Ie) and 
VAS? stra-O-acetyl-e-gincosy! 2,3,4,5-Tetra-O-benzoylmannitol 1,6-di-O-8-glucosylmannitol 
romide Id 


Hepta-O-acetyl-a-laminaribiosyl 1,2,3,4-Tetra-O-acetyl-B-mannose 6-O-8-Laminaribiosylmannose * 
bromide 


Deca-O-acetyl-a-laminaritriosyl 1,2,3,4-Tetra-O-acetyl-8-mannose 6-0-8-Laminaritriosylmannose * 
bromide 


Trideca-O-acetyl-a-laminari- 1,2,3,4-Tetra-O-acetyl-8-mannose 6-O0-8-Laminaritetraosylman- 
tetraosyl bromide nose * 


* Converted into the corresponding mannitol derivative by reduction with sodium borohydride. 


The properties of the synthetic oligosaccharides are reported in Table 2. Four of the 
five trisaccharides gave crystalline acetyl derivatives, one trisaccharide was obtained in 
insufficient amount for acetylation, and the other sugars gave amorphous esters. Four 
methods were used to confirm that the sugars had the structures expected from their 


5 Lindberg, Acta Chem. Scand., 1953, 7, 1119. 
® Lindberg, Acta Chem. Scand., 1953, 7, 1218. 
7 Peat, Whelan, and Edwards, J., 1958, 3862. 
* Evans, Reynolds, and Talley, Adv. Carbohydrate Chem., 1951, 6, 27. 
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method of synthesis. These were (i) paper-chromatographic examination of the di- 
saccharide products of partial hydrolysis with acid and with emulsin (almond $-glucosidase), 
(ii) comparison of the specific optical rotations of the sugars and their acetates with calculated 
values, and, for the series of laminaridextrins containing mannitol, the demonstration that 
the plots of (iii) Ryu value of the sugars and (iv) [4M], of the sugars and their acetates against 
degree of polymerisation were linear and ran parallel to the corresponding relation for the 
jaminaridextrins proper. These methods have been explained in Parts I? and II! All 
the synthetic oligosaccharides behaved in the expected manner. The disaccharide 
products of partial acidic and enzymic hydrolysis are listed in Table 2. 


TABLE 2. Properties of the chemically synthesized oligosaccharides. 


Partial 
Acetate hydrolysis 
[a]p in H,O {a]p in CHCl, products * 
Found Calc. M.p. Found Cale. Acid Enzyme 

ebeieii CORD osinniaccadcssnsvecceeess 2-5° — 121° —40-8° ~- L L 
3-0-B-Gentiobiosylglucose (Ib) ......... —42 —3-2° — —_ _ L, G L 
6-O-8-Laminaribiosylglucose (Ic) ...... —6-0 —3-5 216—217 —27-4 -—24-2° L,G G 
1-0-B-Glucosylmannitol (Ie) ............ —19-8 —_ syrup — — -—— oo 
1,6-Di-O-8-glucosylmannitol (Id) ...... —235t — 136—138 —7-7 _- -- ~- 
1-0-8-Laminaribiosylmannitol (If) ...... —243 —243 145 —17-9 _— _ —_— 
1-0-8-Laminaritriosylmannitol (Ig) ... —26-0 —26-3 amorph. —24 — 28-3 > ~- 
1-0-8-Laminaritetraosylmannitol (Ih) —28-1  —27-1 amorph. —33:1 —35-6 — — 


* L = laminaribiose G = gentiobiose 
+ Previously reported values of [x]p are —14-0°® and —16-5°.1 


EXPERIMENTAL 

Methods.—The analytical and chromatographic methods have already been described.'*7® 
The Koenigs—Knorr condensations were carried out as follows, the method being based on that 
of Reynolds and Evans. The hydroxy-compound, B, was dissolved in dry alcohol-free 
chloroform. Anhydrous calcium sulphate (preheated at 240° for 2 hr.), silver oxide (except 
where stated), and iodine were then added. The mixture was placed in a cold room at 0—2° 
and the bromo-sugar, A, in chloroform, was added in portions during 1—2 hr. with stirring, 
the flask being protected against the atmosphere by a calcium chloride tube. The flask was 
shaken for 72 hr., except where stated, the contents then filtered through a pad of Celite no. 535, 
and the filtrate and chloroform washings of the pad evaporated to a dry syrup under diminished 
pressure. Except in two instances (see below) the syrup (2% in dry methanol or methanol- 
acetone) was deacetylated with barium methoxide at a final concentration of 15mn, and then 
fractionated chromatographically after a preliminary examination on a paper chromatogram. 
The first condensation experiment described below gives details of the quantities of reagents 
used and of the charcoal-chromatographic procedure and is typical of the other experiments. 

Synthesis of Laminaritriose (Ia).—1,2,4,6-Tetra-O-acetyl-8-p-glucose (m. p. 126—127°, 
lit.,14 m. p. 126—127°; 2-2 g.) was dissolved in chloroform (20 ml.), and calcium sulphate (10 g.), 
silver oxide (1 g.), and iodine (0-5 g.) were added, followed by hepta-O-acetyl-a-laminaribiosyl 
bromide (m. p. 176—177°, lit.,12 m. p. 180—181°; 2-2 g.) in chloroform (20 ml.). The 
deacetylated mixture was fractionated on charcoal—Celite (100 x 5 cm.) which was eluted with 
water (500 ml.), 7°5% ethanol (1 1.), and 15% ethanol, fractions of 50 ml. being collected. 
Glucose was in fractions Nos. 5—9, laminaribiose in fractions Nos. 24—29, and laminaritriose 
(100 mg., 6-3%) in fractions Nos. 38—42. The properties of laminaritriose and of its acetate 
are given in Table 2 

Synthesis of 3-O-8-Gentiobiosylglucose (Ib).—8-Gentiobiose octa-O-acetate was synthesized 
from glucose !° and converted into the hepta-O-acetyl bromide (m. p. 143—144°, lit.,1* m. p. 
144°). The bromide (7-3 g.) was condensed with 1,2,4,6-tetra-O-acetyl-B-p-glucose (8 g.). 
ag subsequent operations were (i) Geacetyintion, (ii) fractionation on charcoal-—Celite (112 x 5 

m.) the trisaccharide being desorbed with 25% ethanol but not by 15% ethanol, and (iii) two 

® Peat, Whelan, and Roberts, /., “1957, 3916. 

10 Reynolds and Evans, J]. Amer. Chem. Soc., 1938, 60, 2559. 

11 Freudenberg, von Hochstetter, and Engels, Ber., 1923, 58, 666; Freudenberg and Plankenhorn, 
Annalen, 1938, 586, 257; Adams, Reeves, and Goebel, J. Biol. Chem., 1941, 140, 1858. 


12 Bachli and Percival, J., 1952, 1243. 
13 Brauns, J]. Amer. Chem. Soc., 1927, 49, 3170. 
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fractionations on thick filter paper in butanol-acetic acid—water (4: 1:5, by vol.) to yield the 
sugar (117 mg., 2-2%), whose properties are reported in Table 2. 

Synthesis of 6-O-B-Laminaribiosylglucose (Ic).—1,2,3,4-Tetra-O-acetyl-B-p-glucose (m. p,, 
128—129°, lit.,1* m. p. 128—129°; 3-5 g.) was condensed with hepta-O-acetyl-«-laminaribiosy] 
bromide (3-5 g.) for 55 hr. The resulting acetate crystallized in needles from ethanol and was 
unchanged in m. p. when recrystallized, the final yield being 3-7 g. (81%). The properties of 
the acetate and the free sugar are in Table 2 (Found: C, 49-8; H, 5-7. C4 gH,,0,, requires 
C, 49-7; H, 56%). 

Synthesis of 1-O-8-Glucosylmannitol (Ie) and 1,6-Di-O-B-glucosylmannitol (Id).—2,3,4,5- 
Tetra-O-benzoyl-p-mannitol * (syrup, 8-4 g.) was condensed with 2,3,4,6-tetra-O-acetyl-a-p- 
glucosyl bromide (10 g.) for 72 hr. The syrup was deacetylated with sodium ethoxide and 
fractionated on charcoal-Celite (150 x 5 cm.). 1-O-8-Glucosylmannitol was desorbed with 
7:5% ethanol and from some of the early fractions a component migrating on paper faster than 
glucose was removed by thick-paper chromatography. The total yield was 1:02 g. As found 
previously," a crystalline acetate could not be prepared. 1,6-Di-O-8-glucosylmannitol was 
desorbed with 20% ethanol. It formed a dodeca-acetate (Found: OAc, 51-6. C,H,,0,, 
requires OAc, 51-2%). The properties of these sugars are recorded in Table 2. 

Synthesis of 1-O-8-Laminaribiosylmannitol (If).—1,2,3,4-Tetra-O-acetyl-f-p-mannose (m. p. 
135—136°, lit.,4* m. p. 1835—136-5°; 5-4 g.) was condensed with hepta-O-acetyl-a-laminari- 
biosyl bromide (6-6 g.) for 72 hr. The syrup was deacetylated and fractionated on charcoal- 
Celite (150 x 5 cm.), removing glucose and laminaribiose as usual and a trisaccharide (2-743 g., 
57%), presumably 6-O-8-laminaribiosylmannose, with 15% ethanol. This was dissolved in 
water (50 ml.) and mixed with 10% sodium borohydride (50 ml.). After 5 hr. at room tem- 
perature the sugar had lost its copper-reducing power and the residual borohydride was 
destroyed with dilute acetic acid. Sodium borate was removed by adsorption of the sugar on 
charcoal—Celite,® and the product (1-97 g.) was examined as in Table 2. The dodeca-acetate 
softened at 125—126° before melting at 145° (Found: C, 49-9; H, 5-7; OAc, 51-3. C,.H;,0,, 
required C, 49-9; H, 5-7; OAc, 51-1%). 

Synthesis of 1-O-8-Laminaritriosylmannitol (Ig).—Laminaritriose (15 g.) was converted 
into deca-O-acetyl-«-laminaritriosyl bromide (5-58 g.) by the general method.'” This compound, 
not previously described, was an amorphous white powder having [a],, 44-8° (c 0-36 in chloroform). 
The bromide (5-4 g.) was condensed with 1,2,3,4-te*.a-O-acetyl-8-p-mannose (3 g.) in presence 
of silver carbonate for 72 hr. Thesyrup was -acetylated and fractionated on charcoal-Celite 
(150 x 5 cm.), mannose being removed with water, laminaritriose with 15% ethanol, and the 
synthetic tetrasaccharide (1-03 g., 29%) with 25% ethanol. This was reduced with sodium 
borohydride, and the product (0-65 g.) recovered as before. It formed an amorphous acetate 
(see Table 2). 

Synthesis of 1-O-8-Laminaritetraosylmannitol (Ih).—Laminaritetraose (5 g.) was converted 
into trideca-O-acetyl-«-laminaritetraosyl bromide (4:1 g.). This substance, not previously 
reported, was a white amorphous powder having [a], 20-0° (c 0-23 in chloroform). The bromide 
(3-99 g.) was condensed with 1,2,3,4-tetra-O-acetyl-8-p-mannose (1-75 g.) in presence of silver 
carbonate for 72 hr. The syrup was deacetylated and the sugar mixture (2-83 g., 100 ml.) 
reduced with sodium borohydride (1 g., 30 ml.). After destruction of the residual borohydride 
the mixture was fractionated on charcoal-Celite (100 x 5 cm.). The unchanged reactants 
were removed and the synthetic pentasaccharide (1-23 g.) was desorbed with 50% ethanol. 
It was contaminated with laminaritetraitol and was purified by thick filter paper chromato- 
graphy in butanol—pyridine-water (6: 4:3, by vol.). The pure sugar (0-19 g., 7-3%) formed 
an amorphous acetate (see Table 2). A partial acid hydrolysate contained non-reducing 
substances having Ry values corresponding to mannitol, 1-O-8-glucosyl-, 1-O-8-laminaribiosyl-, 
and 1-0-8-laminaritriosyl-mannitol. 


We thank Dr. J. R. Turvey for help in this work and the Department of Scientific and 
Industrial Research for a maintenance grant (to J. M. E.). 

UNIVERSITY COLLEGE OF NORTH WALES, 

Bancor, NorTtTH WALEs. (Received, June 3rd, 1959.] 

14 Helferich and Klein, Annalen, 1926, 450, 219. 

18 Miiller, Ber., 1932, 65, 1051. 

16 Reynolds and Evans, J. Amer. Chem. Soc., 1940, 62, 66. 

17 Fischer and Fischer, Ber., 1910, 48, 2534. 
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35. Aromatic Reactivity. Part VIII.* Bromo- and Chloro- 
desilylation in Acetic Acid. 
By C. Easorn and D. E. WEBSTER. 

In bromodesilylation in 1-5% water-acetic acid the order of reaction has 
been found to increase with increasing bromine concentration. Relative 
reactivities of several substituted phenyltrimethylsilanes have been measured 
in this reaction, and a similarity in the pattern of substituent effects to that 
in aromatic bromination by a positive species is discussed. 

Phenyltrimethylsilanes have been shown to undergo chlorodesilylation 
on treatment with chlorine in 1-5% water-acetic acid. They are cleaved 
by chlorine only a little faster than by bromine. 


WE report below some extensions of our study of the cleavage by bromine of substituted 
phenyltrimethylsilanes (bromodesilyiation) in acetic acid containing 1-5% of water.' 
Concentrations of halogen and aromatic compound were initially equal throughout the work. 

Order of Reaction.—We previously showed that bromodesilylation of phenyltrimethyl- 
silane in 1-5°4 water-acetic acid is approximately of second order (first order in each 
reactant) for initial bromine concentrations of <0-01M, whereas the bromination of anisole, 
which has a comparable rate, is of markedly higher order.! In molecular bromination 
the order is known to increase with initial concentration of bromine,” and Table 1 shows 
this to be true also of bromodesilylation. The order of bromodesilylation can even 
exceed 3, but at all concentrations studied it is lower than that of bromination. The order 
is independent of which aryltrimethylsilane is involved for the limited variety examined. 


TABLE 1. Orders of reaction of ArSiMe, or ArH with bromine at 25-0°.¢ 


Aromatic compd. Concn. (M) Order Aromatic compd. Concn. (M) Order 
eRTUME Ry socessscosecsouses 0-0005—0-001 1-9 p-Cl-C,H,SiMe, ............ 0-03—0-06 2-9 
m-Me‘C,H,’SiMe,_......... 0-0015—0-003 1-9 p-Cl-C,H,SiMe, ............ 0-10—0-20 3-1 
arr 0-002—0-004 2-0 eit. Se reer rr errrre 0-001—0-002 2-5 
p-Ci-C,H,SiMe, ...........- 0-002—0-004 2-0 2,4,6-Me,C,H, .........0.000. 0-001—0-002 2-4 
ee 0-01—0-02 2-4 $-BrC,H,OMe ............ 0-025—0-050 3-2 
p-Cl-C,H,’SiMe, ............ 0-01—0-02 2-4 


+ The order was determined from the change in times required for 5, 10, and 20% of reaction on 
doubling the initial concentrations of both reactants, as in the second and fifth columns (see ref. 1). 


The occurrence of orders greater than 2 in molecular bromination means that there are 
concurrent reactions of the second, third, and possibly higher order as in eqn. (1).?_ It is 


—d{ArH]/dt = k,[ArH)[Br,] + j[ArH][Br,]? + &,[ArH][Br,]® +. . (1) 


suggested * that an electrophil, E, is needed to remove the bromide ion from the attacking 
bromine molecule: 
slow fast 
HAr--++Br--++Br-++E— ArHBrt + BrE~ — ArBr + Ht + BrE- 

The electrophil may be a solvent molecule or an additional bromine molecule (or more 
than one such molecule when orders higher than three are involved). For this discussion 
it does not matter whether the rate-determining step in the third-order reac- 
tion involves attack of an additional bromine molecule on the intermediate 
abe ay) AtHBr,*** or attack of a Br, complex on the compound ArH. It seems that 

the greater availability of electrons in the Ar-SiMe, bond compared with that 
in an Ar-H bond leads to a smaller need for the additional electrophil in bromodesilylation 

* Part VII, J., 1959, 3640. 


1 Eaborn and Webster, J., 1957, 4449. 

2 Robertson, Science Progr., 1955, 48, 418. 

3 de la Mare, in ‘‘ Progress in Stereochemistry,”” Ed. by W. Klyne, Vol. II, Butterworths Scientific 
Publications, London, 1958, p. 72. 

4 Keefer, Blake, and Andrews, J. Amer. Chem. Soc., 1954, 76, 3062; Blake and Andrews, ibid., 
1955, 77, 3707; Keefer, Ottenberg, and Andrews, ibid., 1956, 78, 255; Keefer and /Andrews, ibid., 1956, 
78, 3637; Andrews, Chem. Rev., 1954, 54, 713. 


Ar+++SiMes 








180 Eaborn and Webster: 


even when the ArSiMe, and ArH compounds are of comparable reactivity. [We do not 
wish to complicate the discussion at this stage by enlarging on the possibility of a cyclic 
transition state in the second-order bromodesilylation, viz., (I), but in view of the probable 
ease of “ flank” attack at silicon ® such a possibility cannot be discounted. We hope to 
explore it through stereochemical studies. ] 

Increase in the water content of the medium raises the rate of reaction, as for molecular 
bromination.2 For example, compared with reactions in 1-5°%% water—acetic acid, p-chloro- 
phenyltrimethylsilane (initially 0-04m) reacts ca. 2-4 times as fast in 5°, water-acetic acid, 
and phenyltrimethylsilane (initially 0-003M) reacts ca. 40 times as fast in 20% water-acetic 
acid. This is partly because water enters into the reaction as an electrophil more effectively 
than acetic acid, but mainly because a reaction involving formation of charge in the 
transition state from initially neutral reactions is facilitated by increasing the solvating 
power of the medium. 

The order did not fall below 2 under a combination of conditions favouring low orders, 
viz., low initial bromine and #-chlorophenyltrimethylsilane concentrations (0-0004 and 

0-0008m), high water content (20°) in the solvent, 

2 and a temperature of 40°. 

| Substituent Effects—The relative reactivities 
of some substituted phenyltrimethylsilanes, 
determined as previously described,! are listed 
in Table 2.* (Where they differ slightly from 


‘r those previously given, the present figures are 
~ the more accurate.) We need not add to our 
> earlier discussions of these reactivities,»’ except to 
at point out the remarkable similarity of the pattern 

. of substituent effects in bromodesilylation to 


that in bromination by a positive species ® over 
the (admittedly restricted) range of substituents 
in common. This is revealed by the plot of log 
, F kya. for the former reaction against log f for the 











° / latter (see Figure), where f is the partial rate 
109 K res factor. There is smaller demand on the electrons 
Relation of partial rate factor f to kre, of the ring both in bromodesilylation and in 


ionic bromination than in molecular bromin- 
ation. In the first case this is because ArSiMe, compounds are more nucleophilic than the 
corresponding ArH compounds, and in the second it is because the positive bromine 
species is more electrophilic than molecular bromine. (The more reactive the reactants 
the less the transition state is removed from them.) By chance, we believe, the electron 
demand, as measured roughly by the activation factor for a #-Me group, is similar in 
bromodesilylation and in bromination by a positive species and thus the patterns agree 
for other meta- and para-substituents. (This discussion implies that in substitution in 
benzene the substituent effects depend more on the reactivity of the electrophilic reagent 
than on its charge type.) 
It is noteworthy that the similarity in substituent effects in ionic bromination and in 


* Since there are two identical bonds to be broken in the compound p-Me,Si-C,H,’SiMe, the relative 
rate of 3-05 must be halved to give the effect of one p-Me,Si group on the reactivity of the other aryl- 
SiMe, bond. Appropriate correction should be made to the log k,-o+ plot for bromodesilylation * 
and, analogously, to that for protodesilylation.* 


* Eaborn, “‘ Organosilicon Compounds,” Butterworths Scientific Publications, London, 1959, 
pp. 107—110. 

* Eaborn, J., 1956, 4858. 

7 Deans, Eaborn, and Webster, J., 1959, 3031; Eaborn, Lasocki, and Webster, J., 1959, 3034. 

* (a) de la Mare and Harvey, J., 1956, 36; (b) idem, J., 1957, 131; (c) de la Mare and Hassan, J., 
1957, 3004. 
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promodesilylation extends to the o-Me group, which activates 76 times in the former 
reaction ** and 81-5 times in the latter. This suggests that steric effects are relatively 
small in both cases (such effects would hinder bromination and facilitate bromodesilylation) 
and that the polar effect of the o-Me group is larger than that of the p-Me group, at least 
in these reactions in which the electron-demand is fairly small (cf. refs. 8b and 9). 

We have also examined the effect of increasing the size of the alkyl groups attached to 
silicon by comparing the rates of reaction of phenyltri-isopropyl- and phenyltrimethyl- 
silane with bromine in 1-5°/, water—acetic acid. The rate is ca. 158 and 330 times greater 
for the latter compound at initial reactant concentrations of 0-0118 and 0-067M respectively. 
Polar effects alone would make the tri-isopropyl compound, with its additional inductive 
release of electrons to the reaction site, the more reactive, and it is clear that steric 
hindrance seriously reduces its reactivity, the effect apparently being greater for the 
higher-order components of the reaction. The steric hindrance is markedly greater than 
in protodesilylation in aqueous-methanolic perchloric acid at 50°, for which the trimethyl 
compound is only 25 times more reactive than the tri-isopropyl. We postpone discussion 
of these effects until we have additional results. 


TABLE 2. Relative reactivities of R‘CgHySiMe, compounds in bromodesilylation. 


R Are. R Fret. R Rrei. R Frei. 
2,8-C,Hs ¢ ...... 195 BEEP . siccvrscvnen 29-2 EE “Biwi recimien 1-81 DAZ sciveroseves 0-092 
—tiadlinanas ee Se 125 p-Me,Si ......... a 0-088 
BO Geenccsse 488 34-C,H,’ ...... ee °° We Ged cca oe OO as. 0-071 
Di enaaineas 45-4 wMeaSiCH, ... 85  9-F ......0.0.0.--- 068 (wl .......... 0-0030 
P-Pr! ....ceceeeee 32-5 EE bdinects 2-9 EE, cibiedumeia 0-41 


* 1-Naphthyltrimethylsilane. ° 2-Naphthyltrimethylsilane. 


Reaction of m-Methoxyphenyltrimethylsilane with Bromine.—In the interaction of 
m-methoxyphenyltrimethylsilane with bromine in 1-5°% water-acetic acid, not only was 
the rate relative to that for phenyltrimethylsilane much higher than expected but fell 
markedly as reaction proceeded, indicating that a higher-order reaction was involved with 
the methoxy-compound. For an initial-concentration pair of 0-00076 and 0-00152m, the 
order for the m-methoxy-compound is, in fatt, 2-5, similar to that for anisole, and it is 
clear that the large activation para to the MeO group causes ring bromination to occur 
rather than bromodesilylation. Isolation of bromotrimethylsilylanisole but no bromo- 
anisole from a larger-scale reaction confirms this; the product is probably 4-bromo-3- 
trimethylsilylanisole, but small amounts of other isomers may be present. 

The m-methoxy-compound reacts with bromine some 200 and 6 times faster than do 
phenyltrimethylsilane and anisole, respectively, as measured by the times for the initial 
10 or 20% of reaction. Assuming that bromination occurs exclusively para to the MeO 
group, we can conclude that the o-Me,Si group activates some 6 times in molecular 
bromination. 

Neglecting the fact that reactions of different orders are involved, we can also derive 
an approximate figure for the reactivity of Ar-H and Ar-SiMe, bonds towards bromine. 
Anisole reacts with bromine in acetic acid ca. 1-2 x 10° times as fast as benzene," and so 
phenyltrimethylsilane reacts ca. (6 x 1-2 x 10°)/200, i.e., 3-6 x 10’ times as fast as 
benzene. Since there are six Ar-H bonds to be broken in benzene compared with one 
Ar-SiMe, bond in phenyltrimethylsilane, the reactivity of the latter type of bond is ca. 
2 x 108 greater than that of the former. A smaller difference in reactivity between the 
Ar-H and Ar-SiMe, bonds is to be expected when electrophils of higher reactivity are 
involved (e.g., nitronium ion). , 

Chlorodesilylation.—From chlorination of phenyltrimethylsilane in 1-5°% water—acetic 
acid we isolated hexamethyldisiloxane and chlorobenzene; no higher-boiling material was 


* de la Mare, Harvey, and Varma, J., 1958, 2756. } 
10 Miss P. M. Greasley, unpublished work. 
1 de la Mare, J., 1954, 4451. 
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produced. The absence of chlorotrimethylsilylbenzene (which would not undergo 
significant protodesilylation in this medium) shows that chlorodesilylation occurs to the 
exclusion of ring chlorination. 

Chlorination of benzene derivatives in acetic acid is of lower order than bromination 
at the higher halogen concentrations, and is of second order at the concentrations commonly 
employed. Since orders lower than 2 are unlikely we were not surprised to find that the 
rate of chlorodesilylation of phenyltrimethylsilane relative to that of chlorination of 
p-bromoanisole remained constant (at 1-8) during 25—85% of reaction, showing that the 
reactions have the same order. The second-order rate constants in both cases rise slightly 
during a run, no doubt because of catalysis by the hydrogen chloride formed.? 

Chlorine in acetic acid halogenates aromatic compounds much more rapidly than does 
bromine; thus in second-order halogenation of m-xylene or naphthalene in acetic acid, 
chlorination is faster by a factor of 10.12 For #-chlorophenyltrimethylsilane and halogen 
both initially 0-01, the first 10% of chlorine is removed only 2-5 times as fast as that of 
bromine, and the first 20°, some 3-2 times as fast. (The factor rises because the order of the 
bromodesilylation is slightly higher than 2.) For phenyltrimethylsilane and halogen 
initially 0-02m, 30% and 70% of the halogen are removed 1-3 and 2-0 times faster for 
chlorine than for bromine. 

The small difference between the rates of chloro- and bromo-desilylation is another 
consequence of the greater nucleophilic power of the phenyltrimethylsilanes than of simple 
aromatic compounds; for the more reactive a nucleophil, the less it discriminates between 
two electrophils. Again, the reactivity difference between corresponding Ar-H and 
Ar-SiMe, bonds is smaller towards chlorine than bromine because the more reactive 
electrophil discriminates less between the two nucleophils, as mentioned in the previous 
section. 

If one wishes to make derivatives of arylsilicon compounds by direct halogenation then 
chlorination is likely to be more profitable than bromination. 


EXPERIMENTAL 

General.—Methods used for rate studies have been described.1 The solvent was 1-5 wt. % 
water-acetic acid ! and the temperature was 25-0° + 0-02° for the runs described. 

Materials.—The preparation or purification of most of the compounds has been described.»* 

m-Methoxyphenyltrimethylsilane was prepared from m-chloroanisole, trimethylchlorosilane, 
and sodium in boiling toluene. Fractionation gave material of b. p. 214°, ,,”° 1-5025, in 65% 
yield (Found: C, 66-2; H, 8-7. C, 9H,,OSi requires C, 66-6; H, 8-9%). 

m-Tolyltrimethylsilane was prepared from trimethylchlorosilane, m-chlorotoluene, and 
sodium in boiling toluene. The product, b. p. 187°, m,”° 1-4930, contained impurities reactive 
towards bromine (even though the m-chlorotoluene had been purified by progressive freezing 
and fractionation). These were removed by treating a solution of the compound (20 g.) 
in pyridine (20 ml.) with bromine (3 g.) and fractionating; the fraction of b. p. 180—190° was 
taken up in ether, and the solution was filtered, washed with 10% sulphuric acid and then 
water, dried (Na,SO,), and fractionated. A fraction of b. p. 187°, 1,” 1-4962, which probably 
contained a little bromotoluene, was used for rate studies. 

Relative Rates.—Solutions of two organosilanes in 1-5% water-acetic acid were prepared of 
exactly the same concentration as a standardized bromine solution. The times for dis- 
appearance of definite fractions of bromine were compared for 10—70% of reaction. [The 
ratio of these times normally remained constant; we previously found ! that it varied for a 
m-tolyltrimethylsilane—phenyltrimethylsilane pair, but when a sample of the m-tolyl compound 
from which reactive impurities (probably o- and p-isomers) had been removed, as above, was 
used the ratio was satisfactorily constant at 2-9 + 0-1 for 10—70% of reaction. ] 

Relative rates in Table 2 are based on such direct comparisons, previously listed 1 or as 
follows. For each pair of R°-C,H,SiMe, compounds (substituents parva unless otherwise 


12 Personal communication from Professor P. W. Robertson. 
18 Deans and Eaborn, /J., 1959, 2299. 
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indicated) the average inverse ratio of times for disappearance of specific fractions of bromine 
is given, along with the limits of variation in this ratio during 20—70% of reaction: o-Me/Me, 
1:67 + 0:04; 2,3-C,H,/Me, 4-0 + 0-2; H/m-Ph, 2440-1; 3,4-C,H,/H, 115+ 0-5; 3,4- 
C,H;/m-Me,SiCH,, 1-35 + 0-02; Ph/Me,Si, 4-11 + 0-06; m-Me,SiCH,/H, 8-5 + 0-5; o-Ph/H, 
1:84 + 0-03; Ph/H, 12-4 + 0-2; Cl/m-Cl, 31 + 2. 

With [PhSiR,] = [Br,] = 0-0118mM, the reaction times for tri-isopropylphenylsilane relative 
to those for the trimethyl compound were as follows: 


PE TED psnsterciivsccsacnsqenics 20 30 40 50 60 
PREVOST asic ccwviesivccsscesents 163 160 154 152 162 


With [ArSiR,] = [Br,] = 0-0670M, the reaction times for tri-isopropyl compounds relative 
to those for p-chlorophenyltrimethylsilane were as follows: 


Reaction (%) ..........+. 20 30 40 50 60 70 
Relative time ............ 33 29 27 29 32 31 


Bromination of m-methoxyphenyltrimethylsilane.—Bromine (2-80 ml.) was added to a solution 
of the organosilane (10 g.) in 15% water-acetic acid. After 12 hr. at 25° the solution was added 
to water. Extraction with ether, followed by washing (aqueous sodium sulphite, aqueous 
sodium hydrogen carbonate, and water) drying (Na,SO,), and fractionation of the extract under 
reduced pressure gave 4-bromo-3-trimethylsilylanisole (60%), b. p. ca. 150°/10 mm., 260°/760 
mm., #,*° 1-5462 (Found: C, 46-3; H, 5-7. C,)H,,OSiBr requires C, 46-3; H, 5-8%). No 
bromoanisole was obtained. 

Chlorodesilylation.—(i) A solution of phenyltrimethylsilane (20 g.) and chlorine (0-93m) in 
15% water-acetic acid (100 ml.) was kept at 25° for 48 hr. and then added to water. Extrac- 
tion with light petroleum (b. p. <40°), followed by drying (Na,SO,) and fractionation of the 
extract, gave hexamethyldisiloxane, b. p. 100°, »,”° 1-3901, chlorobenzene (7 g., 60%), b. p. 
133°, n,,° 1-5212, and phenyltrimethylsilane (4-5 g.), b. p. 167°, m,,*° 1-4918, leaving no residue. 

(ii) Comparison of chloro- and bromo-desilylation. 

(a) [PhSiMe,] = 0-0177M; [Br,] = 0-01175m. 


MUO RE) ccsccsess 0 45 205 665 1325 2440 3600 5680 7565 11,460 
WG GRE} cccescecs 3-240 3-130 2-905 2-480 2-060 1-660 1-375 1-070 0-865 0-625 
(b) [PhSiMe,] = 0-0177M; [Cl,] = 0-01175. 
Time (sec.) ......... 0 75 185 385 780 1395 2710 3300 4705 7710 
NRO GRE). <000cese8es 3-250 2-910 2-750 2-500 2-140 1-665 1-070 0-930 0-625 0-370 
BID TIED acicatnishuscosevtensenidceenennnaers 30 40 50 60 70 
Relative rate (chloro-/bromo-desiln.)..... 1-55 1-60 1-75 1-88 2-10 


(c) With [PhSiMe,] = [Hal,] = 0-0118m, the relative rates of reaction with chlorine and 
and bromine were as follows: 


ONY TID sacccsncnccoinnencsecscausteasasioes 30 40 50 60 70 
Relative rate (chloro-/bromo-desiln.) ...... 1-21 1-35 1-58 1-85 1-98 


With [p-Cl-C,H,*SiMe,] = 0-0130m acid [Hal,] = 0-0114™ the relative rates of reaction with 
chlorine and bromine were as follows: 


ID ID siicscnvinsnnevnesadapivmiiiiantnssabmnitciinssisingatintei 5 10 20 
Relative rate (chloro-/bromo-desiln.) ............sceceeeeeeeeeeeees 2-5 2-5 3-2 


(iii) Comparison of chlorodesilylation of phenyltrimethylsilane (0-0300M) and chlorination of 
p-bromoanisole (0-0300m); [Cl,] = 0-0130m. 


PIN TIT cnscovcasescetscsensschteons Seanad 23 39 54 70 85 
Relative rate (chlorinatn./chlorodesiln.)... 2-2 1-8 1-8 1:8 1-8 


We thank the Department of Scientific and Industrial Research for a maintenance grant to 
one of us (D. E. W.), and Professor P. W. Robertson for helpful comments and suggestions. 
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36. Studies in the Pyrolysis of Organic Bromides. Part XIV.* The 
Unimolecular Decomposition of n-Pentyl and n-Hexyl Bromides. 


By J. H. S. GREEN, ALLAN MAccoLL, and P. J. THoMas. 


The pyrolyses of n-pentyl and n-hexyl bromides in the presence of cyclo- 
hexene in ‘‘ seasoned ’’ reaction vessels have been investigated over the 
temperature range 370—420°. The reaction is in each case a first-order, 
homogeneous decomposition into an olefin and hydrogen bromide. The 
rate constants are given by: 


n-Pentyl bromide: k, = 1:23 x 10'* exp (—50,500/RT) sec. 
n-Hexyl bromide: k, = 1-35 x 10% exp (—50,500/RT) sec. 


No pressure-dependence of k, was detected over a wide range of initial 
pressures, and the processes have been shown to be unimolecular eliminations, 


WHEREAS organic bromides containing secondary and tertiary C-Br bonds predominantly 
decompose by a mechanism involving unimolecular elimination of hydrogen bromide 
(Parts III—IX, XI *), those containing primary C-Br bonds decompose by a simultaneous 
unimolecular and chain mechanism (Parts II, X, XII, XIII). The latter mode of decom- 
position can be suppressed by the addition of an olefinic inhibitor such as propene or, 
better, cyclohexene (Part X), with the consequent isolation of the former. For the 
primary bromides CH,*(CH,],°CH,Br it seems reasonable to expect the rate of decom- 
position to approach a limit as m increases. The object of this paper is to test this. 


EXPERIMENTAL 


Both bromides were prepared by refluxing a carefully fractionated sample of the corre- 
sponding alcohol with a mixture of hydrobromic acid and sulphuric acid, followed by distillation 
The lower bromide layer was washed with aqueous hydrobromic acid, dilute sodium carbonate, 
and then water, dried (CaCl,), and fractionated. It was found necessary rigorously to adhere 
to this procedure; in the case of n-hexyl bromide, a commercial sample even after repeated 
fractionation showed the phenomenon of “ fast starts.” The physical constants of the samples 
used were: n-pentyl bromide, b. p. 51-0°/51 mm.! (value interpolated from values in the 
literature of 128-8°/760 mm.? and 34-7°/22 mm.? is 52-1°/51 mm.), ,* 1-4420 (lit.,? 1-4427); 
n-hexyl bromide, b. p. 81-5°/79 mm., 76-7°/60 mm. (values interpolated from values in the 
literature of 155-5°/743-8 mm.,’ 88-0°/70 mm.,® 55-3°/24 mm.? are 84-7°/79 mm., 76-7°/60 mm.), 
m,* 1-4451, 1-4455 (lit., 1-4452,5 1-4461 2). 

The apparatus and technique were essentially as in Part I, the reactant being distilled into 
the reaction vessel from a small phial introduced into the side arm. The pyrolyses were 
performed in vessels seasoned by the decomposition products of allyl bromide. Chain decom- 
position was inhibited by cyclohexene, which was admitted from a vapour reservoir. By 
analogy with the decomposition of the other bromides, the pyrolysis would be expected to 
follow the reaction 

CaHony ~Br ——B CaHon + HBr . . 2 1 ee ew ee CM) 


This was checked (i) by measurements of the ratio of final to initial pressure, and (ii) by com- 
parison of the percentage decomposition calculated from the pressure measurements on the 
basis of eqn. (1) with those directly determined from the HBr produced (Table 1). For both 
the inhibited and uninhibited decompositions of n-pentyl bromide, the ratios of final to initial 
pressure were all ca. 1-97 for initial pressures of 125.to 289 mm. and temperatures from 390° 
to 426°. 


* Maccoll ef al., J., 1955, 965 (Part I), 973 (Part II), 979 (Part III), 2445 (Part IV), 2449 (Part V), 
2454 (Part VI); 1957, 5020 (Part VII), 5024 (Part VIII), 5028 (Part IX), 5033 (Part X); 1958, 3016 
(Part XI); 1959, 1192 (Part XII), 1197 (Part XIII). 

1 Krishner, Crowe, and Smythe, ]. Amer. Chem. Soc., 1950, 72, 1091. 

* Heston, Hennely, and Smith, /. Amer. Chem. Soc., 1950, 72, 2071. 

* Ellis and Read, J. Amer. Chem. Soc., 1932, 54, 1674. 
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¢ TABLE 1. Stoicheiometry of the reaction. 
n-Pentyl bromide 


NIN. sivnsscdsinscosestecsncosensvsebsciwncépeetes 399° 421° 406° 394° 417° 

Decomp. (%, PLCS.) ...0cc.ccsccvccsesccoscovee 10-9 28-2 48-6 66-2 67-3 

POE. TFs GIRL) secs ccccsccccsccssecsassnes 11-1 27-8 48-3 56-4 66-8 
n-Hexyl bromide 

MND. scconsastrweesacivecioes 372° 380° 386° 384° 408° 405° 410° 410° 

Decomp. (%, press.) ...... 17-6 25-3 29-7 38-5 53-4 57-6 78-3 86-3 

Decomp. (%, anal.) ...... 17-4 25-7 29-2 38-9 53-9 57-4 78-0 85-8 


Analytical results for prolonged (overnight) uninhibited decompositions of n-pentyl bromide 
were appreciably lower than those from pressure measurements, ¢é.g., 97-3% (press.), 95-9% 
(anal.); also, whereas the products of reaction were completely condensable in liquid air for 
runs taken to 50% decomposition, this was not so in the region of 95% decomposition. These 
facts, coupled with the high Panai/Pinitias Tatios, suggest a secondary decomposition of the 
pentene produced. It may be inferred from Molera and Stubbs’s*¢ results that the half-life 
of pent-l-ene at 400° is ca. 30 hr. 

Homogeneity of the inhibited reactions was proved by means of a vessel packed with Pyrex 
tubing so that the surface : volume ratio was approximately trebled (Table 2). 


TABLE 2. Homogeneity of the reaction. 


n-Pentyl bromide n-Hexyl bromide 
 SRerrorrrerrercrr rcs. 371-5° 379-5° 392° 405-5° 389-5° 403° 403° 420° 421° 
10*k, (sec.-) (unpacked)... 0-953 2-91 3-24 6-92 3-02 649 649 162 17:3 
10*k, (sec.“*) (packed) ...... 0-981 2:89 3-29 7-13 3-02 638 646 162 17-2 


The values for the rates in unpacked vessel were obtained from the relevant Arrhenius equa- 
tion (Table 5). The reactions studied are clearly homogeneous. 

In order to show that the reaction was really the maximally inhibited reaction, runs with 
various inhibitor (cyclohexene) pressures (;) were carried out (Table 3). No significant 


TABLE 3. Dependence of rate coefficients on inhibitor pressure. 


n-Pentyl bromide at 405° n-Hexyl bromide at 400° 
REE) ccrccssscces 89 105 111 137 215 76 97 107 115 172 
Se _ peprecorreer 180 167 173 243° 225 | 131 173 128 151 238 
10°, (sec.-*) ...... 668 7:16 676 736 628 | 516 561 566 506 5-32 


variation in the rate was observed over an approximately 2-5-fold range of inhibitor pressure. 
The reactions are of the first order (Table 4). Over a fifteen-fold variation of initial pressure 


TABLE 4. First-order nature of the decomposition. 
n-Pentyl bromide at 405°. 


CREB) i000 sccccescercsesescsns 337 307 287 259 243 225 180 173 

the hn ie Mee 7-21 7-25 6-88 6-69 7-36 6-28 6-68 6-76 

DID accacccticsnevessignatie 167 143 119 97 53-5 47 29 22 

Beg NESE) srcsesecseascsctne 7-16 7-01 7-00 6-72 6-24 6-84 6-80 6-77 
n-Hexyl bromide at 410°. 

DA TUIDS scsiscicsrcviecsiseccnns 268 223 173 124 103 75 67 33 

STE MUR - arinndeggonsacensne 9-93 9-54 9-25 9-27 9-13 9-34 9-33 9-55 


TABLE 5. Temperature-dependence of the rate constants. 
n-Pentyl bromide. 

Temp. (No. of runs) ............66+ 425° (8)  410°(7) 405°(16) 400°(7) 390° (5) 372° (5) 
TD wicdisncdchbteiGiasdndts 19-8 8-85 6-86 5-23 2-86 1-00 
n-Hexyl bromide. 

Temp. (No. of runs) ............00. 420° (3)  410°(8)  400°(7)  390°(3) 380°(3) 370° (3) 
PP ED wcecacsssdsascisiesesnse 16-22 9-41 5-60 3-08 1-78 0-933 
for n-pentyl bromide and an eight-fold variation for n-hexyl bromide, there is no significant 
trend in the rate constants. The mean velocity constants obtained in the investigation of the 
temperature-dependence of the rate constants are shown in Table 5. 

* Molera and Stubbs, /J., 1952, 381. 
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The Arrhenius plots yielded the equations 


n-Pentyl bromide: &, = 1:23 x 10 exp (—50,500/RT) sec. 
n-Hexyl bromide: &, = 1-35 x 10% exp (—50,500/RT) sec. 


Within the limits of experimental error, the activation energies are the same for the two com- 
pounds. The slight increase in rate in going from n-pentyl to n-hexyl bromide is probably due 
to the small increase in the pre-exponential factor. 


DISCUSSION 


In the presence of cyclohexene, n-pentyl and n-hexyl bromides decompose homo- 
geneously in seasoned reaction vessels. The rate of decomposition is independent of the 
pressure of inhibitor within wide limits. In view of the evidence presented in Part X it 
was not considered necessary to show that the maximally inhibited rate was independent 
of the nature of the inhibitor. Further, the rate of pressure increase obeys the first-order 
rate law up to at least 50° decomposition. Since a chain mechanism has been eliminated 
by working at maximal inhibition, the likely mechanisms remaining are a radical non-chain 
process (cf. ethyl bromide 5) or a unimolecular elimination. The former process can be 
ruled out by the observed activation energy, which for such a scheme should be of the 
order of the primary C-Br bond dissociation energy (ca. 67 kcal./mole). It may thus be 
concluded that the mechanism is a unimolecular elimination. Further evidence for this 
conclusion is presented below. 

General Conclusions concerning the Unimolecular Decomposition of Primary Bromides.— 
The results so far obtained for the unimolecular decomposition of primary organic bromides 
are in Table 6, the references being to earlier Parts. Perhaps the most interesting con- 


TABLE 6. Arrhenius parameters for primary bromide pyrolyses. 


Bromide 10-134 (sec.~) E (kcal./mole) Part 
ME ksrevedecsscccssicadensasquaoness 2-63 53-9 XI 
IED atsinindeedenccvecsenenesvens 0-79 50-7 x 
TRE cc sentsnvecdnccsstececesccesse 1-51 50-9 Xx 
IS cncctandencescvassicocsescosen 1-23 50-5 XIV 
te are 1-35 50-5 XIV 
ONES Sees seiececcrcisccctensenennss 1-12 50-4 XII 


clusion to be drawn from this series is the constancy of the activation energy, apart from 
that for ethyl bromide. It is of interest to compare the rates, relative to those of ethyl 
bromide and chloride taken as unity, at 380° (Table 7). Although there is a steady 
increase in rate on going along the series, a limiting rate is rapidly approached. After 
n-butyl bromide, the reaction centre is affected little by increase in length of the alkyl 


TABLE 7. Relative rates of dehydrohalogenation. 


BP andoneithinsnasidcnacentien Ethyl n-Propyl n-Butyl n-Pentyl n-Hexyl 
BOER. quecsseccsespsscveese l 3-6 5-9 6-3 6-8 
ETE, . thbcanasinigraigenension je 41° 5-9? 


* Barton and Howlett, J., 1949, 165. ° Barton, Head, and Williams, J., 1951, 2039. 


chain. As there is no complication in the case of the chlorides due to a concurrent chain 
reaction, the similarity of behaviour between the bromides and the chlorides serves as 
further confirmation of the unimolecular nature of the maximally inhibited bromide 
pyrolyses. 

The relative proportions of chain and unimolecular processes in the series of primary 
bromides is enlightening. Although a full investigation of the uninhibited reactions has 
not been made, rates at 380° are obtainable (Table 8). Apart from the increase at n-propyl 
bromide, the chain rate decreases uniformly down the series. The increase from ethyl to 
n-propyl bromide may be attributed to the fact that the P radicals (cf. Part III) formed by 
5 Daniels and Veltman, J. Chem. Phys., 1939, 7, 756. 








- com- 
ly due 


10mM0- 
of the 
t X it 
ndent 
-order 
nated 
-chain 
an be 
of the 
1us be 
r this 


des.— 
mides 
 con- 


t from 
ethyl 
steady 

After 
- alkyl 


chain 
ves as 
‘omide 


rimary 
ns has 
propyl 
thyl to 
ned by 








[1960] Poé and Vaidya. 187 


bromine atom attack on the parent bromide are obtained from primary and secondary 
C-H bonds respectively. This process will be easier in the case of n-propyl bromide. The 
decrease in chain rate from n-butyl to n-hexyl bromide may be attributed to a probability 
factor for attack at the right position to form a P radical. Thus for CH,*(CH,],°CH,Br 


TABLE 8. Comparison of the unimolecular and chain components in dehydrobromination. 


104k, (sec.) Chain com- 


Bromide Total rate Inhibited rate Chain rate ponent (% 
BURG .ccccsccccvccscocsscsscsescose 2-14 0-26 1-88 
IEE scnasoceskcucotnscnsiose 9-97 0-87 9-10 93 
MINI saps rainntiupsodieganncbenn 2-92 1-37 1-55 53 
RIED sdatinescantcasesncssounnse 2-92 1-59 1-33 46 
NG cnsiissccasedsncensscsuccece 2-72 1-71 1-10 37 


* For this compound, f, was calculated at 300 mm. from the published &,., (Part II). 


(n > 1) if it is assumed that all secondary C-H bonds are equally liable to attack, the 
probabilities of forming an S radical and a P radical are proportional to 2n — 2 and2 
respectively. Hence the fraction of attacks leading to a P radical is proportional to I/n. 
This ratio for the bromides from n-butyl to n-hexy]l is 0-5, 0-33, 0-25, a series which bears 
some resemblance to that in the fourth column of Table 8. The overall change in the 
total rate down the series is a combination of the decreasing chain rate and increasing 
unimolecular rate. 


Two of us (J. H. S. G. and P: J. T.) thank the D.S.I.R. for maintenance grants. 


WILLIAM RAMSAY AND RALPH FORSTER LABORATORIES, 


UNIVERSITY COLLEGE, GOWER STREET, Lonpon, W.C.1. (Received, July 16th, 1959.} 





37. The Iodoplatinate Iodide Exchange. 
By A. J. PoE and M. S. Varpya. 


The exchange of free iodide ions with iodide in the complex hexaiodo- 
platinate has been studied under a variety of conditions by using ™I-. In 
all cases the rate of exchange was immeasurably fast, even in the presence of 
customary inhibitors or in the absence of customary catalysts. The exchange 
was also fast and complete with iodide in hydrolysed forms of the complex. 
Possible mechanisms for the exchange are discussed and some which have 
been proposed for analogous reactions are rejected in this case. It is possible 
that the exchange proceeds by a simple substitution with a low activation 
energy, although catalysis cannot be completely ruled out. 

Preliminary studies of the hydrolysis of the iodoplatinate and of the 
reactions of iodide ion with chloro- and iodo-platinites are reported. Un- 
successful attempts have been made to prepare solid potassium tetraiodo- 
platinite. 


EXCHANGE studies on the complex hexaiodoplatinate in aqueous solution have not 
previously been reported in detail. Grinberg, Kozlova, Nikolskaya, and Shagisultanova * 
have stated that, with 0-0047M-[PtI,]*-, 56% exchange occurs in 30 min. at 18° but no 
further results were given. 

The Exchange Reaction.—The exchange was studied with solutions made by dissolving 
the complex in potassium iodide solution, where hydrolysis was minimised. The reaction 
was initiated by addition of carrier-free 4*4I- and quenched by precipitation of cesium 
iodoplatinate. No separation-induced exchange occurs in other cases involving precipit- 
ation of similar cesium salts. After separation of the precipitate, and dissolution in 
sodium thiosulphate solution, the activities in the complex iodide and free iodide forms 


1 Grinberg, Kozlova, Nikolskaya, and Shagisultanova, J. Appl. Chem. (U.S.S.R.), 1955, 28, 5. 
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were each measured under standard conditions and compared with the total activity added 
initially. The fraction of exchange was given by the ratio of the measured activity in the 
complex to that calculated for an even distribution of the activity among all the iodide 
ions present, the complex being assumed to be [PtI,]*-. 

Typical results are given in Table 1. In no case was a measurable reaction rate 
observed even with very dilute solutions at 0° in the absence of light and thiosulphate ions 
(the tracer was supplied in sodium thiosulphate solution). Each of these is known to 
accelerate reactions of other halogen complexes of platinum(Iv).2* The addition of 


TABLE 1. Typical results of [PtI,]*-—-I- exchange. 
(Solutions prepared by dissolving the complex in KI solution.) 








Concn. (M) Exchange (%) after: 
— eee = $$, | eT = 
[PtI,]?- sy Other reagents 30 60 90 120 180 Average 
sec. (%) 
At 0° in the dark 
5 x 10° 4x10*% 15x 10% ([S,0,)}*- 99:0 1023 988 97:5 97:5 99-0 
1 x 10° 4x 10° 1x10 = [S,0,]?- 99-8 99-1 96-9 98-5 
5 x 10¢ 2x 10° “ 99-4 985 99-0 98-9 
At 25° in light 
5x 10° 2-7 x 10° 1x 10° = [S,0,)]?- 100-9 100-1 98-4 99-8 
2-8 x 10% ~=—[Fe(CN),]*- 
, - Ixit* SOP 100-2 100-1 100-1 100-1 
2x10 — [IrCl,j*- 
1x 10° [S,0,)*- 99-7 998 99-6 99-7 
6x 10% Quinol 


oxidising agents such as hexachloroiridate(Iv) and ferricyanide ions, or a reducing agent 
such as quinol, all of which are effective inhibitors of the [PtCl,]*-—Cl- exchange, also had 
no effect. 

Hydrolysis of [PtI,]*-.—Preliminary studies of the hydrolysis of the iodoplatinate ion 
were made by measuring the release of activity from the complex which had previously 
been labelled by addition of carrier-free ™I-, making use of the rapidity of the exchange. 
As judged by the colourless supernatant solutions obtained, the complex species in solution 
were completely precipitated as cesium salts even when the degree of hydrolysis was as 
large as 60%. The results are listed in Table 2 and show that the hydrolysis is strongly 
dependent on free iodide-ion concentration and is not appreciably sensitive to light, in 
contrast to the hydrolysis of the chloro- and bromo-platinates.5 The pH of the solutions 
was measured, with a Cambridge Portable pH meter, and indicated that the hydrolysed 
species were weak acids, the hydrogen-ion concentration being considerably lower than that 
of iodide released from the complex. 

The initial rate at 25° corresponds to a rate constant of about 0-1 min. for the 
hydrolysis of [PtI,]?~. 

Exchange with Partially Hydrolysed Species.—The addition of carrier-free ™I- to aged 
solutions of the iodoplatinate enabled the exchange of free iodide with the iodide in 
hydrolysed forms of the complex to be studied. The exchange is still rapid and the 
equilibrium distribution of the activity is consistent with all the iodides’ being involved 
in the exchange, 1.e., none of them is stabilised by the presence of water molecules or 
hydroxide groups in the complex. This is shown in Table 2 where the degree of hydrolysis 
calculated from the equilibrium activity distribution after exchange is compared with 
that indicated by iodide release from the fully labelled complex. 

Exchange using iodoplatinate solutions which were about an hour old was studied by 

® E.g., Stranks and Wilkins, Chem. Rev., 1957, 57, 743. 

* Poé, unpublished work. 


* Rich and Taube, J. Amer. Chem. Soc., 1954, 76, 2608. 
* Archibald, J., 1920, 117, 1104; 1922, 121, 2849. 
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the addition of a finite amount of labelled iodide solution. About 85°% exchange occurred 
rapidly, followed by a relatively slow uptake of activity by the complex to an extent 
consistent with the complex species’ finally becoming [PtI,]*~. This slower reaction can 
be ascribed to a reversal of the hydrolysis in its early stages which was not detected with 


TABLE 2. The hydrolysis of ~5 x 10%m-[PtI,]*~: (a) by release of I-, (b) from equilibrium 
distribution of activity after exchange. 
(Expressed as the percentage of iodide ions which have been released from the complex.) 
Hydrolysis 3 (%) after: 





Initial I- a = 
Method concn. (mM) 5 10 15 20 50 80 300 
min. 

(b) 0 25°, in light 5-4 6-8 8-7 12-8 14:3 
(a) 0 o a 4-0 5-8 8-7 12-4 13-2 17-6 
(b) 0 je a 4-3 5-1 8-1 12-9 13-7 18-2 
(a) 0 ~19°, in dark 4-2 4-8 5-4 7-2 9-1 11-7 
(a) 0 ~20°, in light 5-0 5-5 6-3 8 10-5 13-8 


Hydrolysis (%) after: 
14 6 6 8 I 18 1 2) 27 





days 
(a) 3-6 x 10° 25°, in light 2-2 15-2 17-5 18:0 20-0 22-5 25-5 27-7 30-5 
(a) ‘ » in dark 2-7 15-3 17-7 18-7 21-3 22-7 25:5 27-9 31-2 
(b) 0 Room temp., in dark 29 36 47 54 60 


older solutions. The reversibility is supported by the large effect of free iodide on the rate 
of hydrolysis. Fast exchange without detectable reversal of hydrolysis was still observed 
on a 13-day old solution when 60% of the iodides originally in the complex had been 
hydrolysed. 


Discusston.—Since no studies of the kinetics of this fast reaction were made there is no 
positive indication of the mechanism. However, some mechanisms previously suggested 
for analogous reactions of other halogenoplatinates can be rejected in this case. 

The absence of inhibition by substances such as hexachloroiridate(Iv) suggests strongly, 
although it does not prove, that there is no catalysis by platinum(It1) species of the kind 
postulated by Rich and Taube ‘ for the [PtCl,]*--Cl- exchange. The rapid exchange even 
of iodides in the complex which are slowly released by hydrolysis precludes aquation as a 
reaction path. Basolo, Wilks, Pearson, and Wilkins® have shown that platinum(t) 
species catalyse the exchange of chloride ions with trans-[Pt(en),Cl,]** (en = ethylenedi- 
amine), and propose a group-transfer mechanism for the exchange. They suggest that 
such catalysis should always be looked for in reactions of platinum(iv) complexes. If 
analytically undetectable amounts of platinum(II) species catalyse the iodoplatinate 
exchange by a similar mechanism, then the exchange of iodide with iodoplatinite, in the 
presence of iodoplatinate, would be very fast. Although Grinberg and his co-workers ! 
reported half-times of about 2 min. for 0-12M-[PtI,]*~ and 0-48m-I~ at 5° our preliminary 
observations reported below indicate considerably shorter half-times even in much more 
dilute solutions. This made it very difficult to discover experimentally whether the 
exchange is affected by iodoplatinate. However, the mechanism proposed by Basolo and 
his co-workers involves a transition state comprising two doubly charged positive ions and 
one singly charged negative ion, whereas in the iodoplatinate exchange three ions bearing 
a total negative charge of five units would have to be involved. The latter seems very 
much less likely. ‘ 

Finally, the reaction of 0-03M-iodide with 5 x 10°m-hexachloroplatinate at 25° has 
a half-time of about 10 min. and is not light-sensitive; that of 4 x 10%m-iodide with 
5 x 10“m-hexabromoplatinate, also at 25°, has a half-time of about 30 sec.?. The Pt-I 


* Basolo, Wilks, Pearson, and Wilkins, J. Inorg. Nuclear Chem., 1958, 6, 161. 
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bond is also known ® to be weaker than the Pt—Cl and the Pt-Br bond by ~12 and ~5 kcal, 
mole, respectively. Although the possibility of an undetected catalysis cannot be 
completely ruled out, these facts, together with the rejection of the more complicated 
mechanisms mentioned previously, make it reasonable to suppose that fast exchange takes 
place by a simple Syl or Sy2 substitution with a low activation energy, the Syl mechanism 
not involving aquation. 


EXPERIMENTAL 


Tracey.—Carrier-free 1*1I~ (#; = 8-1 days) was obtained from the Radiochemical Centre, 
Amersham, in 0-01N-sodium thiosulphate solution. The thiosulphate was usually converted 
into tetrathionate by adding an excess of iodine and removing unchanged iodine with carbon 
tetrachloride. The activity in solution was measured by using an Isotope Development Ltd. 
scintillation spectrometer adjusted to count 364 Kev gamma-rays. The background count 
was about 240 counts/min. and the samples were counted to 1% statistical accuracy in an 
annular plastic container which fitted tightly over the cap enclosing the sodium iodide phosphor. 
Decay corrections were avoided by counting several samples within a short time. 

Chemicals.—Sodium hexaiodoplatinate and potassium tetrabromo- and tetrachloro-platinite 
were obtained from Messrs. Johnson, Matthey and Co. Ltd. Otherwise ‘‘ AnalaR’’ reagents 
were used. Solutions were made up in normal distilled water. 

[PtCl,]*--I- Reaction—The rate of iodide replacement of chloride in the platinum(n) 
complex was measured at initial concentrations of 0-005mM-[PtCl,]*~ and 0-04m-I~ at 25° in the 
light. The complex species were precipitated as the [Pt(en),]?* salts. In 1 hr. the amount of 
iodide in the complex rose to a maximum of 63% of that for complete replacement, after which 
it steadily decreased. Hydrolysis was therefore competing with substitution to such an extent 
that the tetraiodoplatinite was not formed at these concentrations. However, by mixing 
25 times more concentrated solutions of chloro- or bromo-platinite with iodide solutions, and 
diluting with ice-cold water after a few minutes, the complex species obtained was about 90% 
[PtI,]?~, and hydrolysis in the dark was negligible after 5 min. when measured by the amount of 
activity in the complex. 

Iodoplatinite-Iodide Exchange.—Half-times for exchange of less than about 30 sec. were 
observed with 0-005m-complex and 0-02—0-03M-iodide in the dark at 0° and with half-hydrolysed 
or only slightly hydrolysed forms of the complex. The complex was prepared in situ by 
addition of iodide solution to tetrachloro- or tetrabromo-platinite and the exchange initiated, 
after attainment of equilibrium, by adding carrier-free I~. These rates are faster than 
expected on the basis of the results reported by Grinberg and his co-workers. 

Attempted Preparation of Potassium Tetraiodoplatinite——Potassium tetraiodoplatinite does 
not seem to have been prepared in the solid state although it has been assumed to exist in 
aqueous solution after treatment of the tetrachloroplatinite with sufficient excess of iodide.® 
Such solutions, however, gave no precipitate of a complex iodide on addition of alcohol or 
acetone. Evaporation of known weights of potassium tetrachloroplatinite with pure hydrogen 
iodide, either under an infrared lamp or by freeze-drying in a vacuum, gave a black solid. 
This was heavier than expected, the proportionate increase in weight being the same by each 
method. The solid was readily soluble in water, and the solutions gave black precipitates and 
colourless supernatant solutions on addition of excess of either Cs* or [Pt(en),]?* ions. Infra- 
red absorption characteristic of O-H bonds was not observed with the solid, and therefore the 
excessive weight cannot be attributed to partial five-fold co-ordination of the platinum, as in 
K,(H,O),PtI,., for example. Incorporation of hydrogen iodide in a potassium iodoplatinite 
lattice seems unlikely and it is most probable that partial oxidation had occurred. The yield 
corresponded to a formulation K,PtI,.,, which is in fair agreement with iodide analysis (Found: 
I, 66-9. Calc. for K,PtI,.,,: I, 68-9%). Iodide exchange with this substance at room temper- 
ature in the light, and at 0° in the dark, was fast with 51% of the iodides in the complex 
followed by no further exchange in 5 min. This is quite close to the 48% fast exchange expected 
if the substance is a mixture of K,PtI, and K,PtI, in which only the hexaiodoplatinate under- 
goes fast exchange. However, this agreement is probably fortuitous because (i) the proportion 

7 Poé and Vaidya, unpublished work. 

8 Poé and Vaidya, Nature, 1959, 184, 1139. 


® Sidgwick, ‘‘ The Chemical Elements and Their Compounds,” Oxford Univ. Press, Oxford, 1950, 
Vol. II, p. 1605. 











eee ee 


Pww oOo’ Pp 





rt be 
cated 
takes 
inism 


entre, 
verted 
arbon 
t Ltd. 
count 
in an 
sphor. 


1tinite 
agents 


um(I1) 
in the 
unt of 
which 
extent 
nixing 
s, and 
t 90% 
unt of 


. were 
‘olysed 
itu by 
tiated, 
r than 


e does 
xist in 
odide.® 
yhol or 
drogen 
: solid. 
yy each 
tes and 

Infra- 
ore the 
1, as in 
latinite 
e yield 
Found: 
"em per- 
omplex 
<pected 
-under- 
portion 


d, 1950, 








(1960) Davidson and French. 191 
of K,PtI, in the mixture is very sensitive to errors in the analysis, (ii) the subsequent slow 
exchange is not consistent with the rather fast iodoplatinite exchange mentioned above, and 
(iii) the complex ions are completely precipitated from solution by addition of Cs* or [Pt(en),]** 
ions in contrast with those in [PtI,]*-—[PtI,]*~ mixtures where the latter is prepared in situ. 
The exact nature of the substance is therefore still unknown. 


INORGANIC CHEMISTRY RESEARCH LABORATORIES, 
IMPERIAL COLLEGE, Lonpon, S.W.?7. [Received, August 7th, 1959.] 





38. The Synthesis and Structure of Aromatic Boron 
Compounds. 


By J. M. Davipson and C. M. FRENcH. 


10-Hydroxy-9-oxa-10-bora-anthracene has been prepared and its aromatic 
character demonstrated by ultraviolet spectroscopy. The mechanism of the 
reaction of n-butyl metaborate with Grignard and lithio-reagents has been 
investigated, and the conditions under which organic boronous or boronic 
acid is the predominant product have been examined. An attempt to 
prepare 9-diethylamino-9-borafluorene is also described. 


Or the known aromatic boron compounds there are few in which the boron atom is included 
in an aromatic ring, and of these the borazoles constitute by far the largest number. 
Dewar, Kubba, and Pettit } have pointed out that a new series of aromatic compounds may 
be derived from the known carbocyclic ones by replacement of two atoms in the system 
severally by boron and by an element which can contribute a lone pair of electrons to the 
x-electron system in order to retain the requisite sextet structure. Thus the 9-aza-10-bora- 
phenanthrene and 2-bora-l-azanaphthalene ring systems have been shown to be aromatic.}? 
There are no aromatic heterocyclic compounds known in which a boron atom is connected 
directly to two carbon atoms, and the current investigation concerns the boron analogues 
(I and II) of the xanthenylium cation and the dibenzofulvene ring system. In the latter 
it was hoped to replace the exocyclic double bond by a back-co-ordinate linkage between 
the boron atom and an exocyclic atom with a lone pair of electrons, but this 
system has proved inaccessible by the usual methods. However, 10-hydroxy-9-oxa-10- 
bora-anthracene (I; R = OH) has been prepared by the action of 2,2’-dilithiobiphenyl 
ether on n-butyl metaborate or the boron trifluoride—-ether complex. 


“ By add 
CLO 2 ca 
| | 
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(I) (II) (ID (IV) 


Mikhailov and Vaver,® and Povlock and Lippincott,’ recently prepared a number of 
aromatic boronous acids by the action of an excess of Grignard reagent on an alkyl meta- 
borate (III; R = OAlk). Povlock and Lippincott suggested that nucleophilic substitution 
produces an intermediate anion of type (IV), and that only two such substitutions can take 
place while the boron-oxygen ring remains intact. However, phenylmagnesium bromide 
and 2-biphenylylmagnesium iodide with phenylboronic anhydride (III; R = Ph) yielded 
respectively diphenylboronous ‘acid and B-2-biphenylyl-B-phenylboronous acid. It 

1 Dewar, Kubba, and Pettit, J., 1958, 3073. 

® Dewar and Dietz, J., 1959, 2728. 


? Mikhailov and Vaver, Bull. Acad. Sci. U.S.S.R., Div. Chem. Sci., 1956, 441/ 
* Povlock and Lippincott, J. Amer. Chem. Soc., 1958, 80, 5409. 
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appears that phenylboronic acid is a likely intermediate in the formation of diphenyl. 
boronous acid from alkyl metaborates, arising by simple substitution of the alkoxy- 
groups by the Grignard reagent, and that, by starting with this “ intermediate,” yp. 
symmetrical boronous acids should be readily accessible. Replacement of the alkoxy. 
groups of the alkyl metaborate by bulky aromatic groups with large ortho-substituents 
should then yield a boronic anhydride sterically hindered against further attack by the 
Grignard reagent. Reaction of 2-biphenylylmagnesium iodide with n-butyl metaborate 
gave 2-diphenylylboronic acid in 75% yield. 

The most frequent difficulty in the preparation of higher aromatic boronic acids is the 
insolubility of the Grignard reagent, which is often precipitated or crystallises on to the 
magnesium and prevents formation of the reagent; e.g., Yabroff, Branch, and Bettman 5 
obtained only a 5% yield of 2-biphenylylboronic acid from n-butyl orthoborate at —78°, 

The present method has been extended by the simultaneous addition of the aromatic 
halide and n-butyl metaborate in ether to magnesium, whereby the metaborate reacts with 
the Grignard reagent as it is formed. 9-Bromophenanthrene and 2-iododipheny]l ether 
normally form Grignard reagents only very slowly ® but by this method these halides were 
converted into boronic acids in a very short time. Both 9-phenanthryl and 2-biphenylyl- 
boronic acid are unusually resistant to conversion into anhydrides: Thielens’ noted that 
9-phenanthrylboronic acid is unchanged at its melting point (324°). 

2,2’-Dilithiodiphenyl ether should not suffer steric hindrance to attack by the second 
lithio-group after initial formation of the boronic anhydride. It is readily prepared by 
Oita and Gilman’s method § and with n-butyl metaborate forms 10-hydroxy-9-oxa-10- 
bora-anthracene (I; R = OH), which may also be obtained by the reaction of the same 
reagent with the boron trifluoride-ether complex. 


° ° 
CX OD CL O Ph,B = X Ph,B<—:(8) 
c 2 (VII) (VIII) 
107 :O-H 
(V) 


(VI) 


The structure (VI) has been assigned to this product on the basis of the method of 
preparation, analysis, molecular weight, and infrared and ultraviolet spectra. In the 
region 12-0—14-5 uw characteristic of the aromatic C-H out-of-plane deformations, this 
compound has only a single strong peak at 13-22 u, assigned to ortho-disubstitution [cf. 
xanthone (V), single strong peak at 13-21 yj. The O-H stretching frequency at 3-20 pu is 
very strong; the maximum around 8-1 yp, which has been assigned by Dahlgard and 
Brewster ® to the C-O stretching vibration in diphenyl ethers and which occurs at 8-14 p in 
o-phenoxyphenylboronic acid, is split into a doublet at 8-11 and 8-20 u. o-Phenoxyphenyl- 
boronic acid is the most likely impurity from the metalation of diphenyl ether, and as this 
has very strong absorption at 12-52, 13-14, 13-32, and 14-54 u the infrared spectrum offers a 
good test for the purity of 10-hydroxy-9-oxa-10-bora-anthracene. 

The ultraviolet spectrum of the product (see Figure) shows in its envelope a striking 
resemblance to that of xanthone, and is interesting because if the carbonyl bond is polarised 
as in formula (V) so that the central ring retains only the six x-electrons required for 
aromatic character, this will be isoelectronic with (VI) in which there is no back-co-ordin- 
ation from an oxygen lone-pair to the boron atom of the heterocyclic system. It appears, 
therefore, that 10-hydroxy-9-oxa-10-bora-anthracene is stabilised by the aromatic character 

® Yabroff, Branch, and Bettman, J. Amer. Chem. Soc., 1934, 56, 1850. 

* Kharasch and Reinmuth, “‘ Grignard Reactions of Non-metallic Substances,’’ Constable and Co. 
Ltd., London; Bachmann, J. Amer. Chem. Soc., 1934, 56, 1363; Cook, J., 1930, 1087. 

7 Thielens, Naturwiss., 1958, 45, 543. 


% Oita and Gilman, J. Amer. Chem. Soc., 1957, 79, 339. 
* Dahlgard and Brewster, ibid., 1958, 80, 5861. 
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of the.central ring rather than by back-co-ordination. This is in contrast to the more 
ysual aromatic boron compounds. 

The derivatives of diphenylboronous acid, of type (VII), scarcely resemble the analogous 
carbonium ions or even benzophenone in their ultraviolet absorption (cf. Table). They do, 
however, resemble styrene and 1,l-diphenylethylene for which Jones noted almost 


Ultraviolet absorption of (A) o-phenoxyphenylboronic acid, (B) 10-hydroxy-9-oxa-10-bora-anthracene, 
and (C) xanthone. 
490 -™ 


roan 
Ee Ns 








2s s \ \ 
‘A \ 
7 - * \ 
ee a a is a 
220 250 280 3/0 340 


Wovelength (mp) 


identical absorption, presumably because the rings are not coplanar in 1,1-diphenyl- 
ethylene, which then, for the purposes of spectroscopy, reduces to the styrene chromophore. 
Diphenylboronous acid derivatives absorb at almost the same wavelength as styrene and 


Ultraviolet absorption maxima (in my). 


Compound Solvent Wavelengths log € 
PSD socoeccesece Cyclohexane - 270, 240 3-15, 4-34 
Ph, B-O-[(CH,],"NH, od 233 3-98 
Ph,B’NEt, .........+-- we 240 . 

i 98% H,SO, 435, 362, 272, 265, 259 1-26, 1-44, 3-42, 3-47, 3-36 
Ph-CH:CHPh ?° ...... EtOH 245 4-01 
BE — sscvcses ie 248 4-05 
o-PhO-C,H,-BO-OH CHCI, 281 3-452 
rrr Cyclohexane 336, 322, 282, 271, 257, 255, 237 3-979, 3-783, 3-502, 3-421, 
4-098, 4-078, 4-606 

ee pn 321, 311, 277, 267, 250, 231 3-895, 3-747, 3-114, 3-104, 


4-013 (sh), 4-893 


1,1-diphenylethylene, and this offers qualitative evidence that the rings in this series of 
compounds are non-coplanar, and that back-co-ordination plays an important part in their 
stabilisation. When back-co-ordination is not possible, as in the diphenylboronium cation 
(VIII), both rings appear to take part in the conjugation, as in the diphenylcarbonium 
ion. Diethylaminodiphenylboron shows this type of spectrum in concentrated sulphuric 
acid, where it appears that the molecule takes up a proton with loss of back-co-ordination. 
The resulting solution is yellow and quite stable, but is decolorised on addition of about 
15%, of water (cf. reaction 1). 

2-Biphenylylboronic acid has been considered as a precursor of the 9-borafluorene ring 
system if the cyclisation of a syitable derivative could be effected. 2-Biphenylylboron 
dichloride is not a suitable compound, as the chlorine atom in 9-chloro-9-borafluorene 
could react with the aluminium chloride used as a catalyst; so an attempt was made to 

10 Jones, J. Amer. Chem. Soc., 1943, 65, 1818. i] 

1! Davidson and French, /J., 1958, 114. 

H 
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prepare 9-diethylamino-9-borafluorene (II; R = NEt,) according to reaction 2. Diethy)- 
amino-2-biphenylylboron chloride was not isolated and attempted cyclisation of the crude 
product yielded tars. 

The reaction between 2,2’-dilithiobiphenyl and n-butyl metaborate offers a route to 
9-hydroxy-9-borafluorene, (II; R = OH), and it was hoped to isolate this compound as 


+ 
PhBNEt, + H* —> [Ph,B<-NHEt,| 


a stable 2-aminoethyl ester (II; R = O-CH,°CH,*NH,) (cf. Letsinger and Skoog ¥), 
After hydrolysis of the mixture and esterification with ethanolamine, the only product 
isolated was di-(2-aminoethyl) 2-biphenylylboronate, indicating that, if any of the required 
product had been formed, it had been hydrolysed to 2-biphenylylboronic acid. This is not 
surprising when it is considered that the ring system, by analogy with the fluoreny] cation, 
will have an unfilled bonding molecular orbital and should be very sensitive to nucleo- 
philic attack. Wittigand Herwig ' prepared lithium bis-(2,2’-biphenylylene) borate, which, 
on acid hydrolysis, likewise yielded 2-biphenylylboronic acid. 


EXPERIMENTAL | 


Ultraviolet spectra were determined by means of a Unicam S.P.500 spectrophotometer. 
Boron analyses were carried out by direct titration in the presence of mannitol or by Fowler and 
Kraus’s method. Molecular weights were determined in naphthalene and camphor. 

Diphenylboronous Acid.—To phenylmagnesium bromide [from bromobenzene (15-7 g.) in 
ether (50 ml.)] phenylboronic anhydride (10 g.) in benzene (75 ml.) was added dropwise with 
stirring, under reflux. After refluxing for a further 30 min. the mixture was hydrolysed with 
15% hydrochloric acid (200 ml.) and solvents were removed from the dried solution. To the 
residual mixed oil and solid was added light petroleum (20 ml.). Filtration then afforded 
recovered phenylboronic anhydride (3-5 g., 33-6%), m. p. 214°. Removal of the solvent from 
the filtrate gave crude diphenylboronous acid (11-5 g., 65-0%), ,,?° 1-5907 (lit.,25 1-5913), which 
with ethanolamine formed 2-aminoethyl diphenylboronite, m. p. 187° (lit.,12 187°). 

2-Biphenylylphenylboronous acid was prepared similarly from phenylboronic anhydride 
(7-5 g.) and ethereal 2-biphenylylmagnesium iodide (1 mol.). After hydrolysis, ethanolamine 
(4:4 g.) was added to the dried ethereal solution; 2-aminoethyl 2-biphenylylphenylboronite slowly 
crystallised. After recrystallisation from ethanol it (10-2 g., 46-56%) had m. p. 175° (Found: 
C, 79-2; H, 6-2; N, 4-4; B, 3-3. C,,H,,ONB requires C, 79-7; H, 6-6; N, 4:65; B, 3-65%). 
This ester (3-0 g.) was shaken with ether (30 ml.) and 10% hydrochloric acid (30 ml.) until 
dissolved. The ether layer was then separated, dried, and evaporated, to leave 2-biphenylyl- 
phenylboronous acid as a very viscous colourless oil (2-55 g., 98%) (Found: B, 4-3. C,,H,,OB 
requires B, 43%). The acid decomposed on storage, and with phosphorus pentachloride 
yielded tars. 

o-Phenoxyphenylboronic Acid.—Magnesium (0-7 g.) reacted readily with 2-iododiphenyl 
ether (7-5 g.) and n-butyl metaborate (3-0 g.) in ether (60 ml.). After addition of iodine, the 
spontaneous refluxing (10 min.) was followed by heating for 30 min. The mixture was hydro- 
lysed with 15% hydrochloric acid (100 ml.), and acid products were extracted with 5% sodium 
hydroxide solution. This yielded, on acidification, o-phenoxyphenylboronic acid which formed 
white crystals, m. p. 114°, from benzene-cyclohexane (1-5 g., 27-6%) (Found: C, 67-8; H, 

12 Letsinger and Skoog, J. Amer. Chem. Soc., 1955, '77, 2491. 

13 Wittig and Herwig, Chem. Ber., 1955, 88, 962. 


™ Fowler and Kraus, J. Amer. Chem. Soc., 1940, 62, 1143. 
18 Abel, Dandegaonker, Gerrard, and Lappert, J., 1956, 4697. 
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5-2; B, 5-1. C,,H,,O;B requires C, 67-2; H, 5-1; B, 5-0%), unchanged after storage over con- 
centrated sulphuric acid at 0-1 mm. for 10 days. 

9-Phenanthrylboronic acid was prepared from 9-bromophenanthrene (5 g., 1 mol.) and 
n-butyl metaborate (2-5 g., 1-1 mol.) as for o-phenoxyphenylboronic acid, and after recrystallis- 
ation from hot water (yield, 2-45 g., 57%), had m. p. 324° (lit., 324°) (Found: B, 5-05. Cale. 
for C,,H,,0O,B: B, 495%). 

10-Hydroxy-9-o0xa-10-bora-anthracene.—To 2,2’-dilithiodiphenyl ether ! in ether (156 ml.)) 
was added n-butyl metaborate (6-7 g.) in ether (25 ml.) during 10 min. The solution was then 
refluxed for 2 hr. and hydrolysed with 10% hydrochloric acid (100 ml.). Evaporating the dried 
ethereal solution gave 10-hydvoxy-9-oxa-10-bora-anthracene. Recrystallisation from benzene 
afforded 5-9 g. (42-0%) of fairly pure material, but repeated recrystallisations from benzene and 
from cyclohexane were required to produce a specimen (m. p. 285°) in which o-phenoxyphenyl- 
boronic acid could not be detected by infrared analysis (Found: C, 72-5; H, 4-6; B, 5-4%; M, 
195. C,,.H,O,B requires C, 73-4; H, 4-6; B, 5-6%; M, 196). 

600 ml. of the same solution of 2,2’-dilithiodiphenyl ether and an ethereal solution (200 ml.) 
of the boron trifluoride-ether complex (37 g.) were simultaneously added to stirred 
ether (100 ml.) under nitrogen during 45 min. The whole was refluxed for 1 hr., then worked 
up as in the previous experiment, yielding 10-hydroxy-9-oxa-10-bora-anthracene (11-1 g., 23%), 
m. p. and mixed m. p. 285°. 

2-Biphenylylboronic Acid.—To 2-biphenylylmagnesium iodide (from 10 g. of 2-iodobi- 
phenyl) in warm ether (50 ml.) was added n-butyl metaborate (3-5 g.) in ether (15 ml.) as rapidly 
as possible. When the reaction subsided the solution was refluxed for 30 min., after which 
2-biphenylylboronic acid was recovered by the method used for o-phenoxyphenylboronic acid. 
After recrystallisation from hot water, it (5 g., 72:2%) had m. p. 121—123° (lit., 129°), 
with resolidification to the anhydride, m. p. 195° (lit., 195°).5 

This acid (3-9 g.) was esterified with ethanol by azeotropic distillation, affording the diethyl 
ester (3-4 g., 62%), b. p. 136—138°/4-0 mm., m,*° 1-5444 (Found: C, 75-7; H, 7-3; B, 3-8. 
C,,H,,0,B requires C, 75-5; H, 7-5; B, 4:3%). 

Di-n-butyl 2-biphenylylboronate was prepared by direct esterification of the Grignard reaction 
mixture after hydrolysis. 26-5 g. of 2-iodobiphenyl and 8-8 g. of n-butyl metaborate afforded 
13-3 g. (45-5% overall) of ester, b. p. 149—151°/0-6 mm., ,*° 15310 (Found: C, 77-6; H, 8-8; 
B, 3:5. CC. 9H,,O,B requires C, 77-5; H, 8-7; B, 3-55%). 

Di-n-butyl 2-biphenylylboronate (7-5 g.) was heated with phosphorus pentachloride (11 g.) 
for 18 hr. at 140°; evaporation and distillation then yielded 2-biphenylylboron dichloride (4-35 g., 
766%), b. p. 95—96°/0-25 mm., 7,,”° 1-5661 (Found: C, 62-0; H, 4-0; B, 4-6; Cl, 30-8. 
C,,.H,C1,B requires C, 61-4; H, 3-8; B, 4-6; Cl, 30-3%). 





-Dilithiobiphenyl !* in ether 
solution (60 ml.) (from 2,2’-di-iododiphenyl, 4 g.) was slowly treated with n-butyl metaborate 
(0-9 g.) in ether (15 ml.) with stirring under dry nitrogen, after which the solution was refluxed 
for 15 min. and hydrolysed with dilute ammonium chloride solution. The dried ethereal 
solution was evaporated and then azeotropically distilled with ethanolamine and toluene. On 
cooling, the residue slowly deposited bis-2-aminoethyl 2-biphenylylboronate (1-3 g., 59%), m. p. 
134° (from benzene) (Found: C, 67-4; H, 7-5; N, 9-95; B, 3:9%; M, 264. C,,H,,O,.N,.B 
requires C, 67-5; H, 7-4; N, 9-8; B, 38%; M, 284). A sample was hydrolysed with dilute 
hydrochloric acid to the acid, which was dried to form the anhydride and then recrystallised 
from cyclohexane; this product had m. p. 206° (Found: C, 80-1; H, 5-2; B, 6-1. Calc. for 
C,,H,OB: C, 80-0; H, 5-0; B, 6-0%). 


One of the authors (J. M. D.) thanks the British Thomson-Houston Co. Ltd. for a Research 
Scholarship. 
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39. Reactions of N-Bromoacetanilides in Chlorobenzene and Benzene 
Solutions in the Presence of Acetic and Propionic Acids. 


By S. C. Cuan and G. C. IsRAEL. 


The rates at which N,2,4,6-tetrabromoacetanilide disappears from 
solutions containing anisole and acetic or propionic acid have been examined 
in chlorobenzene and benzene. The first-order rate constants vary with the 
acid concentration according to an equation of the type k,? + Ak, = Be, 
which is explicable if the reaction between N,2,4,6-tetrabromoacetanilide and 
carboxylic acid giving bromine acylate (the intermediate brominating agent) 
is of second order, 7.e., of first order with respect to each reactant: 


C,H.Brs*NBrAc + R*CO,H ——t C,H, BryNHAc + R‘CO,Br 


and due account is taken of the dimerization of the carboxylic acid in such 
solutions. It is assumed that only the monomeric form of the acid is active 
in the reaction. 


THE mechanism of the rearrangements of N-bromoacylanilides has been controversial. 
Bell e¢ al. studied them in aprotic solvents in presence of a number of different carboxylic 
acids and phenols, and concluded that the rearrangement involved an intramolecular 
mechanism. 

Soper and his co-workers ® examined the rearrangement of N-bromoacetanilide and 
N,2,4,6-tetrabromoacetanilide in the presence of anisole (or phenetole) and acetic acid in 
chloroform and in chlorobenzene, and showed that an ‘intramolecular mechanism was not 
involved and that a highly reactive intermediate brominating agent, which was not hypo- 
bromous acid, was formed. They suggested that this might be bromine acetate (acetyl 
hypobromite). 

They also showed that, in the absence of the acid catalyst, the N-bromoacyl- 
anilide does not react with anisole (or phenetole) to an extent greater than 2% in either 
chloroform or chlorobenzene, although Dewar ® appears to have overlooked this when he 
suggested that the N-bromoanilide might brominate the added ether directly. Dewar also 
suggested that, if the rearrangements were intermolecular, they might take place through 
a m-complex, but later Dewar and Scott’ presented evidence in favour of Soper and his 
co-workers’ earlier suggestion. Dewar and Scott? showed that the reaction is of first 
order with respect to the N-bromoacylanilide. They do not say how the rate varies with 
the acid concentration. Further, Dewar and Scott do not appear to have taken into account 
the possibility that, when other anilides are present, metathesis may give rise to the 
presence of other N-bromoanilides. Thus, in the rearrangement of N-bromoacetanilide, 
p-bromoacetanilide is produced and this may react directly with N-bromoacetanilide to 
form N,p-dibromoacetanilide which will react at a different rate. We have found evidence 
of such a direct interchange. However, N,2,4,6-tetrabromoacetanilide cannot rearrange 
in this way in an aprotic solvent in the presence of acids, and the formation of solutions of 
mixed N-bromo-anilides is thus avoided. We have therefore examined the rates at which 
it reacts with anisole in chlorobenzene and in benzene in the presence of varying con- 
centrations of acetic or propionic acid and have determined how the first-order reaction 
constants vary with the concentration of the acid present. 


Bell, Proc. Roy. Soc., 1934, A, 148, 377. 

Bell and Levinge, ibid., 1935, A, 151, 211. 

Bell, J., 1936, 1154. 

Bell and Lidwell, J., 1939, 1096. 

Israel, Tuck, and Soper, J., 1945, 547. 

Dewar, “‘ Electronic Theory of Organic Chemistry,” Oxford Univ. Press, 1949, p. 225. 
Dewar and Scott, J., 1957, 2676. 
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EXPERIMENTAL ; 


Materials.—Chlorobenzene was dried (K,CO;), and then distilled to yield a fraction of 
constant b. p. 132° (,*° = 1-5248; Beilstein gives n,*° = 1-52479). 

Benzene (“‘ AnalaR ”’) was shaken several times with concentrated sulphuric acid until no 
further darkening occurred, then separated, dried (K,CO,), refluxed for 24 hr. in the presence of 
potassium, and finally distilled to yield a fraction of constant b. p. 80° (m,”° = 15014; 
Beilstein gives ,”° = 1-5014, 1-5015). 

Anisole was kept over crystalline ferrous sulphate overnight, then dried (CaCl,, then Na), 
and fractionally distilled in the presence of sodium in an atmosphere of argon. It was stored 
in a desiccator in the dark (,*° = 1-5175; Beilstein gives n,*° = 1-5179). 
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Fic. 1. Rearrangement of N-bromoacetanilide 
in chlorobenzene. bg 
1, 0-00mM-Ph-NHAc; log titre. ~ 
2, 0-Olm-Ph-NHAc; log titre —0-1. “- 0:7 
3, 0-02mM-Ph-NHAc; log titre —0-2. - 
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Glacial acetic acid (Merck) was purified by freezing and allowing the frozen acid to melt, the 
first liquid fractions being rejected. The remaining solid acetic acid was melted and appeared 
to need no further purification. It was stored in a desiccator. 

Propionic acid (B.D.H.) was heated for } hr. with an amount of benzoic anhydride equivalent 
to the amount of water present, chromic oxide being added to catalyse the hydrolysis of the 
anhydride. The mixture was fractionally distilled and the resulting propionic acid was found 
by titration to be more than 99-97% pure (b. p. 141-35°/760 mm. _ Beilstein gives b. p. 140-9°/760 
mm., 141-05°/760 mm., 141-35°/760 mm.). 

N-Bromoacetanilide, prepared by the method used by Israel, Tuck, and Soper,’ had a 
purity of 90—95% by titration of the iodine liberated by adding acidified potassium iodide. 

N,2,4,6-Tetrabromoacetanilide was prepared by adding 6 g. of bromine in 20 c.c. of chloro- 
form to 200 c.c. of 5% sodium hydrogen carbonate solution. The mixture was cooled with 
ice and 6 g. of powdered 2,4,6-tribromoacetanilide were added, the resulting mixture being 
stirred in the dark for 1 hr. The chloroform layer was separated, washed with water, dried 
(CaCl,), and evaporated in the cold by a current of argon in the dark. The yellow crystals had 
a purity of 90—95% by titration. Recrystallization did not improve the purity. 

Rate Measurements.—A standard thermostat maintained at 25° + 0-01° was provided with a 
hood and. curtain to exclude light. Stock solutions of the N-bromoanilide, anisole, and acetic or 
propionic acid in the appropriate solvent were stored in the bath. The required volume of the 
N-bromoanilide solution was pipetted into a 50 ml. volumetric flask and diluted to the mark 
with pure solvent. The required volumes of the acid solution and of anisole solution were added 
to a second 50 ml. volumetric flask and diluted to the mark with pure solvent. When these 
solutions had reached temperature equilibrium, the reaction was started by pouring both 
solutions simultaneously into a 250 ml. conical flask. 10 ml. samples were removed at regular 
intervals during about 6 hr. and delivered into 10 ml. of 3% sodium iodide solution. The 
iodine liberated was titrated with standard thiosulphate (starch). } 

N-Bromoacetanilide.—Two sets of experiments were carried out in chlorobenzene, acetanilide 
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being present in varying amounts. The results of the first set are in Fig. 1, those of the second 
set being the same. 

These figures show that the rate of reaction is greatly affected by the addition of acetanilide, 
On the other hand, similar mixtures prepared at the same time but without the acetic acid 
catalyst remained perfectly stable during the time in which the reactions were followed. Thus 
the possibility of direct reaction between the N-bromoanilide and acetanilide was excluded. 
In each case, there was a marked deviation from the usual first-order kinetics over the first 
4hr., but thereafter the usual first-order equation appears to hold. 

The initial first-order velocity constants were determined by drawing the tangents to the 
curves at zero time. Their variations with acetanilide concentration are in Tables l and 2. In 
all Tables the concentration quoted is that of the N-bromoacetanilide actually in solution, 
calculated on the purity quoted. 


TABLE 1. [HOAc] = 0-511. TABLE 2. [HOAc] = 0-511. 
10°{Ph-NBrAc], = 1-038, purity 94.0% 1-004, purity 90-8% 

10*%{Ph*NHAc] ...... 0 1-045 1-994 2-993 4-070 0 1-124 2-065 3-051 4-078 

1G, (ar. *) 2020020. 6-91 22-5 33-6 40-5 45-1 749 24-2 35-9 51-4 66-3 


These results suggests strongly that the anilide and the N-bromoanilide present are inter- 
acting directly in the way mentioned earlier. The difference between the sets of results in these 
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two tables is undoubtedly due to difference in the purities of the N-bromoacetanilide used. 
From the method of preparation, it is almost certain that the impurity is p-bromoacetanilide. 

In view of the uncertainty of the results for N-bromoacetanilide, this line of investigation 
was not pursued further 

N,2,4,6-Tetrabromoacetanilide. Solutions of the tetrabromoacetanilide in chlorobenzene 
were stable for a long time in the dark. Its solutions in chlorobenzene containing added 
(a) acetic or propionic acid, or (b) anisole were stable for up to 2 days in the sense that the iodine 
titre of such solutions was unaltered. 

Kinetic experiments were first carried out to determine whether, and under what conditions, 
the concentration of anisole affects the rate of reaction. The results (Tables 3 and 4) show that, 
below a concentration of 0-2m-anisole, the reaction rate varies with the concentration of the 
anisole, but above this value the reaction rate is sensibly independent of that concentration. _ 


TABLE 3. [HOAc] = 0-988. TABLE 4. [HOAc] = 0-988. 
10°(C,H,Br,"NBrAc] = 1-541, purity 94-7% 1-114, purity 94-7% 
10[PhOMe] ......... 0-00 0-959 1-918 2-877 3-836 4-795 0-00 0-371 5-057 6-742 
oy See 0-00 137 1:50 155 4155 1-59 0-00 157 158 1-62 


The next kinetic experiments were carried out with a concentration of added anisole so high 
that it did not appear in the kinetic equation. Three sets were conducted (Tables 5—7), the 
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TABLE 5. TABLE 6. TABLE 7. 
[PhOMe] = 0-575. [PhOMe] = 0-591. [PhOMe] = 0-570. 
10*(C,H,Br,"NBrAc] = 1-430, purity 93-7% 1-176, purity 94-0% 0-905, purity 93-0% 
JO[HOAc] ...--- 0-00 2-43 4-86 0-00 2-48 4-96 | 0-00 1:97 3-93 
10%, (hr!) ... 0-00 5-15 9-12 0-00 5-44 9-29 0-00 4-76 8-04 
10[HOAc] ...... 7-29 9-72 12:15 7-44 9:92 12-40 5-90 7-86 9-83 


10%, (hr)... 12-56 15-79 18-83 | 12-78 16-06 18-86 11-10 13-73 16-42 


concentration of the tetrabromoacetanilide being constant in each set and the acetic acid con- 
centration varied. The rate of disappearance of the anilide followed first-order kinetics, con- 
firming the observations of Soper e¢ at.5 and Dewar and Scott.’ 

The plot of all these values of k, against the acetic acid concentration was a single curve 
passing through the origin (Fig. 2). By the method of least squares, the curve of best fit was 
found to be given by 

10°,” + 27-40k, = 7-9[HOAc] 


Whence 10%(k, + 01370)? = 7-9[HOAc] + 188 . . . . . . (A) 


Values of k, calculated by using eqn. (A) were in good agreement with the observed values. 
Further, from equation (A), the plot of the observed values of (k, + 0-1370)? against [HOAc] 
should be linear. Fig. 3, in which all three sets of results are plotted, shows that a single 
straight line is obtained. The line of best fit, determined by the method of least squares, was 
given by an equation identical with (A). 

Solutions of the tetrabromoacetanilide in purified benzene were also stable, and remained 
stable when either acetic acid or anisole was added. Kinetic results for benzene solution with 
the addition of anisole are in Tables 8—10. 





TABLE 8. TABLE 9. TABLE 10. 
[PhOMe] = 0:599. [PhOMe] = 0:587. [PhOMe] = 0:589. 
10°(C,H,Br,-NBrAc] = 1-461, purity 92-5% | 1-260, purity 92-8% 0-994, purity 92-8% 
10[HOAc] ...... 0-00 2-43 4-86 0-00 2-43 4-86 0-00 2-43 4-86 
10°, (hr.-*)...... 0-00 8-55 13-54 0-00 8-49 13-57 0-00 8-51 13-57 
10[HOAc] ...... 7-29 9-72 12-15 7-29 9-72 12-15 7-29 9-72 12-15 
10°R, (hr.-?) ... 18-64 22-65 26-5 | 18-59 22-36 26-55 18-63 22-45 26-62 


These results also gave a single curve for which the equation of best fit was 


107k,? + 25-32k, = 11-19[HOAc], 
Whence 
10? (2, + 0-1266)? = 11-19THOAc] + 160. . . . . . (B) 


The plot of the observed values of (k, + 0-1266)? against [HOAc] was a single straight line 
and the line of best fit was given by an equation identical with (B). 

A similar set of experiments (Tables 11—13) using chlorobenzene as solvent and propionic 
acid as the catalyst gave analogous results to those found when acetic acid was used to promote 
the reaction. 


TABLE 11. TABLE 12. TABLE 13. 
[PhOMe] = 0-561. [PhOMe] = 0-566. [PhOMe] = 0-566. 
10°(C,H,Br,-NBrAc] = 1-429, purity 93-6% | 1-176, purity 90-1% | 0-950, purity 92-8% 
10[Et-CO,H] ... 0-00 2:53 5-05 0-00 2-55 5-10 | 0-00 2-57 5-14 
10%, (hr.-4)...... 0-00 4-62 8-72 0-00 4:87 8-89 0-00 5-09 9-05 
10[Et-CO,H] ... 7:58 10:10 12-63 7-64 10:19 12-74 7-71 10:28 12-85 
10*R, (hr.-)...... 12-45 15°80 19-52 12:69 1619 19-72 12-89 1657 19-83 


The values of k, so obtained lie on a single curve, found by the method of least squares to be 
given by 
10*k, + 66-58k, = 13-24[Et-CO,H] 
Whence j 
10*(a, + 0-3329)? = 13-24[Et-CO,H] +108 . . . . . . (C) 
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As before the plot of the observed values of (k, + 0-3329)* against [Et-CO,H] gave a straight 
line, the line of best fit, determined by the method of least squares, being given by an equation 
identical with (C). 

No indications of the double-titre phenomenon observed by Dewar and Scott? were 
obtained. 

DISCUSSION 

According to the Soper mechanism, the reaction between N,2,4,6-tetrabromoacet- 
anilide and an easily brominatabie substance in the presence of a carboxylic acid in an 
aprotic solvent occurs in two stages. The first, reaction between the N-bromoanilide 
and the carboxylic acid, is apparently the rate-determining step. 


CgH,Bry*NBrAc + R°COgH == CyHgBrg,NHAc+ R°CO,Br . - - - - - . (i) 


The bromine acylate so formed then reacts with the easily brominatable additive as fast as 
it is formed. 
When the concentration of the added anisole is low, the rate of the reaction: 


R°CO,Br + C,H,"OMe —— R°CO,H + BrC,H,*OMe ts 4's 


is lower than that of reaction (1). Above a certain minimum concentration of anisole, 
reaction (2) is sensibly faster than reaction (1), with the result that the concentration of 
anisole no longer affects the rate of overall reaction. Under such conditions, the equation 
and mechanism suggest that the reaction should be of second order, 1.e., of first order with 
respect to N-bromoanilide and to carboxylic acid. The fact that the reaction is of first 
order with respect to the N-bromoanilide is well established (refs. 1—7 and present work). 
The inference that the reaction should also be of first order with respect to carboxylic 
acid is, at first sight, not confirmed by our results, since the plots of &, against the con- 
centrations of carboxylic acids used are not linear but conform to an equation of the 


Bea Bhem ... ss ss s 


type (D) where , is the first-order constant for the rate of disappearance of the N-bromo- 
anilide and c the concentration of the carboxylic acid in the reaction mixture. A and 
B are constants dependent not only on the nature of the carboxylic acid but also on that 
of the aprotic solvent. 

Carboxylic acids are associated in solvents such as benzene or chlorobenzene. 
Investigations ® on the equilibrium between non-associated and associated carboxylic acid 
molecules have shown that, in dilute solutions, the associated molecules are principally 
dimers, the carboxyl groups being linked by hydrogen bonds to form a ring. It would 
be expected that such dimers would be inactive in catalysing the reactions studied here, 
since they can supply protons only after dissociation into monomers. 

If the reaction studied is of first order with respect to the carboxylic acid present 


Pie + 6 ew et ee we 
where c, is the concentration of monomeric carboxylic acid in the reaction mixture, and 


k, is the second-order constant for the reaction given by eqn. (1). Representing the 
concentration of the dimer by ca, we have 


Cm? /ca = K or Ca = Cm?/K 
where K is the equilibrium constant for (R°CO,H), == 2R-°CO,H. If c is the total 


concentration of carboxylic acid in the reaction mixture as determined by titration, it 
follows that 


C = Cm + 2g = Cm + 2Wy?/K ss te. a ee Ge 
Substitution of eqn. (E) and rearrangement gives 
h,* + (Kk,/2)k, = (KRf/2)c . . . . «. » « © 


8 Davies, Jones, Patnaik, and Moelwyn-Hughes, J., 1951, 1249. 
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Equation (G) is clearly of the same form as equation (D), found experimentally, and these 
two equations are identical if A = Kk,/2 and B = Kk,?/2, whence kz = B/A and K = 
2A2/B can be determined (Table 14). 


TABLE 14. 
10°, K 
Acid Solvent (1. mole hr.-) (mole 1.-*) 
BOONE ccencecossocevinatvensoncasesssaseds C,H,Cl 25-87 2-12 
IED hcnsiasaccaccinecantioanssestensenes C,H, 44-19 1-15 
OIE. saciitepatincessssisvicsaes C,H,Cl 19-88 6-70 


The values of K so calculated are about 10° times larger than those quoted in 
the literature.6® The discrepancy may not however be surprising, since, in the 
system studied, there are present reasonable concentrations of polar compounds (N- 
bromoanilide and anisole). The presence of such polar compounds would be expected 
to shift the dimerization equilibrium in favour of the monomer. 

We feel that these results demonstrate clearly that, when the concentration of easily 
brominatable additive is sufficiently high, the reaction between N,2,4,6-tetrabromo- 
acetanilide and carboxylic acid is in fact of second order as is required by the Soper mech- 
anism and that the apparent deviation from simple second-order kinetics is explained by 
the intervention of dimerization of the carboxylic acid. 


We thank Professor J. E. Driver for discussions and encouragement, and Drs. P. B. D de la 
Mare and Y. Pocker for criticisms and suggestions. 
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40. Aspects of Stereochemistry. Part III.* Acidic and Basic Hydro- 
lysis of Some Diol Cyclic Sulphates and Related Compounds. 


By J. S. Brimacomse, A. B. Foster, E. B. Hancock, W. G. OVEREND, 
and M. STACEY. 


The behaviour of the cyclic sulphates of cyclohexane-cis- and -trans-1,2- 
diol on acidic and basic hydrolysis has been examined. From the rates and 
extent of hydrolysis, the nature of the products formed, and the extent of 
incorporation of #80 when the hydrolyses were performed in H,O-H,"*O, a 
qualitative reaction mechanism has been proposed. 


RECENT publications !* have illustrated the fact that, with very few exceptions,! cyclic 
sulphite esters of 1,2- and 1,3-diols are hydrolysed by acids and bases with S-O bond 
cleavage only. More complex reactions occur on hydrolysis of the analogous cyclic 
sulphates # and we now record a qualitative study of the acidic and basic hydrolysis of the 
cyclic sulphates of cyclohexane-cis- and -trans-1,2-diol and of related compounds. 

Diol cyclic sulphates may be synthesised by (1) oxidation of a diol cyclic sulphite with 
calcium permanganate in wet acetic acid,* (2) reaction of silver sulphate with a 1,2- or 
1,3-alkylene dibromide, (3) reaction of a diol with sulphuryl chloride,*’ (4) pyrolysis of 

* Part II, Tetrahedron, 1959, 7, 10. 


+ A preliminary report of a part of this work has been published: Foster, Hancock, and Overend, 
Chem. and Ind., 1956, 1144. 


1 Bunton, de la Mare, Greaseley, Llewellyn, Pratt, and Tillett, J., 1958, 4751. 

Bunton, de la Mare, and Tillett, J., 1958, 4754. 

Bunton, de la Mare, Lennard, Llewellyn, Pearson, Pritchard, and Tillett, J., 1958, 4761. 
Garner and Lucas, J. Amer. Chem. Soc., 1950, 72, 5497. 

Baker, J., 1931, 1765; Baker and Field, J., 1932, 86. 

Price and Berti, J. Amer. Chem. Soc., 1954, 76, 1211. i] 
Lichtenberger and Lichtenberger, Bull. Soc. chim. France, 1948, 15, 1002. 
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the barium salt of a diol sulphate,’ or (5) photochemically induced reactions between 
certain quinones and sulphur dioxide. None of these methods appears to be of completely 
general application; methods (1) and (2) were used in this work. 

Cyclic sulphites of 1,2- and 1,3-diols may be prepared ® by reaction of the diol with 
thionyl chloride in pyridine-methylene chloride. A number of new diol cyclic sulphites 
are shown in Table 1. The infrared spectra of these compounds as liquid films or in KCl 
discs had vmax., Characteristic 1° of S=O stretching, in the range 1203—1210 cm. in agree- 
ment with the observations by de la Mare e¢ al. 

The diol cyclic sulphites were readily oxidised with calcium permanganate in wet acetic 
acid,* although the low yields (20—33%) suggested that some hydrolysis also occurred. 
Attempts to oxidise the diol cyclic sulphites with ozone,” with potassium permanganate 
in acetone,!* and with perbenzoic acid 14 were unsuccessful. All the diol cyclic sulphates 
listed in Table 1 except that from ethane-1,2-diol were obtained by oxidation of their cyclic 
sulphites. A preliminary attempt to prepare a carbohydrate cyclic sulphate by oxidation 4 
of methyl 4,6-O-benzylidene-«-D-glucopyranoside 2,3-cyclic sulphite }* was unsuccessful: 
although oxidation readily occurred, hydrolysis of the cyclic ester moiety could not be 
prevented and methyl 4,6-O-benzylidene-«-p-glucopyranoside was the only isolable 
product. The cyclic sulphates of ethane-1,2-diol and propane-1,3-diol were obtained by 
the action of silver sulphate on the appropriate dibromides; 5 a cyclic sulphate could not be 
obtained from 1,2-dibromopropane. All the diol cyclic sulphates in Table 1 were stable 
crystalline solids whose infrared spectra (KCl discs) showed strong absorptions, charac- 
teristic of the -SO,- group in covalent sulphates, in the ranges 1196—1221 and 1365— 
1401 cm.. Schreiber ?® records absorptions at 1193 and 1187 cm. respectively for 
dimethyl and diethyl sulphate, and Colthup” records strong absorption in the ranges 
1150—1230 and 1350—1440 cm." for covalent sulphates. 

Basic Hydrolyses.—The diol cyclic sulphates listed in Table 1 were hydrolysed at 50° 
as 0-056M-solutions in a water—dioxan mixture (1 : 2, v/v) which was also 0-2N with respect to 
sodium hydroxide. The hydrolyses were followed acidimetrically and the curves obtained 
are shown in Figs. 1 and 2. Certain hydrolyses were carried out in water enriched with 
H,'*O but in these cases the rates were not followed. The '%O-content of the diols formed 
was determined by mass spectrometry of the carbon dioxide obtained from the diols by 
essentially the method of Oita and Conway.'® Table 2 shows the results obtained *; the 
isotope ratio [C160180]/[C!*O,] was determined from the mass peaks 44 and 46. Cyclo- 
hexane-trans-1,2-diol (isotope ratio 11-1 x 10%) obtained by the acidic hydrolysis of 
cyclohexene oxide in H,O-H,!*O was used as a reference labelled diol since the product is 
formed solely by C-O bond cleavage with consequent incorporation of %O. Qualitatively, 
an isotope ratio near to 11-1 x 10° would be expected for a diol if the hydrolysis of the 
precursor cyclic sulphate involved only one C-O bond-cleavage step. 

Although a diol monosulphate could be isolated in only one case (see Table 2), the 
reasonable assumption is made in the following discussion that a diol monosulphate is the 
first product in each case on the hydrolysis of a diol cyclic sulphate. 


* A preliminary report of these results has been published (Brimacombe, Foster, and Stacey, Chem. 
and Ind., 1959, 262). 


® Schenck and Schmidt-Thomée, Annalen, 1953, §84, 199. 

* Majima and Simanuki, Proc. Imp. Acad. (Tokyo), 1926, 2, 545; Carlson and Cretcher, J. Amer. 
Chem. Soc., 1947, 69, 1952. 

© Vogel-Hoégler, Acta Phys. Austriaca, 1948, 1, 328; Barnard, Fabian, and Koch, /J., 1949, 2442. 

" de la Mare, Klyne, Millen, Pritchard, and Watson, J., 1956, 1813. 

® Cf. Barnard, Handbook of I.U.P.A.C, Meeting 1955, p. 74. 

3 Burdon and Tatlow, J]. Appl. Chem., 1958, 8, 293. 

™ Braun, Org. Synth., Coll. Vol. I, p. 431. 

% Honeyman and Morgan, /., 1955, 3660. 

6 Schreiber, Analyt, Chem., 1949, 21, 1168. 

* Colthup, J]. Opt. Soc. Amer., 1950, 40, 397. } 

% Oita and Conway, Analyt. Chem., 1954, 26, 600. 
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The diol cyclic sulphates were, with one exception, rapidly cleaved by alkali to yield 
the diol monosulphates (Figs. 1 and 2); the cyclic sulphate of 2,2-dimethylpropane-1,3-diol 
was relatively resistant towards alkali (Fig. 2), presumably because the gem-dimethy] 
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Fics. 1 and 2. Alkaline hydrolysis of the cyclic sulphates of (A) cyclohexane-trans-1,2-diol, (B) cyclo 
hexane-cis-1,2-diol, (C) ethane-1,2-diol, (D) propane-1,2-diol, and (E) 2,2-dimethylpropane-1,3-diol. 
An uptake of 10-3 ml. of alkali is equivalent to complete hydrolysis. 
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group impedes attack by hydroxide ions. Further hydrolysis of the diol monosulphate 
intermediates derived from the cyclic sulphates of cyclohexane-trans-1,2-diol and ethane- 
1,2-diol occurred although at quite different rates (Figs. 1 and 2) and presumably through 
epoxide intermediates. That the diol monosulphate intermediate in the hydrolysis of 
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cyclohexane-trans-1,2-diol cyclic sulphate had the trans-configuration was shown by the 
fact that authentic cyclohexane-trans-1,2-diol monosulphate was smoothly hydrolysed by 
alkali in H,O-H,'80 to yield cyclohexane-trans-1,2-diol only, with an isotope ratio of 
11:75 x 10°. A similar result would be expected if basic hydrolysis of cyclohexane-trans- 
1,2-diol monosulphate proceeded by C-O bond cleavage in the C-O-SO,~ grouping with 
retention of configuration. However, were this mechanism operative it would be difficult 
to account for the alkali-stability of cyclohexane-cis-1,2-diol monosulphate (see below). 
Thus, the ester ring in cyclohexane-trans-1,2-diol cyclic sulphate is opened by alkali 
predominantly, if not exclusively, with S-O bond cleavage. 

Cyclohexane-trans-1,2-diol monosulphate was obtained by treatment of trans-2- 
benzoyloxycyclohexanol with the pyridine-sulphur trioxide complex” followed by 
catalytic hydrogenolysis *4 of the benzyl group. The ¢rans-configuration of the compound 
was demonstrated when acidic hydrolysis in H,O-H,!8O gave cyclohexane-trans-1,2-diol 
only, with a low isotope ratio (1-5 x 10%) indicative of S-O bond cleavage in the 
hydrolysis. 

The diol monosulphates obtained on basic hydrolysis of the cyclic sulphates of propane- 
1,3-diol and cyclohexane-cis-1,2-diol were markedly resistant towards further hydrolysis 
since epoxide formation is precluded. The cis-monosulphate from the latter was easily 
isolated and its configuration was proved by the formation of cyclohexane-cis-1,2-diol only, 
with a low isotope ratio (0-9 x 10°), on acidic hydrolysis of the diol monosulphate in 
H,O-H,"*O. The cyclohexane-cts-1,2-diol obtained after conversion of cyclohexane-cis- 
1,2-diol cyclic sulphate into the ots-diol monosulphate in H,O-H,180 and acidic hydrolysis 
of the cis-diol monosulphate in normal water, also had a low isotope ratio (1-06 x 10°). 
Thus, in the presence of alkali, the ester ring in cyclohexane-cis-1,2-diol cyclic sulphate 
is cleaved predominantly, if not exclusively, by S-O bond cleavage. Prolonged basic 
hydrolysis of cyclohexane-cis-1,2-diol monosulphate gave traces of a product which was 
not isolated but appeared (on zone electrophoresis) to be cyclohexane-trans-1,2-diol. A 
parallel for this result is provided by Burwell and Holmquist’s ** observation that sodium 
(+)-butan-2-ol sulphate is only slowly hydrolysed by alkali but yields (—)-butan-2-ol. 
The marked difference in behaviour of the cyclohexane-cis- and -trans-1,2-diol mono- 
sulphates on treatment with alkali elegantly illustrates the molecular geometrical require- 
ments for epoxide formation. Percival * has commented on the stability of sodium 
methyl sulphate towards alkali and has emphasised that, unless an anhydro-ring can be 
formed, non-reducing carbohydrate sulphates are only slowly hydrolysed by alkali. 
Garner and Lucas ‘ observed that basic hydrolysis of p-(—)-butane-2,3-diol cyclic sulphate 
gave mainly pi-butane-2,3-diol and suggested the formation of an epoxide intermediate. 

The reaction pattern which results when the cyclohexane-cis- and -trans-1,2-diol cyclic 
sulphates are treated with alkali is shown in Fig. 4. 

Brown and Higson *5 have found that cyclohexane-cis-1,3-diol cyclic phosphate shows 
a remarkable stability towards alkali. Attempts to prepare the analogous cyclic sulphate 
were unsuccessful; the reaction of cyclohexane-cis-1,3-diol with thionyl chloride gave ill- 
defined products. 

Acidic Hydrolyses.—The diol cyclic sulphates were hydrolysed at 50° as 0-056m-solutions 
in water—dioxan (1:2, v/v) which was also 0-2N with respect to sulphuric acid, and the 
curves shown in Fig. 3 were obtained alkalimetrically. Acid hydrolyses were also 
performed in H,O-H,}80, and the isotope ratios of the products are recorded in Table 2. 

From Fig. 3 it may be seen that cyclohexane-cis-1,2-diol cyclic sulphate is hydrolysed 


18 McKusick, J]. Amer. Chem. Soc., 1948, '70, 1976. 

20 Sisler and Audrieth, Inorg. Synth., Vol. II, p. 173. 

*1 Mozingo, Org. Synth., 1946, 26, 77; McCloskey, Adv. Carbohydrate Chem., 1957, 12, 137. 
#2 Burwell and Holmquist, J. Amer. Chem. Soc., 1948, 70, 878. 

*3 Cf. Newth, Quart. Rev., 1959, 18, 30. 

*4 Percival, ibid., 1949, 3, 369. } 

25 Brown and Higson, J., 1957, 2034. 
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somewhat more rapidly than the ¢rans-isomer (¢, hydrolyses 7-5 and 13 hr. respectively), 
Both these cyclic sulphates are attacked by acid much more slowly than they are by alkalj 
(compare Figs. 1 and 3). The cyclic sulphate of 2,2-dimethylpropane-1,3-diol was found 
to be much more resistant to attack by acid than any of its analogues (Fig. 3; compare 
with the behaviour in basic media). The acid catalysis of these reactions was not examined 
in detail. 

From the low isotope ratios (Table 2) of the diols produced by acidic hydrolysis of the 
monosulphates of cyclohexane-cis- and -trans-1,2-diol it is clear that reaction proceeds 
predominantly if not exclusively by S-O bond cleavage so that incorporation of 10 into 
the diols finally produced by hydrolysis of the diol cyclic sulphates can only occur during 
the first stage of the reaction, .e., when the cyclic esters are opened. 

Acidic hydrolysis of cyclohexane-cis-1,2-diol cyclic sulphate gave a mixture of cyclo- 
hexane-cis- and -trans-1,2-diol in which the latter greatly predominated. A satisfactory 
quantitative method for the separation of the twodiols on a macro-scale was not encountered 


Fic. 4. Reaction pattern of the cyclic —_—— of cyclohexane-cis- and -trans-1,2-diol on treatment 
with alkali. 
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(see p. 209). The diols could be separated on a micro-scale by zone electrophoresis (iono- 
phoresis) on paper, with a borate buffer and the enclosed strip technique; ** the M, 
values ” were respectively 0-07—0-09 and 0-00 for the cis- and the trans-diol. Visual 
inspection of the pherograms * indicated that +~10% of the cis-diol in the above mixture. 
Infrared spectroscopy confirmed the identity of the components and their approximate 
proportion in the mixture. The high isotope ratio (9-14 x 10%) of the diol mixture and 
the formation of the ¢rans-diol as the predominant product indicated that, in the initial 
stage of the hydrolysis of cyclohexane-cis-1,2-diol cyclic sulphate, the ester ring opened 
by C-O bond cleavage with inversion of configuration. The trace of cis-diol could have 
resulted from initial C-O bond cleavage with retention of configuration, or by S-O bond 
cleavage: the available evidence does not permit a distinction. 

Acidic hydrolysis of cyclohexane-trans-1,2-diol cyclic sulphate also gave a mixture of 
cyclohexane-cis- and -trans-1,2-diol in which the latter apparently slightly predominated 
(zone electrophoresis and infrared spectroscopy). The high isotope ratio (10-66 x 10°) 
for the diol mixture indicated that both components were labelled and that the initial 
reaction of the diol cyclic sulphate involved C—O bond cleavage with both inversion and 
retention of configuration, the latter process being slightly predominant. It is of interest 
that Garner and Lucas * observed that acidic hydrolysis of D-(—)-butane-2,3-diol cyclic 
sulphate yielded meso-butane-2,3-diol, 7.e., reaction had occurred by C-O bond cleavage 
with inversion of configuration. The conformational flexibility of cyclohexane-cis-1,2-diol 
cyclic sulphate and of cyclohexane-cis- and -trans-1,2-diol complicates discussion of the 
possible steric control in the acidic hydrolysis of cyclohexane-cis- and -trans-1,2-diol cyclic 
sulphate. It is hoped that the study, now in progress, of the acid-hydrolytic behaviour of 
the cyclic sulphates of decalin-2«,3«- and -2«,38-diol, in which conformational flexibility is 
eliminated, will throw more light on the mechanism of these reactions in general. 


26 Foster, Chem. and Ind., 1952, 1050. 
27 Foster, J. Chem. Soc., 1953, 982. 
28 Biicher, Matzelt, and Pette, Klin. Wochenschr., 1952, 30, 325. 
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The reaction pattern of the acidic hydrolysis of the cyclic sulphates of cyclohexane-cis- 
and -trans-1,2-diol is shown in Fig. 5. 

Sequential application of basic and acidic hydrolysis to dextran sulphate *® yields 
mannose and other hexoses in addition to glucose; acidic hydrolysis of dextran sulphate 
yields D-glucose only. Overend and Ricketts * have accounted for the formation of 


Fic. 5. Reaction pattern of the cyclic sulphates of cyclohexane-cis- and -trans-1,2-diol on treatment with 
acid. The cis-diol formed from the cis-cyclic sulphate is the minor product and could also have arisen 
by S—O bond cleavage in the first stage. 
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mannose by an epoxide-migration mechanism. An alternative explanation might involve 
the conversion by alkali of a glucose 2,3-disulphate unit in the polysaccharide chain into a 
mannose 2,3-cyclic sulphate unit which would be expected to react further with alkali to 
yield a mannose 2(or 3)-monosulphate unit and finally mannose on acidic hydrolysis. 
However, such a mechanism seems unlikely since sequential application of basic and acidic 


hydrolysis to the disulphates of cyclohexane-cis- and -trans-1,2-diol did not cause any 
inversion of configuration. 


EXPERIMENTAL 


Preparation and Characterisation of Diols—The cis- and the trans-forms of cyclopentane-, 
cyclohexane-, and cycloheptane-1,2-diol were prepared by methods previously described.*! 
Ethane-1,2-diol (b. p. 198—200°, n?° 1-4270) and propane-1,3-diol (b. p. 130—135°/20—25 mm., 
n*® 1-4398) were commercial samples purified. by fractional distillation. 2,2-Dimethylpropane- 
1,3-diol (neopentyl glycol) was a gift from Imperial Chemical Industries Limited and had 
m. p. 127° after recrystallisation from benzene; it readily afforded a dibenzoate m. p. 48—49° 
(from aqueous ethanol) (Found: C, 72-8; H, 6-4. C,H. O, requires C, 73-1; H, 6-4%), a 
ditoluene-p-sulphonate, m. p. 119—121° (from ethanol) (Found: C, 55-3; H, 5-9. Cy, gH,,O,S, 
requires C, 55-3; H, 5-8%), and a ditrityl ether, m. p. 168—170° (Found: C, 87-5; H, 6-7 
Cy3H gO. requires C, 87-7; H, 6-8%). 

Preparation of Cyclic Sulphites..—To a solution of cyclohexane-trans-1,2-diol (11-6 g.) and 
dry pyridine (19 ml.) in methylene chloride (200 ml.) was added, during 2 hr., with stirring and 
cooling (0°), a solution of thionyl chloride (7-2 ml.) in methylene chloride (50 ml.). The 
precipitated pyridine hydrochloride was removed and the filtrate was washed successively 
with 0-01N-hydrochloric acid, aqueous sodium hydrogen carbonate, and water. After drying 
(MgSO,), the solvent was evaporated under reduced pressure and the residue distilled to yield 
cyclohexane-trans-1,2-diol cyclic sulphite (72%), b. p. 72—75°/0-1 mm., n?! 1-4845. Price and 
Berti*® give b. p. 94—96°/2 mm., n° 1-4817. By essentially the above method, the cyclic 
sulphites listed in Table 1 were obtained. 

Preparation of Cyclic Sulphates.—(a) A filtered solution of calcium permanganate (9 g.) in 
water (9 ml.) was slowly added ‘ to a solution of 2,2-dimethylpropane-1,3-diol cyclic sulphite * 
(5 g.) in glacial acetic acid (25 ml.) with continuous stirring and cooling (0°). The temperature 
was not allowed to exceed 15° and when the reaction was complete (permanent pink colour) the 
mixture was poured into an ice-cold solution of sodium carbonate (50 g.) in water (100 ml.), and 
sufficient sodium metabisulphite ‘was added to decompose the excess of permanganate. The 
mixture was extracted with ether (6 x 100 ml.), and the combined and dried (MgSO,) extracts 

29 Ricketts, J., 1956, 3752. 


30 Overend and Ricketts, Chem. and Ind., 1957, 632. ) 
31 Brimacombe, Foster, Stacey, and Whiffen, Tetrahedron, 1958, 4, 351. 
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were evaporated. Recrystallisation of the residue from ether afforded 2,2-dimethylpropane-1,3- 
diol cyclic sulphate. By essentially the above method the cyclic sulphates of cyclohexane-cis- 
and -tvans-1,2-diol and propane-1,3-diol were obtained from the corresponding cyclic sulphites. 
Analytical and other data on these compounds are recorded in Table 1. When the above 
method was applied to methyl 4,6-O-benzylidene-«-p-glucopyranoside 2,3-cyclic sulphite 4 
(6-5 g.; m. p. 176—177°, [a], -+-114-3° in chloroform), no sulphur-containing organic product 
was detected and methyl 4,6-O-benzylidene-«-p-glucopyranoside (3-34 g.), m. p. 161—162° alone 
or in admixture with the authentic compound, was isolated. 

(b) A mixture > of 1,2-dibromoethane (10 g.) and silver sulphate (20 g.) in boiling xylene 
(10 ml.) was shaken for 15 min. Insoluble material was then removed and the filtrate was 
fractionally distilled under diminished pressure. Addition of light petroleum (b. p. 80—100°) 
to the distillate obtained after removal of the solvent yielded ethane-1,2-diol cyclic sulphate 
(1-3 g.) which recrystallised from this petroleum. Propane-1,3-diol cyclic sulphate was 
similarly prepared from 1,3-dibromopropane. Data on these compounds are recorded in 
Table 1. 

Sodium Cyclohexane-trans-1,2-diol Monosulphate-—A mixture of cyclohexene oxide (11 g.; 
b. p. 129—130°/~760 mm.) and benzyl alcohol (50 ml.) was treated with sodium (0-15 g.), 
heated at 180—200° for 22 hr. and thereafter fractionally distilled. tvans-2-Benzoyloxy- 
cyclohexanol (6-5 g.) was obtained having b. p. 96—97°/0-05 mm., n° 1-5300. McKusick ¥ 
gives b. p. 110—112°/0-3 mm., n** 1-5290. 

trans-2-Benzoyloxycyclohexanol (6 g.) in dry pyridine (150 ml.) was heated with the 
pytidine-sulphur trioxide complex *° (17 g.) at 80° for 2—3 hr. whilst a vigorous stream of 
nitrogen was continuously passed through the mixture. Thereafter the mixture was poured, 
with stirring, into water in which an excess of barium carbonate was suspended. After removal 
of insoluble material the filtrate was concentrated initially (to ~40 ml.) at 35—40° (bath) /15 mm. 
in the presence of a little barium carbonate and finally by freeze-drying. The residue was 
extracted (4 times) with hot ethyl acetate, then dissolved in water and freed from insoluble 
material. Freeze-drying yielded a hygroscopic solid (8-2 g.) which, surprisingly, did not contain 
barium ions and was apparently hydrated trans-2-benzoyloxycyclohexyl sulphate (Found: C, 
53-3, 53-1; H, 6-0, 6-0. C,,H,,0,S,}H,O requires C, 52-9; H, 64%). The infrared spectrum 
(KCI disc) showed vp, at 1190 (S=O) and 1500, 752, and 676 cm. (benzene ring). 

This sulphate (1 g.) in water (50 ml.) was shaken at room temperature under a slight over- 
pressure of hydrogen with palladium hydroxide—barium sulphate * (500 mg.) until 1 mol. of 
hydrogen (ca. 60 ml.) had been absorbed. The catalyst was removed and the filtrate neutralised 
with barium carbonate, filtered, and freeze-dried, to yield barium cyclohexane-trans-1,2-diol 
monosulphate (0-64 g.) as a white powder [Found: C, 27-7; H, 4:5. (C,H,,0,S),.Ba requires 
C, 27-3; H, 4-2%], Vmax, (KCI disc) 1207 cm.~! (S=O). 

Sodium Cyclohexane-cis-1,2-diol Monosulphate.—Cyclohexane-cis-1,2-diol cyclic sulphate 
(0-3 g.) in dioxan-water (1:2 v/v; 10 ml.) was treated with sodium hydroxide (50 mg.) at 50° 
for 3—4 hr. Unchanged sulphate was removed by ether-extraction (2 x 50 ml.), and the 
aqueous solution then freeze-dried. Extraction of the residue with ethyl acetate left sodium 
cyclohexane-cis-1,2-diol monosulphate (0-22 g.) as a white powder (Found: C, 32-8; H, 5-0. 
C,H,,0,SNa requires C, 33-0; H, 5-05%). 

Rates of Hydrolysis of Cyclic Sulphates—(a) In alkali. The sulphate (ca. 100 mg., 
0-56 mmole) in dioxan—water (8 ml.; 1:2 v/v) at 50° was treated with N-sodium hydroxide 
(2 ml.) at the same temperature which was subsequently maintained. Aliquot parts (1 ml.) 
were diluted at suitable times with ice-water (5 ml.) and rapidly titrated with sulphuric acid 
(~0-01N) with Bromothymol Blue as indicator. Blank values were obtained from mixtures 
from which the cyclic sulphate had been omitted. The results are shown in Figs. 1 and 2. 

(b) In acid. A solution of the cyclic sulphate (ca. 100 mg., 0-56 mmole) in dioxan—water 
(8 ml.; 1:2 v/v) at 50° was treated with N-sulphuric acid (2 ml.) at the same temperature 
which was subsequently maintained. Aliquot parts (1 ml.) were diluted at suitable times with 
ice-water (5 ml.) and rapidly titrated with sodium hydroxide (ca. 0-01N) (Bromothymol Blue). 
Blank values were determined as in (a). The results are shown in Fig. 3. 

Hydrolyses in H,O-H,O.—The isotopically enriched water employed in all the hydrolyses 
contained approx. 2—3 atom % of }8O and traces of 170. 

(a) Acidic hydrolyses. (1) Cyclohexene oxide. The oxide (1 g.) was boiled in H,O-H,*O 
(3 ml.) containing 1 drop of concentrated sulphuric acid under reflux for 1-5 hr., thereafter the 
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solution was neutralised with barium carbonate and the H,O-H,18O removed by freeze-drying 
and recovered. (The H,O—-H,"*O was recovered in this way in the subsequent hydrolyses.) 
Water (5 ml.) was added to the residue, insoluble material was removed, and the filtrate freeze- 
dried. Recrystallisation of the residue from ethyl acetate gave 1O-labelled cyclohexane- 
tvans-1,2-diol (0-8 g.), m. p. 102—104°, isotope ratio 11-1 x 10%. This indicates that the 
enriched water contained approx. 2:2 atom % of 180. 

(2) Cyclohexane-trans-1,2-diol cyclic sulphate. A suspension of the cyclic sulphate (0-2 g.) 
in H,O-H,*O (20 ml.) was treated with concentrated sulphuric acid (0-15 ml.) and the mixture 
stored at 50° for 4 days to ensure complete hydrolysis. The solution was neutralised with 
barium carbonate, centrifuged, and freeze-dried. The residue was extracted with hot ethyl 
acetate. Concentration of the extract yielded the product (52 mg.) of isotope ratio 10-66 x 10°. 
This method of diol isolation was employed in the subsequent acid hydrolyses. Analysis of the 
product by zone electrophoresis on Whatman No. 3 paper with the enclosed strip technique ** 
with a borate buffer ** of pH 10 under a potential gradient of 20—30 v/cm. and detection with 
silver nitrate revealed both cyclohexane-cis- and -trvans-1,2-diol, with the latter slightly 
predominating as determined by visual inspection of the pherograms. (Subsequent reference 
to zone electrophoresis implies the use of this method.) The infrared spectrum (KCI disc) 
of the product confirmed the identity and approximate composition of the mixture. 

Attempts to analyse mixtures of cyclohexane-cis- and -trans-1,2-diol quantitatively were 
unsuccessful although it was not difficult to make an approximate qualitative determination by 
the above methods. The small difference in mobilities of the diols (Mg values: 2? trans-diol 
0:00, cis-diol 0-07—0-08) in microscale zone electrophoresis prevented a successful translation 
to a macroscale. The reported ** paper-chromatographic separation of the diols by means of 
the organic phase of water—-xylene-ethyl methy] ketone (1: 1: 1) could be used to demonstrate 
the presence of the diols in a mixture, but since a substantial part of the diol mixture introduced 
on the paper remained at the origin and there was extensive “‘ tailing ’’ of the spots the method 
was not quantitative. Other paper-chromatographic methods * were also unsuitable. Only 
a partial separation of the bis-(4-phenylazobenzoates) of the two diols could be effected ** by 
chromatography on alumina, but no separation ** by paper chromatography by Wickberg’s 
method.*® WVapour-phase chromatography *’ did not separate the bis(trimethylsilyl) ethers of 
the diols. 

(3) Cyclohexane-cis-1,2-diol cyclic sulphate. The procedure was as in (2). Analysis of 
the product (isotope ratio 9-14 x 107%) by- zone electrophoresis and infrared spectroscopy 
showed that it contained predominantly cyclohexane-trans-1,2-diol with a small amount (ca. 
10%, or less) of the cis-isomer. 

(4) Sodium cyclohexane-cis-1,2-diol monosulphate. A solution of the sodium salt (0-16 g.) 
in H,O-H,'*O (10 ml.) was made 2Nn with respect to sulphuric acid by the addition of con- 
centrated acid and then heated at 95—100° for 4—5 hr. The product was isolated in the usual 
way. Cyclohexane-cis-1,2-diol (20 mg.), of isotope ratio 0-9 x 10° (homogeneous by zone 
electrophoresis), was thus obtained. In an analogous experiment with normal water the 
product had m. p. 93—94°. 

(5) Barium cyclohexane-trans-1,2-diol monosulphate. The barium salt (400 mg.) in 
H,O-H,#*O (10 ml.) was treated with concentrated sulphuric acid (0-25 ml.), and the insoluble 
material removed by centrifugation. The supernatant liquid was heated at 95—100° for 2 hr. 
and the product isolated in the usual way. Cyclohexane-trans-1,2-diol (80 mg.), m. p. 100— 
102°, isotope ratio 1-5 x 10°, which appeared homogeneous on zone electrophoresis, was thus 
obtained. 

(6) Barium cyclohexane-cis-1,2-diol disulphate. The barium salt ** (0-5 g.) in H,O-H,%O 
(5 ml.) was treated with sufficient concentrated sulphuric acid (ca. 3 ml.) to make the solution 


32 Foster, Newton-Hearn, and Stacey, J., 1956, 30. 

33 Henbest and Wilson, J., 1957, 1958; cf. Partridge, Nature, 1946, 158, 270; Hough, ibid., 1950, 
165, 400. 

3¢ Angyal, McHugh, and Gilham, J., 1957, 1432; Angyal and McHugh, J., 1957, 3682; Angyal, 
Gilham, and MacDonald, J., 1957, 1417; Posternak, Reymond, and Friedli, Helv. Chim. Acta, 1955, 
38, 205. 

36 Bose and Foster, unpublished results. 

88 Wickberg, Acta Chem. Scand., 1958, 12, 615. j 

87 Hedgley and Overend, unpublished method. 

38 Derx, Rec. Trav. chim., 1922, 41, 313. 
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4n. After centrifugation the solution was heated at 100° for 6 hr. and the product was isolated 
in the usual way. Cyclcohexane-cis-1,2-diol (58 mg.), m. p. 93—94°, isotope ratio 0-44 x 107, 
which appeared homogeneous on zone electrophoresis, was thus obtained. 

(7) Barium cyclohexane-trans-1,2-diol disulphate. By a procedure similar to that detailed 
for the cis-isomer in (6) the barium salt of cyclohexane-trans-1,2-diol disulphate ** yielded 
homogeneous (zone electrophoresis) cyclohexane-trans-1,2-diol (80 mg.), m. p. 102—103°, 
isotope ratio 0-05 x 10°. 

(b) Basic hydrolyses. (1) Cyclohexane-trans-1,2-diol cyclic sulphate. A suspension of the 
cyclic sulphate (105 mg.) in H,O—H,1*O (10 ml.) was heated with sodium hydroxide (80 mg.) at 
50° for 16 hr. A slight excess of concentrated sulphuric acid was added and the solution was 
finally neutralised with barium carbonate. The product was isolated in the usual way. Cyclo- 
hexane-trans-1,2-diol (10-4 mg.), isotope ratio 9-19 x 10%, which appeared homogeneous on 
zone electrophoresis, was obtained. After a parallel hydrolysis by ordinary water the product 
had m. p. 103—104°. 

(2) Cyclohexane-cis-1,2-diol cyclic sulphate. The sulphate (0-3 g.) in H,O-H,"*O (10 ml.) 
was treated with sodium hydroxide (60 mg.) at 50° for 3—4 hr. Unchanged sulphate was 
removed by ether (2 % 30 ml.), and the remaining solution freeze-dried. The residue after 
extraction with hot ethyl acetate was sodium cyclohexane-cis-1,2-diol monosulphate (0-2 g.), 
The cis-diol obtained after acidic hydrolysis of the monosulphate in ordinary water had an 
isotope ratio of 1-06 x 10°. 

(3) Sodium cyclohexane-trans-1,2-diol monosulphate. The barium salt of the monosulphate 
obtained as described above was converted into the sodium salt by passage of its aqueous 
solution through a column of Amberlite IR-120 (Na* form). A solution of the sodium salt 
(100 mg.) in H,O—-H,3*O (10 ml.) was heated with sodium hydroxide (80 mg.) at 50° for 2 days. 
A slight excess of concentrated sulphuric acid was then added and the solution neutralised with 
barium carbonate. The product, isolated in the usual way, was homogeneous (zone electro- 
phoresis) cyclohexane-trans-1,2-diol (21 mg.), m. p. 102—103°, isotope ratio 11-75 x 10°. 

Determination of the Isotope Ratio of the *®O-Labelled Cyclohexane-1,2-diols—The method used 
was essentially that of Oita and Conway !* whereby the diol (10—20 mg.) was pyrolysed over 
platinised carbon at 900°, to yield carbon monoxide which was quantitatively oxygenated by 
iodine pentoxide at 120°. The resultant carbon dioxide was dried, collected, and analysed in 
the mass spectrometer. The isotope abundance of 48O was determined by comparison of the 
mass peaks 44 (C!*O,) and 46 (C#*O!80) and the isotopic ratio is given by [C1*O!*O}[C!*O,]. The 
values obtained are in Table 2. Blank values were obtained by pyrolysing isotopically normal 
samples of cyclohexane-cis- and -trans-1,2-diol. From a series of blank determinations carried 
out at intervals throughout the investigation it became clear that the apparatus had no memory 
of any preceding run. For the purpose of this work it was not essential to obtain a complete 
recovery of the oxygen from the diol as carbon dioxide; however, in typical experiments where 
the carbon dioxide was absorbed and weighed the oxygen values obtained were 26-9 and 26-7% 
respectively for the cis- and the trans-diol (Calc.: 27-6%). 

Bis(trimethylsilyl) Ethers of the Cyclohexane-1,2-diols.—Cyclohexane-tvans-1,2-diol (3 g.) in 
dry pyridine (50 ml.) was treated with trimethylchlorosilane (8-2 g.) overnight at room temper- 
ature. Excess of reagent and solvent were removed under reduced pressure and the residue 
was extracted with ether by decantation. Evaporation of solvent from the extract and distil- 
lation of the residue yielded trans-1,2-bis(trimethylsilyloxy)cyclohexane (5-3 g.), b. p. 84— 
86°/0-3 mm., n*? 1-4328 (Found: C, 55-35; H, 11-0. C,,.H,,0,Si, requires C, 55-4; H, 10-8%). 

In the same way cyclohexane-cis-1,2-diol (2 g.) yielded cis-1,2-bis(trimethylsilyloxy)cyclo- 
hexane (3-9 g.), b. p. 72°/0-5 mm., n*? 1-4338 (Found: C, 55-1; H,11-1%). The infrared spectra 
(liquid films) of these compounds showed vp, near 1259, 841, and 755 cm. characteristic *° of 
the SiMe, grouping and at ca. 1100 cm." characteristic ** of the Si-O-C grouping. 

Di-(p-phenylazobenzoates) of the Cyclohexane-1,2-diols (this experiment was carried out 
by Dr. J. L. Bose).—Cyclohexane-trans-1,2-diol (0-21 g.) was heated with a solution of p-phenyl- 
azobenzoyl chloride (0-95 g.) in dry pyridine (14 ml.) at 95° for 5—6 hr. Water (0-1 ml.) was 
added and the mixture was poured on ice. The precipitate was collected, washed with water, 
dissolved in chloroform, and washed successively with aqueous cadmium chloride (ca. 2%) and 
sodium hydrogen carbonate and water. The dried (MgSO,) solution. was freed from p-phenyl- 
azobenzoic acid by passage through a column of alumina. Evaporation of the eluate and 


%* Bellamy, ‘‘ The Infra-red Spectra of Complex Molecules,’’ Methuen, London, 1958, p. 336. 
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recrystallisation of the residue (1-0 g.) from benzene-light petroleum (b. p. 60—80°) gave 
trans-1,2-di-(p-phenylazobenzoyloxy)cyclohexane, m. p. 184—185° (Found: C, 72-7; H, 5:3. 
CygH»s04N, requires C, 72:2; H, 5-3%). In the same way cis-1,2-di-(p-phenylazobenzoyloxy)- 
cyclohexane, m. p. 162°, was obtained (Found: C, 72-5; H, 5-4%). 


The authors thank Drs. D. H. Whiffen and K. J. Morgan for helpful discussion of the infra- 
red spectra, Dr. J. Majer for performing the mass-spectrometric analyses, and Dr. E. J. Hedgley 
for the vapour-phase chromatographic examination of the trimethylsilyl compounds. 


CHEMISTRY DEPARTMENT, THE UNIVERSITY, 
BIRMINGHAM, 15. (Received, June 23rd, 1959.} 





41. Experimental Studies of Solution Processes. Part IV. Spectro- 
photometry of the System Iodine—Nitromethane—Carbon Tetrachloride. 


By P. A. D. DE MAINE and W. C. AHLERs. 


Measurements of the absorption spectrum between 3500 and 6000 A have 
been used to indicate an equilibrium reaction, I, + MeNO, === Complex, 
whose constant equals 0-123 mole-fraction unit. Between 4900 and 6000 A 
the spectrum remains unchanged with time, but below 4900 A the absorption 
increases slowly. Increased concentrations of nitromethane increase the 
rate of this change. A quantitative interpretation of this is given. 


EVIDENCE for dimers of nitromethane in the pure liquid and in dilute solution is given in 
Part I! and in references therein. Azeotrope formation ? and cryoscopic studies * suggest 
that nitromethane can form complexes with other molecules. Recent work * showed that 
in solution ferric chloride forms a 1 : 1 complex with nitromethane. 

Mulliken ® has explained variations in colour of solutions of iodine in different solvents 
by means of a “ charge-transfer’ hypothesis; and he suggested that in some cases the 
“outer complex’”’ may slowly change to the energetically more stable ionic “ inner 
complex.” 


EXPERIMENTAL 


Carbon tetrachloride and nitromethane were purified as already described.1_ British Drug 
Houses’ resublimed iodine was used. Part I ! contains full details of the preparation of iodine- 
nitromethane-carbon tetrachloride solutions and nitromethane-carbon tetrachloride blanks, 
and a description of the Unicam absorption spectrophotometer. The absorption spectrum of 
each sample was measured from 6000 A to the “ cut-off” near 3500 A for pure nitromethane. 
Optical densities between 0-050 and 0-900 unit were reproducible to better than 1%. 

In all cases iodine—carbon tetrachloride and nitromethane-carbon tetrachloride solutions 
were mixed immediately before the initial spectral measurement was made. The concentration 
ranges studied were 0-547—4:137mm and 0-370—16-660m for iodine and nitromethane 
respectively. 


RESULTS AND DISCUSSION 


(A) Measurements made at the Time of Preparation of the Solution.—The molar extinction 
curve for iodine in nitromethane-carbon tetrachloride changes markedly with the con- 
centration of nitromethane (Fig. 1). At fixed nitromethane concentrations, iodine 
solutions obey Beer’s law. 

Graphical analysis of the spectroscopic data between 3500 and 6000 A by both Ketelaar, 

1 de Maine, de Maine, and Goble, Trans. Faraday Soc., 1957, 58, 427. 

2 “ Azeotropic Data,’”’ Advances in Chemistry Series, published by American Chemical Society, 
1952. 

* Barton, Rothrock, and Kraus, J. Amer. Chem. Soc., 1952, 74, 786. 


4 de Maine and Koubek, J. Inorg. Nuclear Chem., in the press. 
5 Mulliken, J. Phys. Chem., 1952, 56, 801. 
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van de Stolpe, Goudsmit, and Dzcubas’s® and Scott’s? methods showed that for the 
equilibrium MeNO, + I, === Complex, K = 0-123 + 0-030 mole-fraction unit over all] 
wavelengths in this region. The root-mean-square method was used to obtain a “ best 
fit” for our data at 5300, 5400, and 5500 A to the van de Stolpe equation. At these three 
wavelengths the best value for K was 0-126 + 0-040 mole-fraction unit. A typical 





750 
Fic. 1. Molar extinction curves at 18° for iodine in 
pure carbon tetrachloride (©) and in carbon tetra- 
500 chloride-nitromethane. Absorption by the solvent 
w& has been subtracted. 
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van de Stolpe-type plot is in Fig. 2. The minimum nitromethane concentration used in 
these calculations was 3-33M or 0-282 mole-fraction units. 

The low value obtained for K and the value of 34-82 at 25° for the dielectric constant of 
nitromethane ® suggest that the weak complex arises from charge-transfer interaction ® 


Fic. 2. Plots of 10?/(¢, — e) at 18° at various wavelengths. 
4s) fF 
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i @) 2:0 3-0 
/\ (Mole traction of nitromethane) 
€, = measured optical density/total iodine concentration. 


€; = molar extinction coefficient of iodine in pure CCl,. 
A, 4200; B, 4300; C, 4400; D, 4600; E, 5300; F, 5500; G, 5600; H, 5700 A. 


between single iodine molecules, and single or dimer molecules of nitromethane. The 
blue-shift of the visible band (Fig. 1) arises from a contribution of the molecular iodine 
transition (centre near 5160 A in CCl,) modified by the charge-transfer interaction. With 
assumptions that K = 0-123 mole-fraction unit and that the molar extinction coefficient 


* Ketelaar, van de Stolpe, Goudsmit, and Dzcubas, Rec. Trav. chim., 1952, 71, 1104. 
7 Scott, Rec. Trav. chim., 1956, 75, 787. 
8 Lange, “‘ Handbook of Chemistry,”’ 9th edn., Sandusky, Ohio, 1956, p. 1222. 
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for uncomplexed iodine is independent of the solution, the centre for the modified molecular 
jodine transition was calculated to be near 4700 A at 18°. The absorption band for the 
“ outer charge-transfer complex ” 5 would be located towards the short-wavelength side of 
3500 A and would thus be within the nitromethane absorption region. 

(B) Measurements made Later.—Between 3500 and 4900 A the molar extinction curve 
for iodine in nitromethane-carbon tetrachloride increases slowly with increasing time after 
preparation of the solution. There was no measurable change with time at wavelengths 
between 4900 and 6000 A. These effects are illustrated in Fig. 3 for a solution with 
0-282 mole fraction of nitromethane. No change with time occurs in the ultraviolet and 
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visible spectra for iodine-carbon tetrachloride and nitromethane-carbon tetrachloride 
solutions. 

Studies on a series of solutions containing a fixed iodine concentration and variable 
amounts of nitromethane showed that the rate of increase of absorption in the 3500— 
4900 A region rises rapidly with increased nitromethane concentration (Fig. 4). 

Our kinetic data can be explained quantitatively by one of the following mechanisms: 


K k, 
(i) MeNO, + I, === Complex; Complex -+- Complex ——-» Complexg. 
. ky Ky 
(ii) MeNO, + I, = Complex —-» Complex,’ ; Complex -+- Complex,’ === Complexs. 


For both mechanisms, K == 0-123 mole-fraction unit; ‘“‘ complex’ 


“e 


is the charge-transfer 

outer’ complex; complex,, complex,’, and complex, are other weak complexes. 

Complex,’ could be the “ inner ” charge-transfer complex postulated by Mulliken.® 
Scheme (i) can be described by the equation 


1/AD, = 2/rCaec, + 2/kyr*C tec, 


where AD, is the increase in absorption during “¢” hours; ec, is the molar extinction 
coefficient for complex,; C, is the initial concentration of iodine; and 


r = K[MeNO,]/(1 + K[MeNO,)); 


[MeNO,] is the concentration of nitromethane as monomer. Scheme (ii) gives a 
similar equation. According to the equation, a plot of 1/AD, against “ 1/é”’ will be linear 
with a positive intercept equal to 2/rC,yec,. Fig. 5 shows these linear plots made with our 
experimental values. The positive intercepts multiplied by rC, were approximately 
constant at each wavelength. 

The experimental values also eliminated two possible mechanisms, (iii) and (iv). In 
mechanism (iii) it is assumed ‘that the nitromethane contains a small, undetected amount 
of impurity and that one mole of impurity reacts with two moles of iodine to yield a 
product which absorbs between 3500 and 4900 A. The equation would be 


1/AD, = 2/Cyec, + 2/k,{Impurity]C,*teo, 





214 Experimental Studies of Solution Processes. Part IV. 


Fic. 4. Optical densities at 18° at various times and concentrations of nitromethane. 
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Iodine concn.: 1-436 mm throughout. Mole fraction of nitromethane: I, 0-0351; II, 0-0523; III, 
0-1184; IV, 0-282; V, 0-500; VI, 0-641. 


Times: A, 0-0; B, 12-0; C, 14:0; D, 14:1; E, 21-0; F, 21-9; G, 36-0; H, 36-4 hr. 


Fic. 5. Plots of 1/AD, against 1/t, where AD, is the increase in absorption at t hours, at 18° and 
concentrations as for Fig. 3. 











A 
15-0} 
al 8 
S 10-0} Co abit 
$0} 
———— 
0-0 1 . 





1 i 1 1 L 
0-O0/ 0-02 0-03 0:04 0-05 0:06 0-07 
Ut 
A, 4500; B, 4400; C, 4300; D, 4200; E, 4000; F, 3800 A. 








» Se. 





(1960) Foster and Hickinbotiom. 215 


Again a linear relationship between 1/AD, and 1/¢ is predicted; however, the intercept 
should be independent of the impurity concentration, and thus independent of nitro- 
methane concentration. That this prediction is not fulfilled is illustrated by solutions 
containing 0-282 and 0-500 mole-fraction units of nitromethane whose positive intercepts 
gave a ratio of 1-78 : 1-00 at most wavelengths. Mechanism (IV) is 


K K, 
MeNO, + I, === Outer complex ——» Inner complex followed by: 


Ky 

Inner complex + I, == MeNO,I*.. . 1,7 
Work by Awtrey and Connick ® with KI,~ in aqueous systems suggests that K, would be 
large and that the MeNO, I* . . . I;~ complex would absorb in the 3500—4900 A region. 
As I,~ has ¢ 26,000 near 3530 A in water, very minute quantities would produce a large 
spectral increase below 4900 A, yet leave the longer-wavelength spectrum of I, unchanged 
in intensity. However, this system does not predict a linear relation between 1/AD, and 
1/t, and our data do not fit equations which describe mechanism (iv). 


We thank Dr. A. G. Maddock (Cambridge) for his interest and encouragement. W.C. A. is 
indebted to the C.S.I.R. of South Africa for a research grant. 
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® Awtrey and Connick, J. Amer. Chem. Soc., 1951, 78, 1842. 





42. The Synthesis and Reactions of Branched-chain Hydrocarbons. 
Part XII.* The Oxidation of 2,3-Dimethylbutane and Some Other 
Hydrocarbons by Chromium(v1) Oxide.t 


By G. Foster and W. J. HICKINBOTTOM. 


2,3-Dimethylbutane with chromium(v!1) oxide in acetic anhydride gives 
acetone, 3-methylbutan-2-one, and 2,3-dimethylbutanoic and 2,3-dimethyl- 
butenoic acid. The latter acid is not derived from the former directly 
by oxidation. Methylcyclohexane afforded cyclohexanone, 2-methylcyclo- 
hexanone, 1l-methylcyclohexanol, 6-oxoheptanoic and adipic acid and un- 
identified ketones. 3,3-Dimethylbutan-2-one is produced from 2,2-dimethyl- 
butane. Neopentane and hexamethylethane are almost unaffected. 2,3- 
Dimethyl-2,3-diphenylbutane is oxidised very slowly to acetophenone. 


It was shown earlier! that oxidation of 2,2,4-trimethylpentane and of 2,2,4,6,6-penta- 
methylheptane by chromium(vI) oxide in acetic anhydride gave substantially the same 
products as did oxidation of the corresponding olefins, 2,2,4-trimethylpent-l-ene and 
dineopentylethylene, by chromic acid in aqueous sulphuric acid. This suggested that an 
intermediate stage involves dehydrogenation to the olefin, which finds support in observ- 
ations by Roéek ? and Sager e¢ al.3 that oxidation of methylcyclohexane and 3-ethyl- 
pentane by chromic acid and aqueous sulphuric acid proceeds by way of the tertiary 
alcohol to olefin. 

In the work described in this paper we examined qualitatively the oxidation of some 
hydrocarbons by chromic oxide in acetic anhydride; these conditions do not permit 


* Part XI, J., 1957, 1998. + This paper was presented at a Symposium on Oxidation held at Queen 
Mary College on April 13th and 14th, 1959. 


1 Archer and Hickinbottom, J., 1954, 4197. 
2 Roéek, Chem. Listy, 1957, 51, 1838. } 
% Sager and Bradley, J. Amer. Chem. Soc., 1956, 78, 1187; Sager, ibid., p. 1838. 
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formation of alcohols as intermediate products, and cannot be considered as the cause 
for any dehydrogenation observed. 

Neopentane and hexamethylethane, which cannot be dehydrogenated to olefins 
without rearrangement, are almost indifferent to chromium(v1) oxide in acetic anhydride or 
acetic acid; the greater part of the hydrocarbon was recovered even after several weeks, 
However, hydrocarbons whose structures permit dehydrogenation to olefin are oxidised 
at a measurable rate. Of these, 2,3-dimethylbutane is of special interest in that the 
oxidation products of two olefins related to it are known. 

From 2,3-dimethylbutane oxidation with chromium(v!) oxide in acetic anhydride gave 
acetone and 3-methylbutan-2-one as fission products, together with 2,3-dimethylbutanoic 
and 2,3-dimethylbut-2-enoic acid. This unsaturated acid might conceivably arise from 
2,3-dimethylbutanoic acid by attack at the tertiary carbon atom and subsequent elimin- 


Hydrocarbon Oxidant Products 
Me,CH-CHMe, CrO,-Ac,O Me,C:CMe-CO,H; Me,CO 
Me,CH-CHMe’CO,H; Me,CH-CO,H 

f CrO,-Ac,O Me,CH-CMe—CH,; Me,CH-COMe 
Me,CH-CMe:CH, 1 Me,C:CMe-CHO 

| H,SO,-H,CrO, Me,CH-COMe; Me,CH-CHMe-CO,H 

f CrO,-Ac,O Me,C——CMe,; Me,C:CMe-CHO 
Me,C:CMe, \_o—! 

H,SO,-H,CrO, Me,C-COMe; Me,CO 


ation. This was excluded when we found that 2,3-dimethylbutanoic acid with chromic(v1) 
oxide in acetic acid and acetic anhydride gave only fission products (acetone, 3-methyl- 
butan-2-one and isobutyric acid). The annexed Table shows the oxidation products of 
2,3-dimethylbutane and of the two related olefins. Apart from the formation of epoxide 
from each olefin in acetic anhydride, there are some significant coincidences which, 
however, will be discussed in the light of other results to be presented later. 

Oxidation of methylcyclohexane in acetic anhydride-acetic acid afforded cyclo- 
hexanone, 2-methylcyclohexanone, and adipic and 6-oxoheptanoic acid (there is also good 
presumptive evidence that other methylcyclohexanones were present although the methods 
available did not permit us to establish their identity or proportions). It seems then that 
oxidation of methylcyclohexane is not confined exclusively to attack at the tertiary carbon 
atom, which is the view now generally accepted.**5 Some analogous examples are 
reported by Fieser and Szmuskovicz® in the oxidation of some 2-acetyl-3-alkyl- and 
2-acetyl-3-cyclohexyl-naphthaquinone, but it is possible here that the naphthaquinone 
residue deactivates the adjacent tertiary >C linkage to favour attack elsewhere. 


EXPERIMENTAL 


Oxidation of Saturated Hydrocarbons.—The following general procedure was used: a solution 
of chromium(vi) oxide in acetic anhydride containing some acetic acid was added gradually and 
regularly to the hydrocarbon diluted with acetic anhydride or acetic acid, with stirring and 
temperature-control, under nitrogen. Light was excluded by covering the reaction vessel 
with tinfoil except in those oxidations which were complete within a few hours. The volatile 
products (A) were distilled out at 20° under reduced pressure into cold traps until acetic acid 
began to distill in quantity. The residual solution was diluted with ice-water and extracted 
exhaustively with ether. From this extract, acetic acid and acid products (B) were removed 
by sodium carbonate solution. The residual ether solution (C), containing only neutral 
products, was dried and distilled through an efficient column. 

The aqueous solution of chromium salts remaining after ether-extraction was distilled to 

* (a) Hickinbottom, Hogg, Peters, and Wood, J., 1954, 4400; (b) Hickinbottom, Peters, and Wood, 


J., 1955, 1360. 
5 Fieser and Szmuskovicz, J. Amer. Chem. Soc., 1948, 70, 3352. 
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remove any other volatile compounds: the remaining solution was then extracted continuously 
with ethyl acetate in order to isolate any acids not previously removed by ether. In no 
oxidation did this procedure give any indication of the presence of succinic acid (cf. Slack and 
Waters °). 

(a) 2,3-Dimethylbutane. A pure commercial sample (Phillips, “‘ Pure grade, 99-5% pure ”’) 
was distilled from sodium and freed from possible unsaturated impurities by passage through 
a column of activated silica. Before use, it was again distilled from sodium; it had b. p. 
58°, m,*° 1-3748—1-3749. 

To 2,3-dimethylbutane (400 g.) in acetic anhydride (600 c.c.) at 5° was added chromium(v1) 
oxide (120 g.) in acetic anhydride (500 c.c.) during 6 hr. and oxidation completed at room 
temperature in 56 hr. The neutral and volatile products were resolved into 2,3-dimethyl- 
butane (250 g.; b. p. 50°, ,*° 1-3740—1-3750), acetone (22-5 g.; 2,4-dinitrophenylhydrazone, 
m. p. and mixed m. p. 125—-126°), 3-methylbutan-2-one (2-1 g.; 2,4-dinitrophenylhydrazone, 
m. p. and mixed m. p., 120—121°), and some higher-boiling material. Examination of the 
fractions of b. p. 100—130° failed to reveal t-butyl methyl ketone. From a fraction of b. p. 
130—145°, a 2,4-dinitrophenylhydrazone, m. p. 145—155°, was obtained but it could not be 
completely freed from impurities. The fraction from which it was isolated was aldehydic 
and unsaturated: the b. p. and the colour of its dinitrophenylhydrazone suggest that 2,3-di- 
methylbut-2-enal was present (Prevost 7 gives b. p. 146°/760 mm.) but the m. p. of the 2,4-di- 
nitrophenylhydrazone reported by Hickinbottom et al.** is 195°. From the neutral material 
of b. p. 76—128°/25 mm. some carbonylic material was isolated by using Girard T reagent 
(semicarbazone, m. p. 247—249°) to leave a neutral solid (0-2 g.) which after distillation, 
sublimation, and recrystallisation from light petroleum melted at 177—178° (Found: C, 58-6; 
H, 8-2%). The acid products were concentrated into fractions of b. p. 160—187° (1-75 g.). 
A solid, deposited on cooling, was collected and added to the residue in the distillation flask, 
which had also crystallised; crystallisation from light petroleum (b. p. 40—60°) gave the pure 
acid, m. p. 70—70-5° (Found: C, 62-9; H, 8-8. Calc. for C,H,.0O,: C, 63-2; H, 8-8%), 
identified as 2,3-dimethylbut-2-enoic acid by comparison with a genuine sample and by its 
dibromide, m. p. and mixed m. p. 188—189°. The liquid portions from the crystallisation 
of 2,3-dimethylbut-2-enoic acid were chilled to —15° to remove as much as possible of the 
solid acid. From the remaining liquid portions 2,3-dimethylbutanoic acid was isolated as 
4-phenylphenacyl ester, m. p. and mixed m. p. 71—72° (Found: C, 77-5; H, 7-1. Calc. for 
CopH,203: C, 77-4; H, 7-1%). ; 

(b) 2,2-Dimethylbutane. This hydrocarbon was prepared in 11% yield by reaction of methyl- 
magnesium bromide with t-pentyl chloride in dibutyl ether at 50°, and purified by fractionation 
after being washed with concentrated sulphuric acid. It had b. p. 49—49-5°, n,,* 1-3690 
(Whitmore ef al.* give b. p. 49-5°, ,,® 1-3688). The paraffin (50 g.) in glacial acetic acid 
(50 c.c.) was oxidised at 7° by chromic(v1) oxide (20 g.) in acetic acid (50 c.c.) and acetic 
anhydride (20 c.c.), added in 4 hr. When the mixture was kept overnight a black tar (A) 
separated (49 g.). From the soluble portion of the reaction mixture, 2,2-dimethylbutane 
(7-5 g.; b. p. 48—49°, n,”° 1-3687) and 2,2-dimethylbutan-3-one (3-6 g.; b. p. 101—103°, n,,° 
13982; 2,4-dinitrophenylhydrazone, m. p. and mixed m. p. 125°) were obtained. The tar 
(A) dissolved slowly in water, to give a dark green solution which liberated iodine from potassium 
iodide. It afforded 2,2-dimethylbutane (13-5 g.; b. p. 48—49°, nm,” 1-3691) and 2,2-dimethyl- 
butan-3-one (1 g.; 2,4-dinitrophenylhydrazone, m. p. and mixed m. p. 125°). 

(c) Neopentane. The hydrocarbon (175 g.) was kept with chromium(v1) oxide (100 g.) in 
acetic acid (175 c.c.) and acetic anhydride (100 c.c.) for 5 weeks. Then 155 g. of neopentane 
were distilled off. The remaining solution gave a trace of acetone (2,4-dinitrophenylhydrazone, 
m. p. and mixed m. p. 126—127°) and a tar. 

(d) 2,2,3,3-Tetramethylbutane. This was prepared by reaction of t-butylmagnesium chloride 
with a mixture of t-butyl chloride and bromide in ether containing suspended cuprous bromide 
and had m. p. 102° (sealed tube) ® (Found: C, 84-55; H, 15-3. Calc. for CgH,g: C, 84-25; 
H, 15-75%). This hydrocarbon is not attacked appreciably by chromic(v1) oxide in acetic acid 
at room temperature. : 


® Slack and Waters, J., 1948, 1666. 

7 Prevost, Bull. Soc. chim. France, 1944, 11, 218. 

8 Whitmore, Bernstein, and Mixon, J. Amer. Chem. Soc., 1938, 60, 2539. } 
® Calingaert, ibid., 1944, 66, 1394. 
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(e) 2,3-Dimethyl-2,3-diphenylbutane. A solution of the hydrocarbon (24 g.; prepared by 
the dimerisation of isopropylbenzene 7°) in acetic acid (1 1.) was kept with chromium(v1) oxide 
(4g.) in acetic anhydride (110 c.c.) for a week: there still remained some unreduced chromium(v1) 
oxide. From the mixture were isolated unchanged hydrocarbon (20 g.; b. p. 170—171°/14 
mm.) and acetophenone (1-4 g.; b. p. 100—125°/20 mm.; 2,4-dinitrophenylhydrazone, m. p. 
and mixed m. p. 235—236°). 

(f) Methylcyclohexane. A ‘‘ pure” commercial sample, distilled from sodium, passed 
through silica gel and redistilled from sodium immediately before use, had b. p. 100°, n,% 
1-4234. Methylcyclohexane (360 g.) in acetic acid (750 c.c.) was oxidised by chromium(v1) oxide 
(75 g.) in acetic anhydride (200 c.c.) for 5 hr. at <20°. Next morning the mixture was poured 
into 24 1. of ice-water. The neutral products amounted to 17 c.c. after removal of un- 
changed methylcyclohexane, and were cyclohexanone [6-4 c.c.; b. p. 154—155-5°, m,,?° 1-4575; 
2,4-dinitrophenylhydrazone, m. p. and mixed m. p. 159—160° (Found: C, 52-2; H, 5-4; 
N, 20-1. Calc. for C,,H,,O,N,: C, 51-8; H, 5-1; N, 20-2%)], and 2-methylcyclohexanone 
[0-3 g.; b. p. 111°/163 mm., m,,”° 1-4548; 2,4-dinitrophenylhydrazone, m. p. and mixed m. p. 
136—137° (Found: C, 53-3; H, 5-2; N, 19-3. Calc. for C,,H,,O,N,: C, 53-4; H, 5-5; N, 
19-4%)]. The refractive indexes of cyclohexanone and 2-methylcyclohexanone were much 
higher than those of the pure compounds. When the ketonic components of these fractions 
were removed by treatment with Girard T reagent, methylcyclohexanol was left (0-7 g.; b. p. 
153—157°, m. p. and mixed m. p. 25—25-5°) (Found: C, 73-2; H, 12-6. Calc. for C,H,,0: 
C, 73-6; H, 12.4%). The higher-boiling fractions were carbonylic but none afforded a pure 
product. From material of b. p. 90—129°, n,,?° 1-4590—1-4900 (0-8 g.), fractions were obtained 
which gave tests for aldehydes and were unsaturated, but no pure compound was isolated. 
From the acid products a semi-solid product, b. p. 178—181°/23 mm. (1-5 g.), was obtained, 
which was identified as 6-oxoheptanoic acid by its semicarbazone, m. p. 144—145° (Found: 
C, 47-2; H, 7-5. C,H,,0O,N; requires C, 47-7; H, 7-5%), and by oxidation by hypoiodite to 
adipic acid, m. p. and mixed m. p. 150—151°. The aqueous solutions from the oxidation were 
extracted continuously with ethyl acetate; adipic acid, m. p. and mixed m. p. 149—150°, was 
obtained. 

Oxidation of 2,3-Dimethylbutanoic Acid.—The acid (41 g.; b. p. 97—98°/23 mm., n,” 
1-4140) in acetic acid (180 c.c.) was stirred while chromium(v1) oxide (9 g.) in acetic acid (20c.c.) 
and acetic anhydride (50 c.c.) was added slowly. There was mild evolution of heat. Reaction 
was complete overnight. Acetone and 3-methylbutan-2-one were the neutral products, 
recognised by comparison of their 2,4-dinitrophenylhydrazones with authentic specimens. 
The acid components were separated by distillation into isobutyric acid [0-7 g.; b. p. 154—163°, 
n,,*° 1-3875; 4-phenylphenacy]l ester, m. p. and mixed m. p. 88—89° (Found: C, 76-0; H, 6:3. 
C,,H,,0, requires C, 76-4; H, 6-4%)], and unchanged 2,3-dimethylbutanoic acid [22 g.; b. p. 
189—190°; and 3-3 g. of less pure acid (4-phenylphenacyl ester, m. p. and mixed m. p. 71— 
71-5°)].. There was no evidence of the presence of any unsaturated acid. 


The authors thank the Hydrocarbons Research Group of the Institute of Petroleum for 
support. They are also indebted to Phillips Petroleum Company, Bartlesville, for a generous 
gift of pure hydrocarbons. 
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Lonpon, E.1. (Received, August 24th, 1959.] 


10 Ansell, Holton, and Hickinbottom, J., 1955, 349. 
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43. ‘The Electronic Spectra of N-Heteroaromatic Systems. Part VI.* 
The «—»7 Transitions of Monocyclic Amino- and Mercapto- 


azines. 
By S. F. Mason. 


The ultraviolet absorption spectra of the amino-, cationic, and imino- 
forms of some monocyclic aminoazines have been measured in aqueous 
solution, and the spectra of the amines and the imines have been obtained 
in non-polar solvents. The results and spectroscopic data for the various 
ionic species of monocyclic mercaptoazines are discussed in relation to a 
benzyl anion and a substituted benzene charge-transfer model for these com- 
pounds. The benzyl anion model is found to be the more consistent with 
experiment. 


RECENTLY the electronic spectra of the four ionic species of monocyclic N-heteroaromatic 
hydroxy-compounds have been interpreted in terms of a perturbed benzyl anion model, 
and an alternative charge-transfer model has been put forward to account for the neutral 
and cationic forms of N-heteroaromatic amines. In order to examine the scope of applic- 
ation of these models, the electronic spectra of the three accessible ionic species of the 
monocyclic N-heteroaromatic amines, namely, the neutral amine (e.g., I), the cation 
(e.g., II), and the imine (e.g., I[Ia) or zwitterion form (¢.g., IIIb), have been measured in 


NH, | NH, NH NH 
Z 2 Za 
N | N+ | | | Xt | 

N N N N 

H H H 

(I) (II) (III a} (IIIb) 


aqueous solution, and the spectra of the amine and the imine forms have been obtained in 
less polar solvents. The results are recorded in Tables 1 and 2 and in the Figures. Fora 
further examination of the theoretical models, the spectra ** of the four ionic species of 
the monocyclic N-heteroaromatic mercapto-compounds, namely, the neutral mercapto- 
(e.g., IV), the cation (e.g., V), the anion (e.g., VI), and the thione (e.g., VIIa) or zwitterion 
form (e.g., VIIb), are given in Table 3. 


SH SH $ S Ss ° 
ae oS a a 
I Cd Cd od CO 
N N N N N 

H 7 H 
(IV) (V) (V1) (Vila) (VIIb) 


Two generalisations emerge from the spectroscopic data for the pyridine derivatives 
(ref. 1, Tables 1 and 3). First, the long-wave absorption bands in the spectra of the 
various charged species of a given pyridine amine or hydroxy- or mercapto-compound lie 
at wavelengths in the order, zwitterion > anion > cation > neutral form, provided that 
bands of similar intensity are compared. In the spectrum of 4-aminopyridine a low- 
intensity shoulder appears on the long-wave side of the main high-intensity band, which is 
comparable in intensity to the single measurable absorption band of the cation and the 
imine form, the high-intensity bands following the general sequence given above (Table 1, 


Part V, J., 1959, 1269. 


* 

1 Mason, J., 1959, 1253. 

2 Murrell, J., 1959, 296. 

% Albert and Barlin, J., 1959, 2384. } 
* Marshall and Walker, J., 1951, 1004; Boarland and McOmie, J., 1952, 3716. 
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Fig. 2). Secondly, for a particular species of a given pyridine derivative the long-waye 
absorption bands lie at wavelengths dependent upon the position of substitution, in the 
order, 3- > 2- > 4-pyridine. The first generalisation is explained by both of the 
theoretical models, but the second is not compatible with the charge-transfer model. 

In the benzyl anion model, it is assumed 4 that the lone-pair electrons of the amino., 
hydroxy-, or mercapto-group are delocalised over the pyridine nucleus in the ground state, 
entering a x-orbital which corresponds to the non-bonding molecular orbital of the benzy| 
anion. Being loosely held, one of the delocalised lone-pair electrons is readily promoted 
on the absorption of light to an unoccupied x-orbital, which may be treated as an un- 
occupied orbital of the benzyl anion perturbed by hetero-substitution at the exocyclic 
position and in the nucleus. The one-electron charge distributions in the non-bonding 
molecular orbital (#,) and the two lowest unoccupied z-orbitals (Yj; and pq) are given 
in (VIII), (IX), and (X) respectively, the energies of these orbitals being 0, 8, and 1-268 


0-571 9 0-158 0 
0-25 0-333 
0+143 0-143 0°25 0-25 0-013 0-013 0-083 0-083 
0-25 0-25 0-118 O-118 0-083 0-083 
0-143 0-315 0-333 
(VID) (IX) (X) (XI) 


respectively, where 8 is the carbon-carbon resonance integral. In the charge-transfer 
model, it is assumed ? that the lone-pair electrons of the exocyclic group are not appreciably 
delocalised over the nucleus in the ground state, and that on the absorption of light one of 
these electrons is transferred to a benzene-like orbital (%; or Ym) confined to the nucleus. 
The orbital #7 has the one-electron charge distribution (XI), and like the orbital y; it has 
an energy 6. 

For a given substituent in a particular ionic form the energy of the lone-pair electrons 
in the ground state is independent of the position of substitution in the pyridine nucleus 
according to the charge-transfer model. In the first excited state the energy of the promoted 


TABLE 1. The electronic absorption spectra in aqueous solution of the amine (A), cation (C), 
and imine (I) forms of some monocyclic N-heteroaromatic amines. Values in ttalics refer 
to shoulders. 


Compound pKa Solvent Species Amax. (my) € 
2-Aminopyridine ..............ss0006+ 6-86° pH 9-5 A 287; 229 3800; 9400 
pH 1 Cc 300; 229 5700; 8900 
1-methochloride .................. 12-2¢ pH 14 I 317; 251 4100; 11,700 
3-Aminopyridine .............0.0s000. 598° pH 9 A 288; 231 3000; 8200 
pH 1 Cc 315; 250 3600; 7600 
4-Aminopyridine .............ssss00+ 9-17° pH 12 A 265; 241 2400; 14,000 
pH 1 Cc 263 16,500 
1-methochloride ................+. 12-54 pH 14 I 268 16,500 
2-Aminopyrimidine® .............+. 3-54 pH 7 A 292; 224 3200; 13,000 
pH 1 Cc 302; 221 4000; 14,800 
1-methochloride* ............... 10-75 pH 13 I 345; 236 2900; 15,500 
4-Aminopyrimidine® ............... 5-71 pH 13 A 268; 233 5200; 18,200 
pH 0 Cc 246 18,600 
l-methochloride* .............+. 12-22 pH 13 I 315; 253 620; 16,200 
5-Aminopyrimidine? ............... 2-60 pH 7 A 298; 236 3100; 11,000 
pH 1 Cc 332; 253 3700; 14,400 
3-Amino-6-methylpyridazine ... 5-32 + 0-05 pH 8 A 295; 231 2070; 8800 
pH 1 Cc 293; 228 2850; 5600 
2-methochloride ................. 11-8 + 0-2 pH 14 I 326; 244 1700; 7800 
4-Aminopyridazine ..............++6+ 6-69 ¢ pH 9 A 280; 249 3700; 11,800 
pH 3 Cc 272 13,100 
2-Aminopyrazine ...........c.ceeeeses 3-14° pH 7 A 316; 230 4960; 10,500 
pH 1 Cc 326; 229 5800; 10,700 


* Brown, Hoerger, and Mason, J., 1955, 4035. ° Whittaker, J., 1951, 1565. ¢* Albert, Goldacre, 
and Phillips, J., 1948, 2240. ¢ Angyal and Angyal, /J., 1952, 1461. * Albert, Chem. Soc. Special 
Publ. No. 3, 1955, p. 132. 
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electron is equal in corresponding 2- and 3-substituted pyridines, where the transition 
takes place to the orbital 4, and is smaller in the 4-isomer, where yin is the lowest un- 
occupied orbital, since the charge densities at the ortho- and meta-positions of yy (IX) are 
equal and smaller than that at the para-position of yy (XI). The long-wave absorption 
bands of corresponding pyridine derivatives should, therefore, lie at wavelengths in the 


TABLE 2. The effect of solvents on the positions [Amax. (my)] of the ultraviolet 
absorption bands of some N-heteroaromatic amines and imines. 


Amax, in water Amax. in ethanol Amax. in cyclohexane 
Q-AMINOPYTIGING 2... .0eeeeeeeeeeeeeereeeeee 287; 229 296; 230 288; 231 
1-Methyl-2-pyridone imine ............... 317; 251 362; 255 
S-AMINOPYTIGINE  ..........cceeecesesceceees 288; 231 295; 235 292; 232 
4-AMINOPYTIdING  .........eseeeeeeereeeeeees 265; 241 270; 246 260; 233 
1-Methyl-4-pyridone imine ............... 268 272 
2-AminopyTimidine ..............ceeeeeeees 292; 224 296; 226 283; 223 
1-Methyl-2-pyrimidone imine ............ 345; 236 373; 236 
4-Aminopyrimidine ...............ceeeeeeee 268; 233 274; 236 263; 228 
1-Methyl-4-pyrimidone imine ............ 315; 253 340; 283 
3-Amino-6-methylpyridazine ............ 295; 231 310; 234 290; 229 
2,6-Dimethyl-3-pyridazone imine ...... 326; 244 360; 250 
SRAMOFTORED 00 00csceccccevcsoccesscceee 316; 230 322; 233 310; 228 


TABLE 3. The electronic absorption spectra in aqueous solution of the neutral thiol (N), cation 
(C), anton (A), and zwitterion or thione (Z) forms of some N-heteroaromatic mercapto- 
compounds. Values in italics refer to shoulders. 


Compound Species Amax. (my) € 
2-Methylthiopyridine © .................sseee0 N 292; 247 4200; 8700 
Cc 317; 250 8000; 7000 
2-Mercaptopyridine ®  ...........sssccscsssees 302; 238 8700; 6200 
310; 264 4700; 12,500 
345; 273 7400; 10,700 
3-Methylthiopyridine © ..................cceee 294; 253 2500; 8700 


327; 268; 288 2800; 8700; 10,000 
310; 255; 221 3200; 7800; 11,000 
313; 268; 219 2600; 13,500; 9800 
361; 290; 232 2300; 12,000; 14,000 


3-Mercaptopyridine ¢ 


4-Methylthiopyridine ® .....................08. 263; 214 12,500; 9500 

299; 229 19,000; 8700 
4-Mercaptopyridime® — ..........cccscccsessees 282; 222 17,000; 7900 

286; 222 15,000; 11,000 

327; 275; 231 22,000; 1300; 10,500 
4-Methyl-2-methylthiopyrimidine® ...... 280; 250 2500; 14,000 


304; 253; 215 4600; 14,000; 6000 


2-Mercapto-4-methylpyrimidine ? 366; 285; 221 1400; 25,000; 8000 


ND>OOZNPOOZNPOOZNEOOZNEO 


300; 269 2500; 17,000 

338; 277; 215 3300; 19,000; 10,000 
6-Methyl-4-methylthiopyrimidine’® ...... 277; 213 10,000; 7000 

300; 223 20,000; 6600 
4-Mercapto-6-methylpyrimidine?® ......... 312; 18,000; 

292; 16,000; 

322; 288 11,000; 10,000 


* Albert and Barlin, J., 1959, 2384. ® Marshall and Walker, J., 1951, 1004. 
order: 4- > 3- = 2-pyridine, according to the charge-transfer model, contrary to the 
observed order. 


In the benzyl anion model the energies of the transitions yy —»> y; and fy —> Yn, 
E; and Ey, respectively, are given for 2-substituted pyridines by: 


E;=8+0-571Aa,—O-107Aq,, . . . . .. . (iI) 

Ey = 1-268 + 0-418A0,+0-130Ac, . . . . . . (2) 
for 3-substituted pyridines by: 

E; = 6 +0-57lde,—O85Ae, . . «ss ss & 

En = 1-268 + 0-413Ac,—O-118Ac, . . . « « «© (4) 
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and for 4-substituted pyridines by: 

E;=8+ 0-571Ac, + 014340, . . . . . . . 
where Aa, and Aa, are the increments in the Coulomb integrals of the exocyclic substituent 
and the nuclear nitrogen atom respectively. From ground-state phenomena it has been 
found > for neutral and positively charged nitrogen that Aay = 0°68 and Aayq+ = 2-58, 
whilst it is probable that Acog ~ 6, and Aagg, Auo- ~ 0, negatively charged nitrogen and 
sulphur having small negative values with Aay- > Aas-. For present purposes only the 
inequalities in the values of the Coulomb parameters are important. 

From equations (1), (3), and (5) it is apparent that irrespective of the nature and of the 
charge of the exocyclic substituent the absorption maximum due to the transition 
yy —» yf, should lie at wavelengths dependent upon the position of the substituent, in 
the experimentally observed order, 3- > 2- > 4-pyridine. In certain 4-substituted 
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pyridines it is probable that the energy of the transition 4, —» yy is smaller than that 
of the transition yy —» yy, since, from equations (5) and (6), E;, becomes less than E, if 
Aa, > 0-78 when Aa, ~ 0, and at a still smaller value of Aa, when the exocyclic atom is 
more electronegative than carbon, 7.e., when Aa, is positive. Thus, only when the nuclear 
nitrogen atom is neutral and when the exocyclic substituent is not too electropositive does 
a low-intensity shoulder, due to the transition 4, —» yy, appear upon the long-wave- 
length side of the main high-intensity band, due to the transition Yy —+ #1, in the spectra 
of the 4-substituted pyridines, namely, the neutral species of 4-amino- (Table 1, Fig. 2) 
and 4-methoxy- and the anion of 4-hydroxy-pyridine.!_ In the spectrum of the zwitterionic 
form of 4-mercaptopyridine, where the exocyclic atom is the most electropositive of the 
substituents studied (negatively charged sulphur) and the nuclear nitrogen atom is 
positively charged, the low-intensity shoulder appears on the short-wavelength side of the 
long-wave high-intensity band (Table 3). The weak band is probably overlaid in the 
spectra of other 4-substituted pyridine species, as only high-intensity bands are observed 
(Tables 1 and 3, Fig. 2). With reasonable values for the Coulomb parameters, the 
transition yy —» yy in the 4-substituted pyridines (eqn. 6) should give rise to absorption 
at shorter wavelengths than the transition 4, —» 4, in the corresponding 2- and 3- 
substituted pyridines (eqns. 1 and 3), as is observed. 

For the benzyl anion the theoretical oscillator strengths of the transitions fy —»> 
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and ¢y —> vu are 0-15 and 0-84 respectively,! and of the two bands generally observed 
in the spectra of the hetero-analogues that due to the latter transition should be the more 
intense. In the spectra of the 4-substituted pyridines the band assigned on energy grounds 
to the transition yy —» yy, has a much greater intensity than that ascribed to the 
transition % —» y;, and in the 2- and 3-substituted pyridines the band at short wave- 
lengths is generally more intense than the long-wavelength band (Tables 1 and 3), both the 
energies and the intensities suggesting that these bands are due to the transitions yy —» 
do and py —> yf; respectively. 

Equations (2), (4), and (6) indicate that for a particular ionic species of a given 
substituent the high-intensity band due to the transition x —* y should lie at wave- 
lengths, dependent upon the position of the substituent, in the order, 4- > 3- > 2-pyridine, 
as is found (Tables 1 and 3). As a function of the charged species for a given substituted 
pyridine the wavelength order for the band due to the transition %y —» yy should be 
zwitterion > anion > cation > neutral form, only for 3- and 4-substitution, and for the 
2-substituted pyridines hypsochromic shifts should result from the change of a neutral 
form into the cation, or of an anion into the zwitterionic form. The theoretical order is 
observed experimentally in the 3- and 4-substituted pyridines, but not in the charged 
species of 2-mercapto- and 2-methylthio-pyridine. However, the short-wave band in the 
spectrum of 2-aminopyridine undergoes no shift on cation formation, and the corresponding 
band in the cases of the related compounds, 2-amino-pyrimidine and -pyrazine and 3-amino- 
pyridazine, undergoes a hypsochromic shift (see Tables 1 and 3), as required by the equations: 
for 2-aminopyrimidine, 

En = 1-268 a 0-543 Aay + 0-130Aa, . . . . . . (7) 


and for 2-aminopyrazine and 3-aminopyridazine, 
Ey = 1-268 + 0-295Aay + 0-130Ac, . . . « « . (8) 


In general, the spectra of the substituted diazines resemble those of the corresponding 
pyridines, though there are new features due to the existence of additional ionic and 
tautomeric species. The cation of 2-mercapto-4-methylpyrimidine absorbs at a longer 
wavelength than any other charged species of this compound, though the long-wave band 
of the cation of 4-methyl-2-methylthiopyrimidine lies at a wavelength intermediate 
between that of the neutral molecule and that of the anion of the mercapto-compound, in 
conformity with the order generally observed for the charged species of a given substituted 
azine. Thus the cation of 2-mercapto-4-methylpyrimidine probably has the structure 
(XII), which should absorb at longer wavelengths than any other charged species of this 
compound, whilst the cation of 4-methyl-2-methylthiopyrimidine probably has the normal 
structure (XIII), analogous to that of 2-mercapto- and 2-methylthio-pyridine. Further, 
the zwitterion or thione form of 4-mercapto-6-methylpyrimidine gives two absorption 
bands whose intensities are lower than that of the single absorption band of the other 
charged species of the compound. The two bands are probably due to the two isomeric 


5 5 5 
HN nH Hv? nt wi Xe; ¢; 
M Oe) M 
Lh CR. A wk oe 
(X IIa) (XIIb) (XIII) hai H (xv) 


4thiopyrimidone species (XIV) and (XV), the former giving rise to the long-wave and the 

latter to the short-wave band, since the corresponding 4-pyrimidone species co-exist in the 

ratio of about 2:1 in neutral aqueous solution, and 3-methyl-4-pyrimidone absorbs at 

longer wavelengths than 1-methyl-4-pyrimidone,5 in conformity with the present theory. 
During the transitions y, —» yy and, more particularly, %y —» y; there is a charge 
5 Mason, J., 1958, 674. 
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migration from the exocyclic atom into the nucleus of the substituted azines. The 
zwitterionic species of the substituted azines are, therefore, less polar in the excited state 
than in the ground state, both the negative charge on the exocyclic atom and the positive 
charge on the nuclear nitrogen atom being reduced during these transitions. Conversely, 
the neutral species become more polar on excitation, the electronic migration conferring a 
positive charge on the exocyclic atom and a negative charge on the nuclear nitrogen atom. 
The wavelength shifts observed in the spectra of the zwitterionic imino- and neutral amino- 
forms of the amino-azines (Table 2, Figs. 1 and 2) provide some support for the magnitude 
and direction of these electronic migrations. In aqueous solution the imino-species js 
stabilised by solvation in the ground state, and the solvation shell, which cannot reorientate 
during the transition, is strained when the less polar excited state is formed. In cyclo- 
hexane solution the ground state is stabilised by solvation to a smaller degree, and the 
neighbouring solvent molecules are less subject to orientational strain during the transition, 
so that the excitation energy is reduced. Thus the bands due to the transition py —» y, 
in the spectra of the imine species undergo large red shifts when the solvent is changed 
from water to cyclohexane, and the bands due to the transition ¥y —» yn, in which the 
electronic migration into the azine nucleus is smaller, undergo smaller bathochromic shifts 
(Table 2, Figs. 1 and 2). 

In the amine species the small polarity of the ground state, due to the delocalisation 
of the lone-pair electrons of the exocyclic atom over the nucleus, is considerably enhanced 
in the excited state. Although the solvent molecules cannot reorientate during the 
electronic transition, the solvation shell of a polar solvent formed in the ground state 
should stabilise the excited state more effectively than the corresponding shell of a non- 
polar solvent. However, the effect of change of solvent upon the spectra of the amine 
species should be small, since the ground state is also stabilised more by polar than non- 
polar solvents, and there is additional stabilisation of the ground state in hydroxylic 
solvents due to hydrogen-bonding. In particular, any hydrogen-bonding which involves 
the lone-pair electrons of the amino-group should increase the transition energy. The 
observed shifts in the spectra of the amino-species due to change of solvent are, in general, 
small. The bathochromic shifts found on changing from aqueous to alcoholic solution 
may be ascribed to the greater hydrogen-bonding capacity of water, and the hypsochromic 
shifts observed in the majority of the amines studied on changing from aqueous to cyclo- 
hexane solution (Table 2) are probably due to the differential stabilisation of the excited 
state in water, this effect outweighing in most cases, notably the aminodiazines, the 
stabilisation of the ground state due to hydrogen-bonding. In the aminodiazines the 
lone-pair electrons of the amino-group are more conjugated with the nucleus and are less 
available for hydrogen-bonding than in the aminopyridines, since the s-bonds of the amino- 
group are more nearly trigonal and the x-electron charge density on the nitrogen atom of 
the amino-group, including that of the lone-pair electrons, is smaller in the former than in 
the latter compounds.® 


Experimental.—3-Amino-6-methyl- and 4-amino-pyridazine were kindly supplied by Dr. J. 
Druey, and 2-aminopyrazine and 2- and 4-aminopyrimidine by Dr. D. J. Brown. The amino- 
pyridines were commercial specimens. The methiodides were prepared according to the 
directions of Brown, Hoerger, and Mason.’ 

Ionisation constants were determined for m/100-aqueous solution by potentiometric titra- 
tion, a Cambridge pH meter with glass and calomel electrodes being used. 

Spectra were measured with a Hilger Uvispek quartz spectrophotometer, and the solvents 
listed in Tables 1 and 2. 


The author is indebted to Professor A. Albert for the provision of data before their public- 
ation, and to the Royal Society for the loan of a spectrophotometer. 
CHEMISTRY DEPARTMENT, THE UNIVERSITY, EXETER. (Received, July 17th, 1959.) 


* Mason, /., 1958, 3619. 
7 Brown, Hoerger, and Mason, J., 1955, 4035. 
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44. Amino-oxy-derivatives. Part I. Some «-Amino-oxy-acids 
and «-Amino-oxy-hydrazides. 


By D. McHAte, J. GREEN, and P. MAMALIs. 


The preparation of some a-amino-oxy-acids and some a-amino-oxy- 
hydrazides is described. 


CERTAIN naturally occurring compounds containing the amino-oxy-group are known to 
have antibacterial properties. Thus, canavanine («-amino-y-guanidino-oxybutyric acid) 
(I), an amino-acid isolated from the jack bean by Kitagawa and Tomiyama,’ has been 
shown to be a potent growth-inhibitor of many organisms? and certain viruses.? The 


H,C——CH-NH, 
(I) NHIC(NH,)*NH*O-[CH,]°CH(NH,)*CO,H 

OO 
NH (11) 


(III) R”’NH*O*:CRR”*CO,H 
antibiotic cycloserine (D-4-amino-3-isoxazolidone) (II), a cyclised derivative of «-amino-f- 
amino-oxypropionic acid, possesses broad-spectrum antibacterial activity. Less complex 
structures containing the amino-oxy-group, such as hydroxylamine,' the simple amino- 
oxyalkanes,® and amino-oxyacetic acid,’ also exhibit distinct bacteriostatic activity 
against several Gram-positive and Gram-negative organisms. These facts indicated 
that it might be worth while to investigate other amino-oxy-compounds as potential 
antibacterials. This paper describes the synthesis of some a-amino-oxy-acids and 
-hydrazides. 

Although the lower «-amino-oxy-acids (III; R= R’=R” =H; R=R” =H, 
R’= Me; R=R” =H, R’=Et; R” =H, R= R’ = Me) have been prepared by 
various routes,8“5 none of the higher «-amino-oxy-acids has been described. In general, 
the syntheses have consisted of the condensation of an «-halogeno-ester with a suitably 
blocked hydroxylamine derivative, hydrolysis of the resulting intermediate, and isolation 
as the amino-oxy-acid hydrochloride. 

Kitagawa’s method,!1415 which used benzhydroxamic acid as the substituted 
hydroxylamine derivative, was selected for the present work but, in order to simplify the 
working-up, the «-halogeno-ester was replaced by the «-halogeno-acid. The «-benzamido- 
oxy-acids were readily isolable solids, which were easily hydrolysed by hydrochloric acid 
to the «-amino-oxy-acids (III; R’ = R” = H, R = H-[CH,],, where » = 0—8, 10, 12, 
14, and 16; R” = H, R= R’= Me; R’=R” =H, R=Pr; R’=R” =H, R= 
C,H,,"[(CH.],; R’ = R” = H, R = [CH,],°CO,H). 


1 Kitagawa and Tomiyama, J. Biochem., Japan, 1929, 11, 265. 

2 Volcani and Snell, J. Biol. Chem., 1948, 174, 893; Horowitz and Srb, ibid., p. 371; Suzuki and 
Muraoka, J. Pharm. Soc., Japan, 1954, 74, 584; Suzuki, Muraoka, and Konobu, ibid., p. 537; Walker, 
J. Biol. Chem., 1955, 212, 207. 

3 Pearson, Lagerborg, and Winzler, Proc. Soc. Exp. Biol. Med., 1952, 79, 409; Pilcher, Soike, Smith, 
Trosper, and Folston, ibid., 1955, 88, 79. 

* Cuckler, Frost, McClelland, and Solotorovsky, Antibiotics and Chemotherapy, 1955, 5, 191; Welch, 
Putnam, and Randall, Antibiotic Medicine, 1955, 1, 72. 

Gray and Lambert, Nature, 1948, 162, 733. 
Andrews, King, and Walker, Proc. Roy. Soc., 1946, B, 188, 29; Fuller and King, J., 1947, 963. 
Favour, J. Bact., 1948, 55, 1. 
Werner, Ber., 1893, 26, 1567. 
Werner and Sonnenfeld, Ber.,,1894, 27, 3350. 
Werner and Falck, Ber., 1896, 29, 2654. 
Werner and Bial, Ber., 1895, 28, 1374. 
Kitagawa and Takani, J. Biochem. (Japan), 1936, 23, 181. 
Borek and Clarke, J. Amer. Chem. Soc., 1936, 58, 2020. 
Kitagawa and Takani, J. Agric. Chem. Soc., Japan, 1935, 11, 1077. ) 
Kitagawa, J. Biochem., Japan, 1936, 24, 107. 
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Two a-benzamido-oxy-acids have been described previously, namely, benzamido- 
oxyacetic acid and «-benzamido-oxypropionic acid, the latter as a hygroscopic solid by 
Kitagawa. There appears to be some confusion in the literature as to the melting point 
of benzamido-oxyacetic acid: Borek and Clarke ® gave a value of 123° whilst other 
workers 12.14 reported values closer to 140°. The first preparation of benzamido-oxyacetic 
acid in this laboratory gave a material that was recrystallised to a constant melting 
point of 119—121°; however, after several weeks this material melted at 144—145°, Ajj 
subsequent preparations gave benzamido-oxyacetic acid of m. p. 145—146°. A similar 
behaviour was noted in the preparation of «-benzamido-oxybutyric acid: two compounds, 
both analysing correctly but with different melting points and infrared spectra, were 
obtained. 

The lower «-amino-oxy-acids were isolated as hydrochlorides. The nature of the 
hydrochloride of amino-oxyacetic acid has previously been in doubt: Werner and 
Sonnenfeld ® and later, Kitagawa and Takani,” reported a monohydrochloride, m. p, 
156°; Borek and Clarke reported a half-hydrochloride, m. p. 151°. The present work 
has shown that the monohydrochloride is the initial product of the hydrolysis of benzamido- 
oxyacetic acid; however, hydrogen chloride is lost on crystallisation, giving the half- 
hydrochloride. On treatment with ethereal hydrogen chloride, the half-hydrochloride 
is converted into the unstable monohydrochloride, m. p. 115—116°. The hydrochlorides 
of the other amino-oxy-acids gradually lose hydrogen chloride. 

The «-amino-oxy-acids (III; R’ = R” = H, R = H-[CHg),, where = 6, 7, 8, 10, 12, 
and 14; R’ = R” = H, R = C,H,,°[CH,],) were esterified by diazomethane and converted 
into hydrazides. 

The «-amino-oxy-acids possessed weak antibacterial activity im vitro against Staph. 
aureus and E. coli (inhibiting them at a concentration of 300 p.p.m. compared with 
sulphathiazole at 5 p.p.m.) and stronger activity against M. tuberculosis (inhibiting it at 
37 p.p.m. compared with isoniazid at 0-2 p.p.m.); the activity did not vary with increasing 
molecular weight. Solubility difficulties precluded the testing of «-amino-oxytetradecanoic 
acid and higher acids. The «-amino-oxy-hydrazides were in general more active than the 
corresponding acids; the activity varied with molecular weight and reached a maximum 
in the C,, and C,, compounds (19 p.p.m. inhibiting the growth of Staph. aureus and E. colt). 
The hydrazides were more soluble than the acids and thus it was possible to test «-amino- 
oxyhexadecanohydrazide. «-Amino-oxytetradecanohydrazide proved to be strongly 
active against several Gram-positive organisms (e.g., Sirept. pyrogenes was inhibited by 
ca. 5 p.p.m.) and was more active than tetradecanohydrazide. The complete results of 
these antibacterial tests will be published elsewhere. 


EXPERIMENTAL 


Light petroleum had b. p. 40—60° except where otherwise stated. Infrared spectra were 
measured with a Grubb—Parsons D.B.1/S.4. spectrometer. 

a-Bromo-acids.—When not available commercially, these were prepared by the method of 
von Auwers and Bernhardi.?7 After removal of the excess of bromine, the bromo-acyl bromide 
was poured on crushed ice and allowed to come to room temperature: hydrolysis was completed 
on a steam-bath. The product was extracted into benzene, and the extract washed free from 
hydrobromic acid. Evaporation gave the bromo-acid which was purified by crystallisation or 
distillation. 

2-Bromo-6-cyclohexylhexanoic Acid.—An intimate mixture of 6-cyclohexylhexanoic acid 
(50 g.) and red phosphorus (5 g.) was treated with bromine (40 ml.) during 4 hr. The product, 
isolated as above, gave 2-bromo-6-cyclohexylhexanoic acid (51 g.), b. p. 150°/0-1 mm. (Found: 
C, 51-1; H, 7-4. C,,H,,O,Br requires C, 50-8; H, 7-6%). 

Dimethyl «-Bromoadipate.—This was prepared by the method of Buu-Hoi and Demerseman.* 

16 Borek and Clarke, J. Biol. Chem., 1938, 125, 479. 


17 yon Auwers and Bernhardi, Ber., 1891, 24, 2209. 
18 Buu-Hoi and Demerseman, J. Org. Chem., 1953, 18, 649. 
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a-Benzamido-oxy-acids.—Benzhydroxamic acid ¥® (0-1 mole) and sodium hydroxide (0-2 
mole) in aqueous ethanol were refluxed for 5 hr. with the a-bromo-acid (0-1 mole). After 
evaporation of the solvent, the residue was dissolved in water, acidified, and extracted with 
ethyl acetate. The organic layer was dried and evaporated and the resulting solid crystallised. 
Compounds prepared in this way are given in Table 1. 

The initial preparation of benzamido-oxyacetic acid gave a solid which on crystallisation 
from ethyl acetate-light petroleum had m. p. 119—121°. After several weeks the m. p. was 
144—145°. Subsequent preparations gave benzamido-oxyacetic acid, m. p. 145—146° (from 
ethyl acetate). 

Anomalous results were noted in the preparation of «-benzamido-oxybutyric acid. One 
preparation gave a product (1), m. p. 125—127° (from ethyl acetate-light petroleum), vay 
3245s, 3005s, 2565m, 2510m, 1720vs, 1630vs, 1570s, 1505s, 1480s, 1430m, 1380w, 1305m, 
1290m, 1260m, 1215s, 1150m, 1135m, 1100m, 1085m, 1075w, 1050m, 1035m, 1020s, 962m, 
943m, 922m, 893m, 800m, 774m, 711m, 686s cm.? (KBr disc). The product (2) from a similar 
preparation had m. p. 134—-135°, vax, 3300m, 2985m, 2930m, 2595m, 2480w, 1695s, 1625s, 
1575s, 1505s, 1475s, 1460m, 1430m, 1385w, 1340w, 1325m, 1305s, 1280s, 1240s, 1150m, 1135m, 
1100w, 1085m, 1055m, 1035w, 1020m, 948m, 942m, 91lm, 898m, 894w, 790m, 789m, 742m, 
717s, 692s, 680m cm. (KBr disc). 

a-Benzamido-oxyadipic Acid (III; R = H, R’ = [CH,],°CO,H, R” = Bz).—Benzhydroxamic 
acid (2‘8 g.) and sodium hydroxide (0-8 g.) in aqueous ethanol were refluxed for 5 hr. with 


TABLE 1. «-Benzamido-oxy-acids, Bz-NH-O-X-CO,H. 


Found (%) Reqd. (%) 

Parent acid, piteinnigmmmnnee ia PS 

HX:CO,H M. p. Formula Cc H N Cc H N 

Acetic * (Ist prep.)......... 119—121°¢ C,H,O,N 55-8 4-4 7-0 55-4 4-6 7:2 
EET tekesisccdcevassssace 145—146 C,H,O,N 55-1 4:3 6-8 55-4 4-6 7-2 
PRES ©. sescsoscscceess 132—133 CyoH,,0,N 57-4 5-1 6-6 57-4 5-3 6-7 
= re 125—127 C,,H,,0,N 59-3 5-9 6-5 59-2 5-9 6-3 
BE E(B) ..cssicsveseese 134—135 C,,H,,;0,N 59-3 5-8 5-8 59-2 5-9 6-3 
SINE © ocsccccascccnsuvse 79—81 Cy,H,,0,N 59-4 5-6 6-5 59-2 5-9 6-3 
BEE vbecavessvconsseveyes 119—120 C,,H,,0,N 60-8 6-5 5-8 60-8 6-4 5-9 
SED casnnvesecsaneeses 159—160 Ci,.H,,0O,N 61-1 6-2 5:5 60-8 6-4 5-9 
BNES® . .cccicsesescsceess 125—126 C,,;H,,O,N 62-2 6-9 5-6 62-1 6-8 5-6 
REE 117—118 Cy,H,,O,N 63-2 7-6 5-2 63-4 7-2 53 
SEE” ssvbesascscsasdene 118—120 CisH,,0,N 64-1 7-2 5-0 64-5 7-6 5-0 
rr ree 106—107 C,.H,,0,N 65-2 7-9 4:8 65-5 7-9 4:8 
BE. ssiscvcsasucaseets 108—109 C,,H,,;0,N 66-8 8-7 5-0 66-3 8-3 4-6 
DOGGCAROIC ®  6....00000000008 108—109 Cy9H2,0,N 67-6 8-5 3-9 68-0 8-7 4-2 
Tetvadecanoic® ........+00. 115—116 C,,H;,0,N 69-6 9-1 3°8 69-4 9-2 3-9 
Hexadecanoic® ........000. 115—116 C.,H,,0,N 70-2 9-4 4-0 70-6 9-5 3-6 
Octadecanoic © .......020s0008 104—105 C.3,H,,O,N 70-6 9-7 3-2 71-6 9-9 3-3 
6-Cyclohexylhexanoic® ... 148—149 C,,H,,O,N 68-2 8-1 4-1 68-2 8-2 4-2 


Recrystallised from: (a) ethyl acetate—light petroleum, (b) ethyl acetate, (c) light petroleum (b. p. 
100—120°). (d) Later 144—145°. 


dimethyl «-bromoadipate (5-1 g.). The mixture was cooled, treated with N-sodium hydroxide 
(40 ml.), and left overnight; the inorganic solid was filtered off and the filtrate evaporated. 
The residue was taken up in water and extracted with ethyl acetate; the aqueous solution was 
acidified and extracted with ethyl acetate. Evaporation of the latter extract gave a solid acid 
(1-2 g.) which after crystallising from ethyl acetate-light petroleum had m. p. 163—164° (Found: 
C, 55-5; H, 5-2; N, 4:7. C,3H,,O,N requires C, 55-5; H, 5-4; N, 5-0%). 

Hydrolysis of «-Benzamido-oxy-acids.—The benzamido-compound (2 g.) was refluxed for 2 hr. 
with 5N-hydrochloric acid (20 ml.) [it was necessary to add acetic acid (10 ml.) to dissolve 
a-benzamido-oxyoctanoic and higher acids]. After cooling, the benzoic acid was filtered off 
and rejected, the filtrate was evaporated, and the resulting hydrochloride was recrystallised. 
Compounds prepared in this way are described in Table 2. 

Amino-oxyacetic Acid Half-hydrochloride.—The crude hydrolysis product, m. p. 103—107°, 
from benzamido-oxyacetic acid was dissolved in an equal weight of water, treated with propan- 
2-ol, and left at 0°; crystals of amino-oxyacetic acid half-hydrochloride wgre deposited, having 


1 Org. Synth., Coll. Vol. II, p. 67. 
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TABLE 2. a-Amino-oxy-acids, NH,°O°X-CO,H. 





































) Found (%) Reqd. (% 

Parent acid, perineal, + gui a 

H-X°CO,H M. p. Formula Cc H N Cl Cc H N qa 
Propionic, HCl* ... 163—164° ¢# C,H,O,NCI 260 57 99 — 24 57 99 
Butyric, HC1¢* ... 142 t ¢ e 4HyO,NCl 30-4 65 91 23:1 309 65 90 298 
Valeric, HC1®......... 121—123 + C.H,,0,NCl 349 73 82 208 354 71 84 209 
Isovaleric, HC1*...... 151—152¢t C,H,,O,NCl 349 71 80 219 354 71 84 209 
Hexanoic, HC1*...... 112 ¢ C,Hy,O,NCl 394 73 75 191 393 7:7 7:6 193 
Heptanoic, HC1® ... 123 ¢ C,H,O,NCl 424 81 68 176 425 82 71 1749 
Heptanoic® ............ 145 C,H,,0,N 522 94 88 — 622 94 87 — 
GRE oiveecessces 145— 146 C,H,,0,N 548 99 77 — 549 98 80 — 
Nonanoic, HC1°...... 113—114 f CyHyO,NC1l 48-1 89 61 153 479 89 62 15-7 
NOMAROIE ® ..0.00000006 147—148 C,H,,0O,N 674 98 72 — 57:1 101 74 — 
Decamdie® ...0.0000006 149 Cy 9H,,0,N 5692 103 72 — 591 104 69 — 
Dodecanoic, HC1® ... 112 f CypH,g0,NC]l 545 9-7 54 13:2 53:3 98 52 132 
Dodecanoic® ......... 145—147 C,,H,,;0,N 623 113 58 — 623 109 61 — 
Tetradecanoic® ...... 145—146 C,4H,O,N 645 118 53 — 648 113 54 — 
Hexadecanoic® ...... 147—148 CygH,,0,N 66-9 120 51 — 668 116 49 
Octadecanoic, HC1® 93 ¢ C,,H,;,0,NCl 60-9 10:5 42 102 614 109 40 101 
Octadecanoic*......... 144—146 C,,H;,0,N 68-4 116 47 — 685 118 44 — 
6-Cyclohexylhexanoic® 156 C,,H.30,N 625 101 58 — 628 101 61 — 


Recrystallised from: (a) ethanol-ether; (b) ethyl acetate; (c) aqueousethanol. (d) Lit.,% 15 168°, 
(e) Lit.,2° 148°. * Both a-benzamido-oxybutyric acids gave this compound. { With decomp. 


m. p. 149—150° [Found: C, 21-9; H, 4:9; N, 13-2; Cl, 16-6. Calc. for (C,H;O,N),,HCI: 
C, 22-0; H, 5:0; N, 12-8; Cl, 16-2%]. 

Amino-oxyacetic Acid Hydrochloride.—Amino-oxyacetic acid half-hydrochloride (1 g.) was 
suspended in dry ether and treated with dry hydrogen chloride until the solution was saturated. 
The hydrochloride was collected and washed with dry ether and, after drying im vacuo over 
phosphoric oxide, had m. p. 115—116° (Found: C, 18-1; H, 4-6; N, 11-1; Cl, 28-7. C,H,O,NCI 
requires C, 18-8; H, 4-7; N, 11-0; Cl, 27-8%). This material gradually reverted to the half- 
hydrochloride. 

a-Amino-oxy-a-methylpropionic Acid Hydrochloride.—Hydrolysis of the benzamido-com- 
pound and fractional crystallisation of the product from ethanol-ether gave sparingly soluble 
hydroxylamine hydrochloride, m. p. and mixed m. p. 151—152°, together with «-amino-oxy-a- 
methylpropionic acid hydrochloride, m. p. 164—166° (Found: C, 30-4; H, 6-5; N, 8-8; Cl, 22:8. 
Calc. for C,H,,O,NCI: C, 30-9; H, 6-5; N, 9-0; Cl, 22-8%). 

a-Amino-oxyadipic Acid Hydrochlovide.—It was not possible to crystallise this compound 
but a partial purification was achieved by digesting it with boiling light petroleum (b. p. 80— 
100°). It then had m. p. 130—131° (Found: C, 34:2; H, 6-0; N, 6-6; Cl, 15-3. Calc. for 
C,H,,0;NCl: C, 33-7; H, 5-7; N, 6-6; Cl, 16-6%). 

a-Amino-oxy-hydrazides.—The «-amino-oxy-acid (2 g.) was suspended in ethyl acetate and 
treated with excess of ethereal diazomethane. The resulting solution was filtered and 
evaporated to an oil which was taken up in a minimum of methanol, treated with hydrazine 
hydrate (1 ml.), and left for 2 hr. The product was diluted with water and extracted into 
ethyl acetate. Evaporation and crystallisation gave the hydrazide. Compounds prepared in 
this way are given in Table 3. 


TABLE 3. «-Amino-oxy-hydrazides, NH,°O*X*CO-NH-NH,. 











‘ Found (%) Reqd. (%) 

Parent acid, — _ Pianeanislion 

H-X:CO,H M. p. Formula Cc H N S. H N 
Ootemahs © siscsinncsdessccccayes 85—86° C,H,,0O,N, 51:0 10:1 224 508 10-1 22-2 
PONE nisgessiqessinsnns 80—81 C,H,,0,N, 533 106 20-8 53:2 10:4 20-7 
BPUIEEE © vesecisatecctceesvetee 80—81 CyoH,,0,.N, 55:1 10-7 19-7 55-3 10-7 19-5 
Dedseaneie ® ....0s00s0sesseee 77-5—78-5 C,,H,,O,N, 59-2 10-6 16-9 58-7 11-1 17-1 
Tetradecanoic ® ...........004 84—85 CyH;,0,.N, 61:0 114 150 615 114 #154 
Hexadecanoic ® ............... 87—88 CygH,,0,N, 64-1 115 = =6:138 SS 63-7)—ssd1-7—Ss:138-9 
6-Cyclohexylhexanoic® ... 100—101 C,,H,,0,N, 59-2 10-1 16-8 59-2 10-4 17:3 


Recrystallised from: (a) ethyl acetate-light petroleum; (b 


— 


ethyl acetate. 


In the preparation of «-amino-oxydecanohydrazide the intermediate methyl ester was 
isolated as the hydrochloride. The esterified oil when treated with ethereal hydrogen chloride 
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failed-to give a precipitate; evaporation and crystallisation of the residue from ether-light 
petroleum gave methyl a-amino-oxydecanoate hydrochloride, m. p. 89—90° (Found: C, 51-7; 
H, 9-6; N, 53; Cl, 14:2. C,,H,,O;NCI requires C, 52-1; H, 9-5; N, 5-5; Cl, 140%). 

Tetvadecanohydrazide.—This compound prepared in a similar manner and crystallised from 
ethyl acetate had m. p. 108—109° (lit.,2° m. p. 108—109°). 


The authors are grateful to Messrs. D. J. Outred and P. Ashurst for technical assistance. 


WALTON OAKS EXPERIMENTAL STATION, VITAMINS LTD., 
TADWORTH, SURREY. (Received, June 15th, 1959.] 


% Pajari, Fette u. Seifen, 1944, 51, 347. 





45. Amino-oxy-derivatives. Part II.1. Some Derivatives of 
N-Hydroxydiguanide. 
By P. MAMALIs, J. GREEN, and D. McHALE. 


The preparation of some amino-oxyalkanes and their corresponding di- 
guanides, together with certain arylmethyl analogues, is described. A sum- 
mary of bacteriostatic activities is included. 


Tue isolation of the tuberculostat cycloserine ** (I) which may be regarded as a cyclised 
form of «-amino-8-amino-oxypropionic acid (II), and the fact that a number of compounds 
containing the amino-oxy-group:are known to be of pharmacological interest, has prompted 
us to investigate the bacteriostatic properties of amino-oxy-containing compounds. The 
preceding paper? described some a-amino-oxy-acids and their derivatives which were, 
however, relatively inactive: the present communication describes further compounds 
containing the amino-oxy-group. 
NH, 


- NH4°O°CH,*CH(NH,)°CO,H = (II) 
ON A 
NH 


(D RO*NH°C(;NH)*NH°C(;NH)*NH, (IIT) 


Although many amino-oxyalkanes were described by L. W. Jones and his collaborators, 
their pharmacological properties were not examined. Andrews, King, and Walker,** and 
Fuller and King,” found significant bacteriostatic activity im vitro with the higher alkyl 
members of the series, the maximum bacteriostatic index ® occurring at Cj,—C,,; replace- 
ment of the amino- by the guanidino-group afforded alkoxyguanidines with greater 
activity. While the pharmacological properties of the few known alkyloxydiguanides 
(III; R = alkyl) 78 have not been described, those of the analogous alkyldiguanides 
have been examined by several groups of workers; e¢.g., N-dodecyldiguanide is said to be 
an effective bacteriostat,® and the hypoglycemic activity of NN-dimethyldiguanide has 
been noted by several workers (cf. Slotta and Tschesche ). Other compounds have been 
used as analgesics, antiviral agents, local anesthetics, and anticholinesterases.™ 


1 Part I, McHale, Green, and Mamalis, preceding paper. 

* Kuel, Wolf, Trenner, Peck, Buhs, Putler, Ormond, Lyons, Chaiet, Howe, Hunnewell, Downing, 
Newstead, and Folkers, J. Amer. Chem. Soc., 1955, 77, 2344; Hidy, Hodge, Young, Harned, Brewer, 
Phillips, Runge, Stavely, Pohland, Boaz, and Sullivan, ibid., p. 2345. 

3 Spencer and Payne, Antibiotics and Chemotherapy, 1956, 6, 708. 

* Jones and Oesper, J. Amer. Chem. Soc., 1914, 86, 730; Jones and Neuffer, ibid., p. 2202; Neuffer 
and Hoffmann, ibid., 1925, 47, 1685. 

5 (a) Andrews, King, and Walker, Proc. Roy. Soc., 1946, B, 188,29; (b) Fuller and King, J., 1947, 963. 

6 Albert, Rubbo, Goldacre, Davey, and Stone, Brit. J]. Exp. Path., 1945, 26, 160. 

Nyberg and Christensen, J. Amer. Chem. Soc., 1956, 78, 781. 

Curd and Rose, J., 1946, 729., 

F.P. 788,429. 

10 Slotta and Tschesche, Ber., 1929, 62, 1398. 

1 Garcia, J. Phillipine Med. Assoc., 1950, 26, 287. 

12 Sapniewski and Chrusciel, Bull. Acad. polon. Sci., Classe II, 1954, 2, 29; B.P. 776,176. 
Jones and Major, J. Amer. Chem. Soc., 1927, 49, 1527. 

M4 Palazzo, Rogers, and Marini-Bettolo, Gazzetta, 1954, 84, 915. 
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These facts together with the known interesting pharmacological properties of aryldj. 
guanides and aminoguanidines ¥ suggested that derivatives of N-hydroxydiguanide might 
be worth study. 


RO*NH*COPh RO*NH:CO,Et RO*NH°CO,°CH,Ph 
(IV) (V) (VI) 


In order to be able to compare the antibacterial activities of the alkyloxydiguanides 
with those of Fuller and King’s amino-oxy-alkanes * under the same conditions, we have 
repeated the preparation of some of the latter compounds. Methyl-, ethyl-, and allyl. 
oxyamine were prepared by acid hydrolysis of the alkyl benzhydroxamates #* (IV; R = 
alkyl): application of this method to higher homologues was unsatisfactory owing to 
appreciable O-N cleavage. The benzhydroxamates were, however, smoothly cleaved by 
hot ethanolic hydrogen chloride, affording good yields of amino-oxyalkane hydrochlorides, 
Whereas, for example, hydrolysis of propyl benzhydroxamate with aqueous hydrochloric 
acid gave benzoic acid (64%), ammonium chloride (71%), and an oil, treatment with 
ethanolic hydrogen chloride yielded the required amino-oxypropane hydrochloride (94%), 
The amino-oxyalkanes were also conveniently prepared by alkaline hydrolysis of alkyloxy- 
urethanes (V; R= alkyl), the products being isolated as hydrochlorides. As was 
observed by Fuller and King,® alkylation of hydroxyurethane sometimes gave the ON-di- 
alkylated urethane as by-product readily separated by distillation. In a few instances 
N-benzyloxycarbonylhydroxylamine (VI; R = H) was used to prepare the alkyl inter- 
mediates (VI; R = alkyl) which were converted into amino-oxyalkanes by dry hydrogen 
bromide in acetic acid. Catalytic reduction of the esters (VI; R = alkyl) resulted in O-N 
cleavage and failed to yield the required products. Since the completion of this work, 
Theilacker and Ebke 1” have described the preparation of many amino-oxyalkanes by 
reaction of alkanols with sodium and chloramine. 

The amino-oxyalkane hydrochlorides reacted readily with dicyandiamide in ethanol to 
afford the diguanides (III; R = alkyl), generally isolated as dihydrochlorides: as these 
were solids of somewhat indefinite melting point the bases were better characterised as 
their crystalline picrates. The encouraging bacteriostatic properties of the higher alkyl- 
oxydiguanides im vitro made it desirable to prepare hydroxydiguanide derivatives contain- 
ing an arylalkyl group since compounds with molecular weights comparable with those of 
the more effective alkyloxydiguanides would thus be obtained. Certain N-aryldi- 
guanides 18 and heterocyclic diguanides ® have in fact shown some bacteriostatic and 
antiviral 2° properties. The required amino-oxymethyl-benzenes and -naphthalenes (of 
which only amino-oxymethylbenzene 4 and #-amino-oxymethylnitrobenzene * have 
previously been described) were prepared in good yield by alcoholysis of the corresponding 
benzhydroxamates. Reaction of 9-chloromethylphenanthrene with benzhydroxamic acid 
yielded, as well as the expected 9-benzamido-oxymethylphenanthrene, a by-product shown 
to be N-benzoyl-ON-di-(9-phenanthrylmethyl)hydroxylamine. From these amino-oxy- 
hydrochlorides, the diguanides were prepared by the usual reaction with dicyandiamide. 
During this work the parent member of the series, N-hydroxydiguanide dihydrochloride, 
was prepared by hydrogenolysis of N-benzyloxydiguanide dihydrochloride. 

Cohn 8 has shown that free amines such as aniline do not react with dicyandiamide, so 
for the preparation of diguanides it is usual to employ amine salts such as hydrochlorides, 


18 Petersen and Domagk, Naturwiss., 1954, 41, 10; Petersen, Gauss, and Urbschat, Angew. Chem., 
1955, 67, 217. 

Brady and Peakin, J., 1930, 226. 

17 Theilacker and Ebke, Angew. Chem., 1956, 68, 303. 

18 Fuller, Biochem. J., 1947, 41, 403; Rose and Swain, J., 1956, 4422. 

19 Sirsi, Gupta, and Rama Rao, Current Sci., 1950, 19, 292; Sirsi, Rama Rao, and De, ibid., p. 317. 
20 Clark, Isaacs, and Walker, Brit. ]. Pharm. Chem., 1958, 18, 424. 

21 Behrend and Leuchs, Annalen, 1890, 257, 206. 

22 Brady and Klein, J., 1927, 874. 

*3 Cohn, J. prakt. Chem., 1911, 84, 396. 
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arylsulphonates,™ or free bases in the presence of a copper salt. It was, therefore, of 
interest to note the claim * that prolonged reaction of isonicotinoylhydrazine with dicyandi- 
amide in absence of acid yielded the diguanide (VII), a compound reported to possess 
tuberculostatic and bacteriostatic activity, especially since it is known that hydrazide 
hydrochlorides and dicyandiamide usually give rise to l-acyl-3,5-diamino-1,2,4-triazoles 


CO-NH:NH:C(: NH)-NH-C(:NH)-NH, 


NH 

7 , — 
| HNL NN 
Sw (VIT) (VIII) NOR 


(VIII).2° As we wished to observe the effect of replacement of the CH,*O group in our 
diguanides by CO-NH, the reaction of representative hydrazides with dicyandiamide was 
investigated. As in the patent claim,” isonicotinoylhydrazine was heated with dicyandi- 
amide in methanol in the absence of acid to give a colourless crystalline substance in good 
yield, with a melting point close to the recorded figure. Infrared absorption showed that 
the substance, although giving analyses correct for (VII), was not a diguanide, its spectrum 
over the range 2—8 yp. being very similar to that of dicyandiamide: the presence of >NH, 
-CN, and >CO groups was indicated and it was thus probable that the material was a 
simple salt or molecular complex. This was confirmed when on treatment with picric acid 
jsonicotinoylhydrazine picrate separated. When the reaction was carried out in the 
presence of hydrogen chloride a product was obtained giving satisfactory analyses for the 
diguanide hydrochloride (VII) and possessing an infrared spectrum resembling that of 
other diguanides obtained in this work: there was no evidence for formation of a triazole. 
Similarly, benzhydrazide hydrochloride and dicyandiamide gave a diguanide with the 
expected properties. Although isonicotinoylhydrazine formed a salt with dicyandiamide 
in absence of acid, both amino-oxydecane and 8-amino-oxy-6-chloro-1,3-benzodioxan 
failed to do so even after prolonged heating, dicyandiamide being recovered unchanged. 
In a control experiment, dicyandiamide was stable to boiling methanol under the same 
conditions. Since the acyl-substituted diguanides were microbiologically inactive, these 
experiments were not pursued further. j 


R*CH(CO,H)*O*NH*C(3NH)*NH*C(;NH)*NH, = (LX) 


In an attempt to improve on the slight antibacterial activity of the «-amino-oxy-acids 
of McHale, Green, and Mamalis,! the diguanide derivatives (IX; R = C,H), CgHjs, C,Hj;, 
and C,H,,) were prepared by hydrolysis of the reaction product of the amino-oxy-ester 
hydrochloride with dicyandiamide: amino-oxy-acid hydrochlorides failed to react with 
dicyandiamide. 

Microbiological Results—A summary of the results (a fuller account of which will be 
reported elsewhere) is given in the Table, the figures representing the minimum bacterio- 
static concentration im vitro of compound in parts per million. 

While the amino-oxyalkanes exhibited a limited but approximately uniform bacterio- 
static effect against the representative bacteria, the diguanides showed a sharp increase of 
activity with increase in size of group R. Unlike Fuller and King’s derivatives, the 
diguanides were active against a broad range of organisms: thus, decyloxydiguanide 
inhibited the growth of Strept. pyogenes, C. diptheriae, Kl. pneumoniae, S. typhi, and 
Ps. aeruginosa at concentrations of ca. 1 p.p.m. The activity of the aryl-substituted 
diguanides also increased with increasing molecular weight and reached a maximum with 
9-phenanthrylmethoxydiguanide. Benzamido- and isonicotinamido-diguanide were in- 
active. The more active compounds were bactericidal against these organisms at con- 
centrations of 1—5 p.p.m. and also inhibited the growth of the fungi M. canis, C. albicans, 


*4 Oxley and Short, J., 1951, 1252. J 
8 U.S.P. 2,753,354. 
°° U.S.P. 2,480,514; 2,456,090; 2,352,944. 
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RO-NH, RO-NH-C(:-NH)-NH-C(:NH)*NH, 
M. tuber- M. tuber. 
S. aureus E. coli culosis S. aureus E. coli culosis 
R N.C.T.C.4163 8196 7416 4163 8196 7416 

Hydrogen  .......seseeee. 75—150 150—300 37—75 > 300 > 300 
BET Sivcidesbsvcacbecsace > 600 ca. 600 300—600 300—600 
IE - ocecosussesaseveesane 300—600 > 600 300—600 37—75 75—150 
... ee sen 150—300 300—600 ca. 75 5—10 5—10 5—10 
MED. cxcisearestssbenoane 75—150 150—300 0-6—1-2 0-6—1-2 5 
TREACY! ..0.0000000008. 1-25—2-5 6—12 2-5 
BIND cbisesccasetareses 300 600 75—150 150—300 300 
4-Chlorobenzyl ......... 75 75 
3,4-Dichlorobenzyl 37 37 
3-Phenylpropy] ......... 75 75 
1-Naphthylmethyl ‘ 300 300 37 19 
9-Phenanthrylmethyl 5 5 
Cf. sulphathiazole ...... 5 10 Isoniazid 0-1—0-2 


T. mentagrophytes, and E. floccosum at a level of 1—5 p.p.m. The carboxyl-containing 
diguanides were almost devoid of activity and, surprisingly, even less active than the 
amino-oxy-acids of McHale, Green, and Mamalis.! 


1960, page 232, line 6 *. 





For 1-dibromomethylnaphthalene read 2-dibromomethylnaphthalene. 





vee errata sheet 


Light petroleum refers to the fraction b.p. 40—60°. 
Benzhydroxamates.—These were prepared by reaction of sodium benzhydroxamate with the 
alkyl or arylmethyl halide according to the general method of Brady and Peakin.!® New benz- 
hydroxamates are described in Table 1. The required arylmethyl bromides were made by 


TABLE 1. Substituted benzhydroxamates. 
Found (%) Reqd. (%) 
Substituent M. p. or b. p. Formula Cc H N Cc H N 

NIN, so cscniihinlahiiniohinsl 138—140°/0-3 mm. C,,H,,O,N 70-1 87 64 705 87 62 
4-Methylbenzyl ........000000+ 107—108 * ¢ CysH,,0,N 748 63 63 747 63 58 
4-Chlovobenzyl  ....ccceeseeees 162 *° CyyHyO,NCl 643 5-0 52 642 46 £54 
4-Bromobenzyl  ......0eeeeeees 176 %4 C,,H,,O,NBr 547 40 46 548 40 46 
Q-Nitrobenzyl ........seeeeveees 121%° CyH,,0,.N, 618 47 61-8 4:5 
3,4-Dichlorobenzyl ........... 13454 C,,H,,0O,NCl 566 35 46 568 37 47 
CNIS siesenccecccsctencecs 118—120% 4 C,,.H,,O,N 755 60 55 759 60 55 
1-Naphihylmethyl ............ 140 %4 C,,H,,0,N 785 58 47 781 55 5 
2-Naphthylmethyl ............ 131 %¢ C,,H,,0O,N 778 55 49 781 55 651 
2-Methyl-1-naphthylmethyl 150% 4 C,,H,,0,N 782 65 48 784 59 48 
1-Bromo-2-naphthylmethyl... 144% C,.H,,O,NBr 60-6 42 60-6 4-0 
8-Quinolylmethyl  .........06 133—134 ® ¢ C,,H,,0,N, 73-0 49 105 73:4 50 101 
6-Chloro-8-(1,3-benzodi- 

oxanylmethyl) ......0.000+00 131—132 »« CygH,,O,NCl 60:2 45 43 600 44 44 

* Leaflets. * Needles. Recrystallised from (c) ethyl acetate-light petroleum, (d) ethyl acetate, 


(e) ethanole. 


side-chain bromination of the toluenes and methylnaphthalenes with N-bromosuccinimide in 
carbon tetrachloride in the presence of benzoyl peroxide. 4-Bromobenzyl bromide, 1-bromo- 
methylnaphthalene, and 1-bromo-2-bromomethylnaphthalene do not appear to have been made 
previously in this way. Bromination of 2-methylnaphthalene with N-bromosuccinimide 
afforded 2-bromomethylnaphthalene, m. p. 48°, as major product: in one run a substance of 
m. p. 128° was also obtained in low yield and shown to be 1-dibromomethylnaphthalene (Found: 
C, 44-2; H, 3-0; Br, 52-9. C,,H,,Br, requires C, 44-0; H, 2-7; Br, 53-3%) since with boiling 
water it yielded 2-naphthaldehyde as leaflets, m. p. 57—58°, characterised as the semicarbazone, 
needles (from acetone), m. p. 245°.27. In addition to the bromomethy]l derivatives, 1-chloro- 
methylnaphthalene,** 1-chloromethyl-2-methylnaphthalene,®® and 6-chloro-8-chloromethy]-1,3- 
benzodioxan *° were prepared. The following benzhydroxamates were prepared with properties 
27 Monier-Williams, J., 1906, 89, 273. 
Cambron, Canad. J]. Res., 1939, 17B, 10. 


Darzens and Levy, Compt. rend., 1936, 202, 73. 


Buchler, Bass, Darling, and Lubs, J. Amer. Chem. Soc., 1940, 62, 890. 
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jn agreement with those in the literature: methyl *!, ethyl **, allyl ¥*, butyl %, benzyl *%, and 
4nitrobenzyl benzhydroxamate.”* 

3-Phenylpropyl Benzhydroxamate.—Cinnamyl benzhydroxamate (1-0 g.) in ethanol (15 ml.) 
and ethyl acetate (15 ml.) was shaken with hydrogen and 10% palladised charcoal (theoretical 
absorption in 3 min.). Evaporation of the filtered solution gave an oil which solidified to a 
white solid (0-88 g.), m. p. 42—45°, which was difficult to crystallise. Distillation in a short- 
path still gave the product as a colourless oil, b. p. 120—140° (bath)/3 x 10% mm., m. p. 45— 
46° (Found: C, 74-8; H, 6-5; N, 5-5. C,gH,,O,N requires C, 75-1; H, 6-7; N, 5-5%). 

9-Phenanthrylmethyl Benzhydroxamate.—To benzhydroxamic acid (6-9 g.) and sodium 
hydroxide (2-0 g.) in ethanol (50 ml.) was added 9-chloromethylphenanthrene (11-3 g.), and the 
mixture was refluxed for4hr. Solid separated on cooling and was collected, and washed with 
ethanol, then with water. Crystallisation from aqueous dimethylformamide gave needles of 
N-benzoyl-ON-di-(9-phenanthrylmethyl) hydroxylamine (2-1 g.), m. p. 209—210° (Found: C, 85-8; 
H, 5:2; N, 2-5. C,,;H,,O,N requires C, 85-7; H, 5-3; N, 2-7%). Addition of water to the 
original mother-liquors precipitated 9-phenanthrylmethyl benzhydroxamate which separated 
from ethyl acetate as needles (8-6 g.), m. p. 160—161° (Found: C, 80-4; H, 5-6; N, 4:3. 
C,,H,,O,N requires C, 80-6; H, 5-3; N, 43%). 

Alkyloxyurethanes.—Prepared by Fuller and King’s method © from the potassium salt of 
hydroxyurethane and the alkyl bromides, the alkyloxyurethanes are summarised in Table 2. 
They were colourless oils or low-melting solids purified by distillation or crystallisation. 


TABLE 2. Alkyloxyurethanes. 


Found (%) Reqd. (%) 

Alkyl B. p./mm. or m. p. Formula Cc H N Cc H N 
BE. Sésescoraccctennseacacnsecs 123°/28 ¢ 
IEEE Génverwaxonsesusccasoune 55°/0-2 C,H,,0,N 623 93 91 521 94 88 
TREES 76°/0-08 C,H,,0,N 545 97 83 547 98 80 
SEIS 86°/0-35 * 
eT Eee 93°/0-3 ¢ 
eon 98°/0-04 C,,H,;0,N 61:1 109 62 609 10-7 6-5 
ED dctcandpnicebeesiasecuahene 103—104°/0-3 4 
BEY ivbinsrnscsocveqsegusetins 112°/0-05 ¢ C,;H,;,0,N 63-5 109 59 636 Ill 57 
ST. sinioaprindaumencnntdcs 130°/0-3/ C,,H,,0,N 64-9 110 52 649 11:0 52 
2-Methyldecyl ..........000000++ 128°/0-29 CyH,O;N 65:2 108 55 649 11:0 5-2 
=" | ee 39—40° * C\,H,0,N 682 11-9 48 67-8 117 47 
SIE’. “<scnctioonniailinetion 40-5—41-5°* CyHy,O;N 698 120 40 69:3 11-9 43 
ET tiki nsaichioaaawswkoeca 45—46°* C,,H,,0,N 710 123 39 71-4 12:1 39 


* Lit.,*b. p. 108°/12-5mm. ® Lit.,®b. p. 146—147°9/16mm. °¢ Lit.,%b. p. 158°/20mm. # Lit.,5? 
b. p. 179°/20 mm. * mp!® 1-4464. f mp!? 1-4484. 9% mp8 1-4482. * Needles from light petroleum. 


N-Decyl-N-decyloxyurethane.—Isolated as a by-product from the reaction of hydroxy- 
urethane with decyl bromide, the disubstituted urethane had b. p. 154°/0-1 mm., 1," 1-4490 
(Found: C, 71-0; H, 11-9; N, 3-8. C,,H,,O,N requires C, 71-5; H, 12-2; N, 3-6%). 

N-Benzyloxycarbonylhydroxylamine.—To a stirred mixture of hydroxylamine hydrochloride 
(5-6 g.), anhydrous sodium carbonate (12-5 g.) and water (37 ml.) was added benzyl chloro- 
formate (13-4 g.) dropwise at 15—20°. After a further 4 hours’ stirring the mixture was acidified 
with concentrated hydrochloric acid, and the liberated oil was extracted into ether. The 
extracts were washed with water, dried, and evaporated to afford a white product (10-2 g.), 
which formed plates (from ether-light petroleum), m. p. 68—69° (Found: C, 57-8; H, 5-5; N, 
8-0. C,H,O,N requires C, 57-5; H, 5:5; N, 8-4%). 

Amino-oxymethane Hydrobromide.—Sodium hydroxide (0-96 g.) in ethanol (25 ml.) was 
treated with N-benzyloxycarbonylhydroxylamine (4-0 g.), the sodium salt separating. After 
addition of methyl iodide (3-4 g.) the mixture was refluxed for 4 hr., water added, and the 
oily product isolated with ether. Removal of solvent left a yellow oil (3-3 g.) which failed to 
solidify. The oil was left with a 20% solution (10 ml.) of hydrogen bromide in acetic acid over- 
night at 20°, then evaporated, and the residual solid crystallised from ethanol-ether, giving the 


31 Jacobson, Annalen, 1894, 281, 186. 

32 Waldstein, ibid., 1876, 181, 384. J 
33 Beckmann, Ber., 1893, 26, 2633. 

** Kleinschmidt and Cope, J. Amer, Chem. Soc., 1944, 66, 1929. 
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hydrobromide as deliquescent plates (1-5 g.), m. p. 102° (Found: C, 9-6; H, 48; N, 11. 
CH,ONBr requires C, 9-4; H, 4:7; N, 10-9%). 

Amino-oxymethane Hydrochloride.—Methyl benzhydroxamate (3-0 g.), concentrated hydro- 
chloric acid (15 ml.), and water (15 ml.) were heated under reflux for 2 hr. After cooling, the 
benzoic acid was collected (2-1 g.) and the filtrate evaporated to dryness. The white solid 
remaining was crystallised from ethyl acetate-ethanol to give the hydrochloride as white plates 
(1-4 g.), m. p. 148—149° (lit.,35 m. p. 149°). 

Amino-oxyethane hydrochloride similarly prepared, formed plates (from ethyl acetate- 
ethanol), m. p. 130—132° (lit.,3* m. p. 128°). 

3-Amino-oxypropene hydrochloride, obtained from allyl benzhydroxamate, crystallised as 
plates, m. p. 172—174°. Brady and Peakin ™ give m. p. 172° (decomp.). 

1-Amino-oxypropane Hydrochloride.—(a) The above hydrochloride (5-0 g.) in ethanol (50 ml.) 
was shaken with hydrogen and 10% palladised charcoal till uptake ceased. Concentration of 
the filtered solution and addition of ethyl acetate afforded the product as plates (4-8 g.), m. p, 
150—151° (Found: C, 31-9; H, 8-9; N, 12-8. Calc. for C;H,,ONCI: C, 32-3; H, 89; N, 
12-6%) (lit.,37 m. p. 140—141°,!? m. p. 155—157°). 

(b) Propyl benzhydroxamate (11-5 g.) and 6% ethanolic hydrogen chloride (60 ml.) were 
heated under reflux for 1 hr. After removal of solvent, dry ether was added; the product 
(6-9 g.) had m. p. 147—149°, raised to 150—151° on crystallisation (6-4 g.). 

Hydrolysis of Propylbenzhydroxamate with Aqueous Acid.—Propyl benzhydroxamate (11-1 g.) 
and 17% hydrochloric acid (100 ml.) were heated under reflux for 2 hr.; a black oil rapidly 
separated. After cooling and extraction with ether, the aqueous layer was evaporated and the 
residual solid triturated with ethyl acetate-ethanol to yield ammonium chloride (2-35 g., 71%). 
The ethereal layer was extracted with aqueous sodium hydrogen carbonate from which benzoic 
acid (4:8 g., 64%) was recovered. Evaporation of the extracted ethereal layer afforded an oil 
(2-95 g.) which on acid hydrolysis gave benzoic acid (2-0 g., 26%) and a little low-boiling mobile 
oil, probably propan-1-ol. ; 

1-Amino-oxybutane Hydrochloride.—Butyl benzhydroxamate © (17 g.) and 6% ethanolic 
hydrogen chloride (80 ml.) were heated under reflux for 2 hr. Evaporation and addition of 
ether yielded the product which formed plates (from ethyl acetate-ethanol) (7-8 g.), m. p. 155— 
156° (Neuffer and Hoffmann ‘ give m. p. 152—153°; Winternitz and Lachazette *’ give m. p. 
155—156°). 

1-Amino-oxypentane Hydrochloride.—Made as was the above compound, the hydrochloride 
separated from ethyl acetate-ethanol as plates, m. p. 148° (Found: C, 43-2; H, 10-0; N, 
10-3. C,H,,ONCI requires C, 43-0; H, 10-0; N, 10-0%). 

1-Amino-oxyalkanes by Alkaline Hydrolysis of the Urethanes.—Amino-oxyisobutane hydro- 
chloride, prepared by alkaline hydrolysis of the urethane, crystallised from ethyl acetate as 
leaflets, m. p. 134—135° (Found: C, 37-6; H, 9-1; N, 10-7. Calc. for CgH,,ONCI: C, 38-0; H, 
9-5; N, 11-1%), Leffler and Bothner-by ** give m. p. 127—128°. Amino-oxyhexane hydro- 
chloride, prepared similarly, had m. p. 151° (lit.,5® 150—151°). 1-Amino-oxyheptane hydro- 
chloride separated as leaflets (from ethyl acetate-ethanol), m. p. 151—152° (Found: C, 50-2; H, 
10-5; N, 9-0. C,H,,ONCI requires C, 50-2; H, 10-8; N, 8-4%). 1-Amino-oxyoctane hydro- 
chloride formed plates, m. p. 147—149°, from the same solvents (Found: C, 52-8; H, 10-9; N, 
8-2. Calc. for C,H,,ONCI1: C, 52-8; H, 11-1; N, 7°7%). Theilacker and Ebke !? give m. p. 
81—82°. 1-Amino-oxynonane hydrochloride failed to crystallise satisfactorily and the crude 
material was used for preparation of the diguanide; Fuller and King ®° give m. p. 146—149° 
for this material. 1-Amino-oxydecane hydrochloride crystallised as plates (from ethyl acetate- 
ethanol), m. p. 145-5—146-5° (Found: C, 57-3; H, 11-2; N, 6-8. C,gH,,ONCI requires C, 57-4; 
H, 11-6; N, 6-7%). The hydrobromide crystallised as plates (from ethyl acetate), m. p. 135— 
136° (lit.,37 m. p. 125—128°) (Found: C, 47-8; H, 9-8. Calc. for C,sH,ONBr: C, 47-3; H, 
9-5%). When the hydrochloride (2-1 g.), salicylaldehyde (1-25 g.), sodium hydroxide in water 
(0-4 g. in 2 ml.), and ethanol (15 ml.) were heated under reflux for 1 hr., 1-salicylideneamino- 
oxydecane was obtained as a lemon-yellow oil (1-9 g.), b. p. 132°/0-3 mm. (Found: C, 73-5; H, 
9-8; N, 4-9. C,,H,,O,N requires C, 73-5; H, 9-8; N, 5:-1%). 1-Furfurylideneamino-oxydecane, 


35 Jones, Amer. Chem. ]., 1898, 20, 39. 

36 Hecker, ibid., 1913, 50, 444. 

3? Winternitz and Lachazette, Bull. Soc. chim. France, 1958, 664. 
38 Leffler and Bothner-by, J. Amer. Chem. Soc., 1951, 78, 5473. 
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similarly prepared, was a yellow oil, b. p. 114°/0-08 mm. (Found: C, 71:3; H, 10-0; N, 5-7. 
CysH,,0.N requires C, 71:8; H, 10-0; N, 5-6%). 1-Amino-oxyundecane hydrochloride was 
obtained as leaflets, m. p. 143—144° (Found: C, 59-1; H, 11-4; N, 6-0. C,,H,,ONCI requires 
C, 59-0; H, 11-7; N, 62%). 2-Amino-oxyundecane hydrochloride crystallised similarly (m. p. 
145—146°) (Found: C, 59-2; H, 119%). 1-Amino-oxydodecane hydrochloride formed plates, 
m. p. 140—143° (Found: C, 61-0; H, 11-9; N, 5-9; Cl, 14-6. C,,H,,ONCI requires C, 60-6; H, 
11:8; N, 5-9; Cl, 149%). 1-Amino-oxytetradecane hydrochloride separated as leaflets, m. p. 
137—138° (Found: C, 62-9; H, 11-8; N, 5:3. C,,H;,ONCI requires C, 63-2; H, 12-1; N, 
53%). The base crystallised from ethyl acetate—light petroleum as leaflets, m. p. 68—70° 
(Found: C, 72-9; H, 13-4; N, 5-7. C,,H3,ON requires C, 73-4; H, 13-7; N,6-1%). 1-Amino- 
oxyhexadecane hydrochloride was obtained as leaflets, m. p. 133—134° (Found: C, 65-3; H, 12-3; 
N, 4:8. C,g,H,,ONCI requires C, 65-4; H, 12-4; N, 4-8%). The free base formed leaflets (from 
light petroleum), m. p. 45—47° (Found: C, 74:0; H, 13-7; N, 5-9. C,H ,,ON requires C, 74-5; 
H, 13-7; N, 54%). 1-Amino-oxyoctadecane crystallised from light petroleum as needles, m. p. 
50—52° (Found: C, 75-6; H, 13-6; N, 4-8. C gH 3gON requires C, 75-8; H, 13-7; N, 49%). 

Amino-oxymethylbenzene Hydrochloride.—Benzyl benzhydroxamate (4-3 g.) and 6% ethanolic 
hydrogen chloride (30 ml.) were refluxed for 20 min. during which solid separated. The mixture 
was cooled and the white leaflets were collected (2-7 g., 90%; m. p. 230—232°), sufficiently pure 
for preparation of the diguanide. Behrend and Leuchs * give m. p. 230—235°. 

Similar preparations gave p-amino-oxymethyl-toluene hydrochloride (from ethanol—water), 
leaflets, m. p. 233° (88%) (Found: C, 55-5; H, 7-0; N, 8-2. C,H,,ONCI requires C, 55-5; H, 
7-0; N, 8-1%), -chlorobenzene hydrochloride, leaflets, m. p. 243° (Found: C, 43-1; H, 4-9; N, 
7-1. C,H,ONCI, requires C, 43-3; H, 4:7; N, 7:2%), -bromobenzene hydrochloride, plates (from 
ethanol-ether), m. p. 246—247° (Found: C, 35-8; H, 4:0; N, 5-8. C,H,ONBrCl requires C, 
35-2; H, 3-8; N, 5-9%), and -nitrobenzene hydrochloride, as leaflets, m. p. 216° (lit.,2® m. p. 217°), 
o-amino-oxymethylnitrobenzene hydrochloride, needles, m. p. 165—166° darkening on exposure to 
light (Found: C, 40-8; H, 4-8. C,H,O,N,Cl requires C, 41-0; H, 4:4%), 4-amino-oxymethyl- 
1,2-dichlorobenzene hydrochloride (from ethyl acetate-ethanol), leaflets, m. p. 197° (Found: 
C, 36-7; H, 3-4; N, 5:7. C,H,ONCI, requires C, 36-7; H, 3-5; N, 6-1%), 3-amino-oxypropyl- 
benzene hydrochloride, plates (from ethanol-ether), m. p. 168—169° (Found: C, 57-2; H, 7-5; 
N, 7-4. C,H,,ONCI requires C, 57-2; H, 7-5; N, 7-4%), 1-amino-oxymethylnaphthalene hydro- 
chloride (from ethyl acetate containing a few drops of methanol), needles, m. p. 198° (Found: C, 
63-3; H, 6-0; N, 6-9. C,,H,,ONCI requires.C, 63-0; H, 5-8; N, 6-7%), the 2-amino-oxymethyl- 
isomer, much less soluble, leaflets (from aqueous ethanol), m. p. 247° (Found: C, 63-5; H, 5-5; 
N, 69%) [N-benzyloxycarbonyl derivative, leaflets (from ethyl acetate-light petroleum), m. p. 
93—94° (Found: C, 74-6; H, 5-8. ©C,,H,,O;N requires C, 74:3; N, 5-6%), from which the 
amino-oxymethyl hydrobromide could readily be obtained by treatment with dry hydrogen 
bromide in acetic acid], 1l-amino-oxymethyl-2-methylnaphthalene hydrochloride monohydrate, 
needles (from ethanol-ether), m. p. 192—193° (Found: C, 59-2; H, 6-6; N, 6-2; Cl, 15-0. 
C,,H,,ONCI,H,O requires C, 59-3; H, 6-7; N, 5-8; Cl, 14:7%), 2-amino-oxymethyl-1-bromo- 
naphthalene hydrochloride, needles (from ethanol—water), m. p. 199° (Found: C, 45-7; H, 4:3. 
C,,H,,ONBrCl requires C, 45-7; H, 3-9%), 9-amino-oxymethylphenanthrene hydrochloride, 
needles (from ethanol), m. p. 216—217° (Found: C, 69-3; H, 5-6; N, 5-4. C,;H,,ONCI requires 
C, 69-3; H, 5-4; N, 54%), and the 1l-isomer, needles, m. p. 184—186°, used without further 
purification. 

6-Amino-oxymethyltetralin Hydrochloride —Chloromethylation of tetralin ** yielded a mix- 
ture, b. p. 143—148°/15 mm., of some 5- with 6-chloromethyltetralin. The mixture with sodium 
benzhydroxamate gave the mixed benzamido-oxymethyltetralins as a thick yellow oil. This 
(18 g.) was heated with 6% ethanolic hydrogen chloride (150 ml.) under reflux for 3 hr. and 
evaporated to afford a solid (11-5 g.), m. p. 130—150°. Fractional crystallisation from ethanol 
furnished the product as needles (6-8 g.), m. p. 190—191° (Found: C, 62-2; H, 7-6; N, 7-0. 
C,,H,,ONCI requires C, 61-8; H, 7-5; N, 6-6%). 

8-A mino-oxymethyl-6-chloro-1,3-benzodioxan Hydrochloride.—Prepared by alcoholysis of the 
benzhydroxamate this salt crystallised from ethanol-ether as needles, m. p. 204—205° (Found: 
C, 42-6; H, 4-7; N, 5-9. C,H,,O,NCI, requires C, 42-8; H, 4-4; N, 56%). 

8-Amino-oxymethylquinoline Dihydrochloride.—Treatment of the benzhydroxamate (3-2 g.) 

} 

3° Darzens and Levy, Compt. rend., 1935, 201, 902. 
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with ethanolic hydrogen chloride afforded the product (2-3 g.) as needles, m. p. 193° (Found: C, 
48-3; H, 5-2; N, 11-8. C,9H,,ON,Cl, requires C, 48-7; H, 4-9; N, 11-3%). 
Alkyloxydiguanides.—The amino-oxy-hydrochloride (0-1 mole), dicyandiamide (0-1 mole), 
and ethanol (70 ml.) were heated under reflux for 2—4 hr. After filtration if necessary from 
solid, the mixture was evaporated, then treated with alcoholic hydrogen chloride (ca. 0-15 mole) 
and dry ether. The diguanide dihydrochloride usually crystallised and was collected and 
recrystallised. The dihydrochlorides were often deliquescent and this precluded analytical 
results’ being obtained in some cases: these compounds were, therefore, characterised by con- 










version into the picrates. 


TABLE 3. Alkoxydiguanides RO-NH:C(:NH)-NH:-C(°NH)-NHg. 


























Substituent (R) Found (%) Reqd. (%) 
and derivative M. p. Formula Cc H N Cc H N 

Methyl, 2HC1 ..........++ 183—184° + 4 C,H,,ON,Cl 174 54 342 176 654 343 
| oo: 180—181 ® « C,H,,ON,Cl, 224 62 32:3 22:2 61 324 
Ethyl, picvate  ....cccceeee 235—236 * f Cy9H,,OsN, 32-2 40 29-6 32-1 38 30-0 
Peopys, SIA oc cccceceese 142—147 * 

Propyl, picrate 219—220 +9 C,,H,.O,N, 336 39 28-8 340 42 28-9 
BU, TMA. cccecessesseies 135—136  ¢ C,H,,ON,Cl, 294 71 28:0 29:5 7:0 28-6 
Isobutyl, 2HC1 ......... 142—144 # 

Tsobutyl, picrate ......... 225 *f C,2H,,O,N, 358 45 278 358 45 27:8 
Pomtyt, SCE cscscess:s. 129—133 ¢ 

FRE Vnicnaoonschecoisrestes 95—96 ** C,H,,ON, 444 90 37:0 449 92 37-4 
Pentyl, picrate .......++++ 204—205 */ Cy3HgONg 37-1 47 270 375 48 26-9 
FEET, A pecesecesese 138—141 ¢ 

Hexyl, picraté ........000. 204—205 */ C,,4H,,0,N, 39-4 50 25-8 39-2 5-1 26-0 
} er ee 102—103 «* gH,,ON, 47-3 94 35-2 47-7 95 348 
a ee 135—137 

Heptyl, picrate ........+.+ 210 %/ C,sH,,0,N, : 40:7 52 25:0 406 54 25-2 
RINE aveticceescpescesccscess 99—100 */ 10H,30ON, 526 98 300 525 10-1 30-6 
Octyl, picrate — .....c.000 209 +f CygHy,.O,Ng 416 56 244 41-9 5-7 244 
> 148—152¢ 

Nonyl, picrate ........00+. 200 +4 C,,H2,0,N, 42-8 5-8 23-8 43-1 6-0 23-7 
Daeyh, BRIA cvvessceceseves 123—130 ¢ 

TIGNES casenecsvrerseesecescees 100—101 */ C,,H,,ON, 558 10:3 268 560 10:5 27-2 
Decyl, Picvate  .....000000. 204—205 *f C,gH3,0,N, 44-1 5-8 226 444 62 23-0 
Undecyl, 2HC1 ............ 145—148 * 4 C,3H;,ON,Cl, 456 89 20-2 453 91 20-4 
2-Methyldecyl, 2HC1 108—111* ¢ C,3H;,ON,Cl, 45-7 94 20-1 453 91 20-4 
Dodecyl, 2HC1 ............ 162—164 «43 C,,Hs,0N,C]l, 465 93 202 469 93 19-6 
Dodecyl, picrate  .....+.++ 207—208 * f CopHy,O,Ny 46-5 6-9 22-0 46-7 6-7 21:8 
Tetvadecyl, HCl ......... 140 ¢ ¢# CygHz,9N,Cl 54:9 10:0 19-7 55:0 10:3 20-0 
Tetradecyl, picrate ...... 210—212 «/ C,.H3,0,Ng 49-5 76 21-0 48-8 71 20-7 
TRIG scicecetcsisinesii 101—103 *f C,,Hy9ON, 63-9 11:5 20- 63-5 11-7 20-5 

* Needles. * Prisms. ¢ Leaflets. Recrystallised from ¢ ethyl acetate—ethanol, * ethanol-ether, 


4 ethanol, % 2-ethoxyethanol, * ether-light petroleum. j Shrinks at 70°. * Shrinks 


* Deliquescent. 
at 75—80°. 


Benzyloxydiguanide Dihydrochloride.—The salt crystallised from ethanol-ethyl acetate as 
needles, m. p. 150—151° (Found: C, 39-1; H, 5-6; N, 25-5; Cl, 25-0. C,H,,ON,Cl, requires 
C, 38-6; H, 5-4; N, 25-0; Cl, 25-3%). The base formed plates (from water), m. p. 111° (Found: 
C, 51-8; H, 6-3; N, 34-2. C,H,,ON, requires C, 52-1; H, 6-3; N, 33-8%), and the picrate, 
leaflets (from ethanol—acetone), m. p. 226—227° (Found: C, 41-5; H, 3-8; N, 26-1. C,,;H,.O,Ng 
requires C, 41-3; H, 3-7; N, 25-8%). 

Hydroxydiguanide Dihydrochloride—The preceding dihydrochloride (1-4 g.) in ethanol 
(15 ml.) was shaken with hydrogen and 10% palladised charcoal for 15 min., then uptake ceased 
(110 ml.). The filtered solution was evaporated to dryness, leaving a stiff gum which soldified 
on trituration with dry ether [0-87 g.; m. p. 130—131° (decomp.)]. The product was recrystal- 
lised by dissolution in hot ethanol and addition of dry ether, forming prismatic needles, m. p. 
139—140° (Found: C, 13-0; H, 5-0; N, 37-0; Cl, 37-0. C,H,ON,Cl, requires C, 12-6; H, 4-8; 
N, 36-8; Cl, 37-4%). In a second experiment, the filtered hydrogenation solution was seeded 
and yielded the pure material directly. Treatment of an aqueous solution of the hydrochloride 
with aqueous lithium picrate afforded a picrate which after crystallisation from hot water 
formed yellow prisms, darkening from 250° but melting at >300°. This appeared to be 
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gudnylurea picrate *° (Found: C, 29-5; H, 2-9; N, 30-1. Calc. for C,H,O,N,: C, 29-0; H, 
2-7; N, 29-6%). On prolonged storage, hydroxydiguanide hydrochloride decomposed to give 
guanylurea hydrochloride, m. p. 173—174° (lit.,* m. p. 172—174° for hemihydrate) (Found: C, 
17:7; H, 5-1; Cl, 25-1. Calc. for C,H,ON,Cl: C, 17-3; H, 5-1; Cl, 25-6%). 

Aryloxydiguanides.—4 - Methylbenzyloxydiguanide. p-Amino-oxymethyltoluene hydro- 
chloride (8-5 g.), dicyandiamide (4-1 g.), and ethanol (50 ml.) were heated under reflux for 2 hr., 
evaporated and treated with ethanolic hydrogen chloride and dry ether. The dihydrochloride 
which separated was collected (8-0 g.; m. p. 144—145°), dissolved in the minimum amount of 
hot water, and basified with N-sodium hydroxide. The base crystallised from ethyl acetate— 
ethanol as leaflets, m. p. 177° (Found: C, 54:3; H, 7-1; N, 31:3. C,9H,,ON, requires C, 54-3; 
H, 6-9; N, 31-7%). 


TABLE 4. Arylmethoxydiguanides, RO*NH°C(‘NH)*NH-C(°-NH)-NHg. 


Substituent (R) Found (%) Reqd. (%) 

and derivative M. p. Formula Cc H N Cc H N 
p-Chlorobenzyl  ......00006 175°** C,H,,ON,Cl 448 51 29:0 447 50 29-0 
p-Bromobenzyl ......0000+ 188% 4 C,H,,ON,Br 38:5 44 240 37:3 42 24-4 
p-Nitrobenzyl, HCL ...... 216%¢  C,H,,0,N,Cl 36-8 4:7 37-4 4:5 
o-Nitrobenzyl, HCl ...... 179 &S C,H,,0,N,Cl 36-7 48 286 37-4 45 29-0 
3,4-Dichlorobenzyl, 2HC1 1714S C,H,,ON,Cl, 30-8 40 197 31:0 38 20-1 
3-Phenylpropyl, 2HC1, 

SI ete snbiintedches 153—155%* C,,H,,ON,Cl,,C;H,O 441 7:2 203 441 71 198 
1-Naphthylmethyl ......... 14554  C,,H,,ON, 60-5 56 265 60-7 59 27-2 
2-Naphthylmethyl ......... 213 «4 C,;H,,ON, 61:0 60 27:0 60:7 59 27-2 
1-Methyl-2-naphthylmethyl 165% 4 C,,H,,ON, 62-7 67 263 62:0 63 25-8 
1-Bromo-2-naphthylmethyl 158—160%9 C,,H,,ON,Br 466 42 46-2 42 
9-Phenanthrylmethyl, H,O 107—108%* C,,H,,ON,;,H,O 63-0 6-0 62-8 5-9 
9-Phenanthrylmethyl ...... 95—98 5 C,,H,,ON, 66-3 5-7 66-5 5-6 
1-Phenanthrylmethyl, H,O 190% # C,,H,,ON;,H,O 62-8 6-0 62-8 5-9 
6-Tetralylmethyl, 2HCl... 138—141 * 
6-Tetralylmethyl ..........+ 157—158°4 C,,H,,ON, 60-0 68 27:2 598 7:3 268 
6-Chloro-8-(1,3-benzodi- 

oxanyl)methyl — ......04 191—192%* C,,H,,O,N,Cl 44-7 52 23-8 441 47 23-4 


* Leaflets. *& Needles. ¢ Plates. Recrystallised from ¢ ethyl acetate, * ethanol, / ethanol-ether, 
9 ethanol-light petroleum, * ethyl acetate-ethanol, ‘ aqueous ethanol. 4 After being dried at 80°/15 
mm. for 4 hr. Deliquescent. 


Reaction of Isonicotinoylhydrazine with Dicyandiamide.—The hydrazine (1-35 g.), dicyandi- 
amide (0-84 g.), and methanol (15 ml.) were heated under reflux for 24 hr. On cooling, cream 
prisms separated (1-92 g.; m. p. 138—142°), which were soluble in cold water and did not give a 
violet precipitate with ammoniacal copper sulphate: crystallisation from ethanol afforded 
needles of a substance, m. p. 138—139° (lit.,24 145°) (Found: C, 43-3; H, 5-3; N, 44-0. Calc. 
for C,H,,ON,: C, 43-5; H, 5-0; N, 443%). This substance in water was treated with 
ethanolic picric acid, a picrate separating as felted yellow needles, m. p. 190—191° (decomp.), 
not depressed on admixture with authentic isonicotinoylhydrazine dipicrate monohydrate, m. p. 
190—191° (decomp.) (Found: C, 35-3; H, 2-7. C,,H,,0,,N,,H,O requires C, 35-3; H, 2-5%). 
Attempted crystallisation from ethanol—-acetone gave the isopropylidene derivative picrate, 
needles, m. p. 204—205° (Found: C, 44-3; H, 3-7. C,,;H,,O,N, requires C, 44-4; H, 3-5%). 

Isonicotinamidodiguanide Dihydrochloride.—Isonicotinoylhydrazine (1-35 g.), dicyandiamide 
(0-84 g.), methanol (15 ml.), and concentrated hydrochloric acid (1-0 ml.) were heated under 
reflux for 1 hr., a yellow solid separating from the hot solution. After cooling, the solid was 
collected (1-86 g.), m. p. 205—207°. Crystallisation from water gave soft yellow needles of the 
product, m. p. 200° (Found: C, 33-3; H, 5-0; N, 33-0. C,H,,ON,Cl, requires C, 33-0; H, 4-5; 
N, 33-6%), which gave a dirty violet precipitate with ammoniacal copper sulphate 

Benzamidodiguanide Monohydrochloride.—Benzhydrazide (20 g.), dicyandiamide (12-5 g.), 
and ethanol (100 ml.) containing dry hydrogen chloride (5-1 g.) were heated under reflux for 
3 hr. during which time solid separated. After cooling and dilution with acetone, the solid was 
collected (26-9 g.). Crystallisation from ethanol containing a little water gave the product as 
needles, m. p. 169—170° (Found: C, 42-5; H, 5-0; N, 31-9. C,H,,ON,Cl requires C, 42-1; H, 
5-1; N, 32-7%). j 

‘0 Bamberger and Seeberger, Ber., 1893, 26, 1587. 

‘t Jona, Gazzetta, 1907, 37, ii, 561. 
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Attempted Reactions with Dicyandiamide.—(a) 1-Amino-oxydecane (1-32 g., from the hydro- 
chloride), dicyandiamide (0-64 g.), and ethanol (10 ml.) were heated under reflux for 20 hr, 
Cooling gave unchanged dicyandiamide (0-60 g.), m. p. 215—216°, identified by mixed m. p. and 
infrared absorption. 1-Amino-oxydecane (1-2 g.) was recovered from the mother-liquors. 

(6) 8-Amino-oxymethyl-6-chloro-1,3-benzodioxan (1-24 g.), dicyandiamide (0-48 g.), and 
methanol (10 ml.) were refluxed for 20 hr. Only unchanged materials were isolated on 
working up. 

(c) Dicyandiamide was recovered unchanged when refluxed in methanol for 24 hr. 

1-Carboxyhexyloxydiguanide.—a-Amino-oxyheptanoic acid hydrochloride! (2-0 g.) was 
refluxed for 1 hr. with 5% methanolic hydrogen chloride (20 ml.). Evaporation gave a gum 
which was refluxed for 2 hr. with dicyandiamide (0-84 g.) and ethanol (20 ml.); N-sodium 
hydroxide (25 ml.) was added and refluxing continued for 2 hr. The solvent was evaporated, 
and the product taken up in water and brought to pH 6 with acetic acid. The resulting solid 
was collected and crystallised from aqueous ethanol to give a monohydrate (1-5 g.), m. p. 127— 
128° (Found: C, 41-3; H, 8-0; N, 27-0. C,H,,O,N;,H,O requires C, 41-3; H, 8-0; N, 26-6%), 
Distillation with xylene gave, as residue, 1-carboxyhexyloxydiguanide, m. p. 194° (Found: C, 
43-9; H, 7-6. C,H,,0O,N, requires C, 44-0; H, 7-8%). 

1-Carboxyheptyloxydiguanide.—a-Amino-oxyoctanoic acid ! (1 g.) was suspended in methanol 
(20 ml.), saturated with hydrogen chloride, and then refluxed for 2 hr. Evaporation gave a 
gum which was refluxed for 2 hr. with dicyandiamide (0-48 g.) and ethanol (10 ml.)._ Hydrolysis 
and isolation as above gave l-carboxyheptyloxydiguanide monohydrate (0-5 g.) (from aqueous 
ethanol), m. p. 129—131° (Found: C, 43-7; H, 8-3. Cj, 9H,,O;N;,H,O requires C, 43-3; H, 
84%). 

1-Carboxyoctyloxydiguanide.—a-Amino-oxynonanoic acid ! (0-8 g.), treated as above, gave 
1-carboxyoctyloxydiguanide monohydrate (0-3 g.) (from aqueous ethanol), m. p. 128—129° (Found: 
C, 45-9; H, 8-4; N, 23-9. C,,H,,0,N,,H,O requires C, 45-3; H, 8-6; N, 24-0%). 

1-Carboxynonyloxydiguanide.—a-Amino-oxydecanoic acid? (1 g.), treated as above, gave 
l1-carboxynonyloxydiguanide monohydrate (1-1 g.) (from aqueous ethanol), m. p. 122—125° 
(Found: C, 47-5; H, 8-7; N, 23-4. C,,H,,0,N;,H,O requires C, 47-2; H, 8-9; N, 23-0%), and 
thence by use of xylene gave 1-carboxynonyloxydiguanide, m. p. 187—188° (Found: C, 49-9; H, 
8-6; N, 24:0. C,,H,,0O,N, requires C, 50-1; H, 8-8; N, 24-4%). 





The authors are grateful to Messrs. D. J. Outred and C. Watson for skilled technical 
assistance. 


WaLtTon Oaks EXPERIMENTAL STATION, VITAMINS LTD., 
TADWORTH, SURREY. (Received, June 15th, 1959.] 





46. Some Reactions of the Radical 2,4,6-Tri-t-butylphenozxyl. 
By J. C. McGowan and T. PoweELL. 


The blue free radical, 2,4,6-tri-t-butylphenoxyl, reacts with radicals 
formed in the breakdown of peroxides and azo-compounds and has been used 
to measure the relative rates of dissociation of these compounds. Some 
measurements have also been made of the rates of its reaction with m-chloro- 
aniline and t-butyl hydroperoxide. 


THE blue free radical, ««-diphenyl-8-picrylhydrazyl, has been used to determine apparent 
rate constants k for the decompositions of certain compounds which break down to yield 
free radicals and are used as initiators for vinyl polymerizations.1 The rate constants are 
apparent because sometimes not all the molecules of the initiator break down to radicals 
capable of reacting with the hydrazyl. It has now been found that when an excess of 
dibenzoyl peroxide or a dialkyl ««’-azoisobutyrate is allowed to decompose in a solution 
of 2,4,6-tri-t-butylphenoxyl in carbon tetrachloride at a constant .emperature, the optical 


1 Bawn and Mellish, Trans. Faraday Soc., 1951, 47, 1216; Bawn and Halford, ibid., 1955, 61, 780; 
Hammond, Sen, and Boozer, J. Amer. Chem. Soc., 1955, 77, 3244. 
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density falls linearly with time, as it does for solutions of ««-diphenyl-8-picrylhydrazyl. 
From the rates of disappearance of the colour from solutions of the phenoxyl, relative 
values for the apparent rates of decompositions of initiators can be calculated. Values 
for the rates of dissociation, k, of the initiators can be obtained if it is assumed that 2,4,6- 
tri-t-butylphenoxyl reacts with the radicals from dibenzoyl peroxide and the dialkyl 
aa’-azoisobutyrate with the same efficiency as aa-diphenyl-f-picrylhydrazyl does. 2,4,6- 
Tri-t-butylphenoxyl has some advantages over aa-diphenyl-f-picrylhydrazyl since it 
normally gives colourless products with other radicals and it contains no nitro-groups, 
which can themselves react with certain radicals. 2,4,6-Tri-t-butylphenoxy] is prepared ® 
by the oxidation of 2,4,6-tri-t-butylphenol. The radical is destroyed when its solutions 
are shaken in air, but the reaction with air is sufficiently slow for the radical concentration 
to be obtained without appreciable error by measurement of the optical density of solutions 
quickly in open cells in an EEL absorptiometer. 
Autoxidations usually proceed * by a chain reaction: 


R: + O, —— RO, ee a eee ee 
Rye + Wage AOONS 2.2. sc eet ce @® 


and termination by a hydrogen donor AH is generally attributed to the reactions: 


RO, + AH ——w RO‘'OH+A> . . . - ew ew ew ee 6) 
A: + RO, —— Stable products . . . - «© « «© « « « (4) 


2,4,6-Tri-t-butylphenol is an antioxidant,® and 2,4,6-tri-t-butylphenoxyl would be the 
radical A- derived from it. In attempts to find relative values of k for reactions of type (3), 
a source of radicals such as dibenzoyl peroxide,® ««’-azoisobutyronitrile,’® or 2,2,3,3-tetra- 
phenylbutane ® has been used to initiate the autoxidation which is carried out in the presence 
of the inhibitor. According to the above mechanism, the initial rate of uptake of oxygen 
for a given autoxidation should be proportional to k for reaction (3) and to the initiator 
concentration, and inversely proportional to the amount of inhibitor. This is what some 
investigators ®*° have found. Hammond, Sen, and Boozer,’ found, however, that the 
initial rates of uptake of oxygen were proportional to the square roots of the inhibitor 
(N-methylaniline or phenol) concentrations and suggested that the rate of termination was 
proportional to [Alkylperoxy-radical]*[Inhibitor]. Harle and Thomas” followed the 
concentration of radicals during the autoxidation of octadecene inhibited by N-phenyl-a- 
naphthylamine by means of electron paramagnetic resonance measurements. Although 
the results were in approximate agreement with the mechanism suggested by Hammond, 
Sen, and Boozer,’ Harle and Thomas pointed out that their results might be explained if 
the radicals A+ were destroyed rapidly by some oxidation product, for example by peroxide, 
which rises to a high concentration near the end of the induction period. It is therefore 
of interest that 2,4,6-tri-t-butylphenoxyl has been found to react readily with t-butyl 
hydroperoxide and presumably it reacts with other hydroperoxides as well. The reaction 
was of the first order with respect to the 2,4,6-tri-t-butylphenoxyl and with respect to 


2 Inamoto and Simamura, J. Org. Chem., 1958, 28, 408; Jackson, Waters, and Watson, Chem. and 
Ind., 1959, 59. 

3 Cook, J. Org. Chem., 1953, 18, 261; Cook and Woodworth, J. Amer. Chem. Soc., 1953, 75, 6242; 
Muller and Ley, Chem. Ber., 1954, 87, 922; Muller, Ley, and Kiedaisch, ibid., p. 1605. 

4 Ziegler and Ewald, Annalen, 1933, 504, 162; Bolland and Gee, Trans. Faraday Soc., 1946, 42, 
236, 244. 

® Miller and Quackenbush, J. Amer. Oil Chemists’ Soc., 1957, 34, 249; Penketh, J. Appl. Chem., 
1957, 7, 512. 

® Bolland and ten Have, Discuss. Faraday Soc., 1947, 2, 252. 

7 Hammond, Sen, and Boozer, J. Amer. Chem. Soc., 1955, 77, 3239. 

® Davies, Goldsmith, Gupta, and Lester, J., 1956, 4926. 

® Bickel and Kooyman, /., (a) 1956, 2215; (b) 1957, 2217. / 

© Harle and Thomas, J. Amer. Chem. Soc., 1957, 79, 2973. 
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t-butyl hydroperoxide; & was 30 and 90 1. mole min." at 0° and 21° respectively. It was 
assumed in the attempts to measure relative values of k for reactions of the type (3) that 
each radical from the initiator starts a chain. This is probably untrue. It is shown here 
that 2,4,6-tri-t-butylphenoxyl is an effective scavenger for the radicals from dibenzoy| 
peroxide and from a dialkyl ««’-azoisobutyrate which is very similar to ««’-azoisobutyro- 
nitrile. It seems likely, therefore, that in some cases a proportion of the radicals from 
the initiator will combine with A: instead of starting a chain by abstracting a hydrogen 
atom from RH. 

aa-Diphenyl-8-picrylhydrazyl reacts with many compounds which can donate hydrogen. 
In most of these reactions the second-order law is obeyed, but the reactions of ««-diphenyl- 
6-picrylhydrazyl with hydroaromatic compounds # and with aromatic primary amines ® 
obeyed the third-order law. In these reactions the hydrogen donor probably forms a 
complex with one hydrazyl radical, and the reaction is completed when a second hydrazyl 
radical attacks this complex. Since the nitro-groups in aa-diphenyl-$-picrylhydrazyl 
may be involved in the formation of the complex, the reactions of 2,4,6-tri-t-butylphenoxyl, 
which has no nitro-groups, were of interest. The reaction between 2,4,6-tri-t-butyl- 
phenoxyl and m-chloroaniline, which was one of the amines used with the hydrazyl, 
occurred readily and was found to be of the second order (k = 4-0 1. mole min.? at 23-5° 
in carbon tetrachloride). 





EXPERIMENTAL 


2,4,6-Tri-t-butylphenoxyl was prepared by the oxidation of 2,4,6-tri-t-butylphenol with 
alkaline ferricyanide.’ Potassium ferricyanide (4-9 g.) and potassium hydroxide (0-75 g.) in 
water (20 ml.) and carbon tetrachloride (100 ml.) were placed in a three-necked flask, fitted 
with an outlet and tap at the bottom, and stirred for 1 hr. in a slow stream of oxygen-free 
nitrogen. Then 2,4,6-tri-t-butylphenol (1-5 g.) was added and the stirring in nitrogen continued 
for a further 2 hr. It is important that the oxidation shoula be complete, since 2,4,6-tri-t- 
butylphenol itself will react with many radicals and with some initiators: Walling and 
Hodgdon '* have, for example, shown that dibenzoyl peroxide when decomposing will oxidise 
2,4,6-tri-t-butylphenol to 2,4,6-tri-t-butylphenoxyl. Some of the concentrated solution 
of 2,4,6-tri-t-butylphenoxyl in carbon tetrachloride was then run into the rest of the carbon 
tetrachloride which was contained in a three-necked flask and through which carbon dioxide 
was bubbled. The flask was fitted with a reflux condenser and was placed in a thermostat. 
When the solution reached the bath-temperature a weighed quantity of the other purified 
reactant was introduced and the reaction allowed to proceed with carbon dioxide passing. 
Samples were taken out at intervals and the optical densities measured as quickly as possible 
in an EEL absorptiometer with filter No. 607. The carbon tetrachloride used in these experi- 
ments was of “ AnalaR ’”’ quality: it was boiled and allowed to cool under carbon dioxide and 
used without further purification. 

The optical densities for solutions of 2,4,6-tri-t-butylphenoxyl in carbon tetrachloride 
containing a large excess of either a dialkyl a«’-azoisobutyrate or dibenzoyl peroxide were 
measured and showed that the radical disappeared at a constant rate in each case, 1.e., the 
reactions were of zero order with respect to the phenoxyl. Attempts to determine the concen- 
trations of the solutions of 2,4,6-tri-t-butylphenoxyl by titration with quinol and with thio- 
sulphate either alone or after the addition of hydrogen iodide gave unsatisfactory results 
because the end-points were not sharp. On the assumption that concentrations (mole/I.) of 
2,4,6-tri-t-butylphenoxyl are given by multiplication of the optical densities for a 1 cm. cell 
by 2-50 x 10°, the following apparent unimolecular rate constants k were calculated from the 
slopes b of the regression equations y = a + bt of the optical density (y) against time (é, sec.) 


1! Braude, Brook, and Linstead, J., 1954, 3574. 
12 McGowan, Powell, and Row /J., 1959, 3103.* 
13 Walling and Hodgdon, J. Amer. Chem. Soc., 1958, 80, 228. 


* In reference 12 there are two mistakes: 

(a) p. 3106, Table 4, the value of & for 4-chlorophenol is 11, and not 1-1. 

(b) p. 3109, Table near bottom of page, the value of k/k, for the p-chloro-compound should be 
2-6, and not 0-26. 
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With 4:13 x 10 mole per 1. of dibenzoyl peroxide at 59° in a cell 1 cm. thick, y = 0-9941 — 
4-683 x 10°%¢, and the standard error on the slope (b) was 8-75 x 107. At 77°, with 4-15 x 10° 
mole per 1. of dibenzoyl peroxide in a cell 1 cm. thick, y = 0-9511 — 5-988 x 10°, and the 
standard error on the slope was 1-55 x 10%. From these slopes & for dibenzoyl peroxide equals 
1-42 x 10° sec.1 at 59°, and 1-80 x 10 sec.1 at 77°. With 4-82 x 10% mole per 1. of dialkyl 
ax’-azoisobutyrate at 60° in a cell 1 cm. thick, y = 0-9229 — 1-019 x 10%, and the standard 
error on the slope was 1-00 x 10°; at 76° with 4-98 x 10% mole per l. in a cell 4 cm. thick, 
y = 09192 — 4-361 x 10%, and the standard error on the slope was 8-43 x 10*%. From 
these slopes & for the dialkyl aa’-azoisobutyrate is 2-64 x 10° and 2-74 x 10° sec. at 60° 
and 76° respectively. The results are in good agreement with other values } for k. 

The concentrations of 2,4,6-tri-t-butylphenoxy] solutions derived from the optical densities 
by means of the factor 2-50 x 10 showed that 2,4,6-tri-t-butylphenol is almost quantitatively 
oxidised to 2,4,6-tri-t-butylphenoxyl by potassium ferricyanide. The concentrations were 
used in conjunction with measurements with a Unicam spectrophotometer to study the spectrum 
of solutions of 2,4,6-tri-t-butylphenoxyl in carbon tetrachloride. A sharp band with a peak, 
at 400 my with ¢ about 3000, and a broad band with a maximum at 615 my and ¢ equal to 465, 
were found. Cook and Norcross give for 2,4,6-tri-t-butylphenoxyl ¢« 410 at 630 my in 
benzene and e 478 at 630 my in cyclohexane. 

The reactions between 2,4,6-tri-t-butylphenoxyl and t-butyl hydroperoxide were found 
to be of the first order with respect to both reactants; and, with an excess of the hydroperoxide, 
straight lines were obtained when values of log, (Optical density) were plotted against time. 
The slopes of the line gives the pseudo-unimolecular rate constants and it is not necessary to 
convert the optical densities into concentrations. At 21° with 5-55 x 10% mole per 1. of 
t-butyl hydroperoxide in a cell 1 cm. thick, log, (Optical density) = —0-3775 — 0-5571¢, with 
the standard error on the slope of 3-66 x 10%; and with 1-163 x 10% mole per 1. of t-butyl 
hydroperoxide in a cell 4 cm. thick, log, (Optical density) = —0-3923 — 0-0941¢ (standard 
error on the slope = 9-46 x 10). At 0°, with 1-182 x 10° mole per 1. of t-butyl hydro- 
peroxide in a cell 4 cm. thick, log, (Optical density) = —0-2693 — 0-0354¢ (standard error on 
the slope = 2-58 x 10). The bimolecular rate constants k, obtained by the division of the 
pseudo-unimolecular rate constants by the concentration of hydroperoxide, were 90 1. mole™ 
min. at 21° and 30 1. mole min.“ at 0°. 

The reactions between 2,4,6-tri-t-butylphenoxyl and m-chloroaniline were studied in a 
similar way. The products, however, absorbed to some extent in the EEL absorptiometer and 
corrections were made for the coloured products. The reaction was run practically to com- 
pletion, and the colour corresponding to complete disappearance of the radical was obtained. 
It was then assumed that the same coloured products were produced throughout the reaction 
in proportion to the amount of 2,4,6-tri-t-butylphenoxyl which had disappeared. Cells 1 cm. 
thick were used and at 23-5°, log, (Corrected optical density) = —0-4559 — 0-0877¢ (standard 
error on the slope = 9-48 x 10“) and —0-0474 — 0-1942¢ (standard error on the slope = 
1:149 x 10%) for 2-382 x 10° and 4-710 x 10° mole of m-chloroaniline per 1. respectively. 
The average value for the bimolecular constant is 4-0 1. mole™ min.* at 23-5°. 


The authors thank Mr. P. H. Hull for help with the calculations. 
IMPERIAL CHEMICAL INDUSTRIES LIMITED, PLastics DIVISION, 
RESEARCH DEPARTMENT, BLACK FAN Roap, 


WELWYN GARDEN City, HERTs. [Received, June 30th, 1959.] 


14 McGowan and Powell, J. Appl. Chem., 1959, 9, 93. 
15 Cook and Norcross, J. Amer. Chem. Soc., 1959, 81, 1176. 
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47. The Synthesis and Tautomerism of Some 2-Substituted 
Pyrazines. 


By G. W. H. CHEESEMAN. 


Various replacement reactions with 2-chloropyrazine have been carried 
out, and the ionisation and ultraviolet absorption properties of 2-hydroxy-, 
2-mercapto-, and 2-amino-pyrazine have been compared with those of their 
“‘ fixed ’’ methylated tautomers. 


THE pyrazine syntheses described in this paper were based on 2-hydroxypyrazine. This 
was converted in excellent yield into 2-chloropyrazine which underwent replacement 
reactions with ammonia,! methylamine, dimethylamine, sodium hydrogen sulphide, and 
sodium methoxide® to give the required 2-substituted pyrazines. 2-Chloropyrazine 
failed to react with thiourea in conditions in which 2-chloroquinoxaline reacted.* 

Although 2-mercaptopyrazine was purified satisfactorily by vacuum-sublimation, at 
atmospheric pressure it melted with decomposition and evolution of hydrogen sulphide. 
Di-2-pyrazinyl sulphide was identified as a product of decomposition; this compound 
was also obtained, together with 2-mercaptopyrazine, from the reaction of approximately 
equimolecular quantities of 2-chloropyrazine and potassium hydrogen sulphide in water 
at 100°. Oxidation of 2-mercaptopyrazine with iodine and alkali gave di-2-pyrazinyl 
disulphide, and methylation with methyl iodide and alkali gave 2-methylthiopyrazine. 
1,2-Dihydro-1-methyl-2-oxopyrazine, obtained by treatment of 2-hydroxypyrazine with 
methyl sulphate and alkali, was converted into the corresponding sulphur derivative by 
phosphorus pentasulphide in pyridine.* The reaction of both 2-amino- and 2-dimethyl- 
amino-pyrazine with methyl iodide in methanol, probably gave mixtures of methiodides. 
The major components of these mixtures were readily separated by crystallisation and 
thus pure monomethiodides of 2-amino- and 2-dimethylamino-pyrazine were obtained. 

Comparison of the ionisation * and spectral properties * of 2-hydroxypyrazine and its 
O- and N-methyl derivatives (Table) indicated that in aqueous solution the amide form 
was the predominant tautomer. Similarly the basic strengths and ultraviolet absorption 
properties of the neutral molecule and cation of 2-mercaptopyrazine and its N-methyl 
derivative differed from those of 2-methylthiopyrazine (Table and Fig. 1). This indicated 
that in aqueous solution 2-mercaptopyrazine existed mainly in the thioamide form. 
Neutral solutions of 2-mercaptopyrazine decolorised slowly on standing; in strongly 
acidic media the decomposition of 2-mercaptopyrazine was comparatively rapid. 
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2-Mercaptopyridine shows marked hypsochromic shifts on passing from neutral to either 
basic or acidic solution.’ In the case of 2-mercaptopyrazine anion formation is accom- 
panied by hypsochromic shifts, and cation formation by bathochromic shifts. Analogous 
canonical structures may be written for the anions of 2-mercaptopyridine (IA) and (IB) 
and 2-mercaptopyrazine (IIA) and (IIB). Protonation of 2-mercaptopyridine gives the 

* During the course of this investigation Professor A. Albert and Dr. G. B. Barlin kindly informed 
the author that they had prepared 2-mercaptopyrazine and its N- and S-methyl derivatives. 


1 Erickson and Spoerri, J. Amer. Chem. Soc., 1946, 68, 400. 

2 Albert and Phillips, J., 1956, 1294. 

* Wolfe, Wilson, and Tishler, J. Amer. Chem. Soc., 1954, 76, 2266. 
* Mason, J., 1959, 1253. 

5 Jones and Katritzky, J., 1958, 3610. 
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mesomeric cation (IIIA) and (IIIB). The basic centre of 2-mercaptopyrazine is presumably 
position 4, giving the cation (IV). 

The wavelengths of the first and the second absorption maxima of the different species 
of 2-mercaptopyrazine (neglecting the effect of methyl substitution) follow the sequence, 
cation > thioamide > anion > thiol. This sequence is also observed for the long-wave- 
length maxima of the corresponding species of 2-hydroxypyrazine and is in accord with a 
molecular-orbital theory developed by Mason. The sequence for the second absorption 
maxima, also predicted by this theory, is anion > cation > amide > enol. 

2-Mercaptopyrazine has some anti-thyroid activity; ® it has also been tested for anti- 
tumour activity, and the results will be published elsewhere. 


N N N N 
s a Ss o 
CL, Ce Gale, OD 

“ ? N~ NH SNN7NH, 7 Sy NH, 

R R Me 
(V) (VI) (VI) 
A similarity has been observed? between the spectra in alcohol of 2-hydroxypyrazine 
(V; R=H), 1,2-dihydro-1-methyl-2-oxopyrazine (V; R= Me), and 2-aminopyrazine, 


and the conclusion drawn that the amino-compound exists in the imino-form (VI; R = H). 
It is now shown (Table and Fig. 2) that there is the expected relation between the 


(VIID) 


Spectroscopy (in H,O) 
Ionisation * (in H,O) —_—_— a 
7 om =, Emax. (mp) log € 
Spread Concn. Analyt. (values in italics refer to shoulders 
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Pyrazine pk, (+) (10m) (mz) & pH or inflexions) 
Q-Hydroxy- ...........000- — 5-1 316; 221¢ 3-74; 3-96°¢ 
oR ee 8-234 12-0 316; 227° 3-75; 3-94¢ 
BE.” nisiseibresdatecss —0-1¢ —3-1 342; 223¢ 3-795; 4-01¢ 
2-Methoxy- ............... — 5-1 292; <210¢ 3-71¢ 
EES Re 75¢ — 2-25 305; 217¢ 3-84; 3-96 
1,2-Dihydro-1-methyl-2- 

EDN cdideideaswddatenend — 5-2 319; 223¢ 3-75; 3-94¢ 
DINE: - jaccemibaiacesaees —0-044 —3-1 344; 226° 3-835; 3-99°¢ 
2-Mercapto- ............00. — 3-8 390—380; 278 3-80—3-82; 4-11 

Sar 6-72¢ 0-02 1000 9-6 339; 266 3-65; 3-98 

SE. ishnncauissneonel —0-24 0-10 5 450 -—3-1 455—445; 291 3-655; 4-25 
2-Methylthio- ............ — 3-8 322; 250 3-725; 3-93 

DN ciiuucdcaniansiens 0-55 0-09 5 360 —2-2 360; 266; 237 3-69; 4-02; 3-80 
1,2-Dihydro-1-methyl-2- 

BID”. sonccascetennss — 3-8 379—376; 278 3-84; 4-11 

MEE, “cescnnataneaceenna —0-18 0-13 5 440 —3-1 441—436; 290 3-66; 4-20 
ED” ixcctisactsaqucete — 6-3 318; 285; 230/ 3-69; 3-33; 4-00 

DD  dhdiwiesapdaeuckae 2-969 0-01 1000 0-1 325; 230/ 3-77; 4:05/ 
2-Methylamino- ......... _ 7-2 $332; 285; 242 3-64; 2-91; 4-10 

eee 3-42 0-02 1000 0-4 331; 237 3-71; 4:04 
2-Dimethylamino- ...... — 7-2 346; 287; 252 3-64; 2-75; 4-13 

SET. chnkcanestisnieeneie 3:27 0-02 1000 0-3 352; 244 3-65; 4-00 
Methiodide of 2-amino- — 6-9 353; 244¢ 3-70; 4155! 
Methiodide of 2-di- 

methylamino- ......... _- 4-9* 392; 262; 234 3-575; 4:22; 3-84 


* Potentiometric determinations of pK were carried out at 25°, and spectroscopic determinations 
at room temperature. ° An entry in this column indicates that the ionisation constant was deter- 
mined spectroscopically. ¢ These values agree closely with those of Mason (J., 1959, 1253). ¢ Values 
from Albert and Phillips (J., 1956, 1294). ¢ In 50% ethanol. ‘4 These values agree closely with 
those of Brown and Mason (J., 1956, 3443). # Albert, Goldacre, and Phillips (J., 1948, 2240) obtained 
3:14 potentiometrically at 0-05mM and 20°. * Spectrum unchanged at pH 0-1 ‘ Corrected for iodide 
ion absorption. 


spectra of the neutral molecules and cations of 2-amino-, 2-methylamino-, and 2-dimethyl- 
amino-pyrazine. These compounds have closely similar basic strength, supporting the 
conclusion that in aqueous solution 2-aminopyrazine exists mainly in the amino-form 


* Cheeseman, Heikel, Knight, and Rimington, Lancet, 1959, I, 1182. 
? Pratt in Elderfield’s ‘‘ Heterocyclic Compounds,” Wiley, New York, 1957, Vol. 6, p. 472. 
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(VII). The spectrum of the cation of 2-aminopyrazine (Table) differs from that of the 
neutral molecule of pyrazine. This indicates that protonation does not take place at 
the extranuclear nitrogen atom, as in the case of aniline and benzene where the spectrum 
of the anilinium ion is similar to that of benzene.® The spectrum of the cation of 2-amino. 
pyrazine also differs from that of the methiodide (Table). If protonation and quaternis. 
ation occur at the same ring-nitrogen atom, the resulting cations should show closely 
similar ultraviolet absorption (cf. Brown, Hoerger, and Mason’s measurements on the 
cation and methiodide of 2-aminopyrimidine *). The methiodide of 2-aminopyrazine js 
rapidly decomposed by aqueous alkali to give a solution which shows no absorption 
maximum above 230 my. The alkaline decomposition of a methiodide formed by quaternis- 
ation at position 1 would be expected to yield 1,2-dihydro-2-imino-1-methylpyrazine 
(VI; R = Me), the corresponding oxo-compound (V; R = Me), or 2-methylaminopyrazine 
(by rearrangement of the imine). No spectroscopic evidence for the formation of these 
compounds was obtained, since the spectrum in 0-1N-sodium hydroxide of 1,2-dihydro-I- 
methyl-2-oxopyrazine (V; R= Me) showed maxima at 316 and 223 my and that of 

















Fic. 1. Fic. 2. 
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Wovelength (=) 
Fic. 1. Ultraviolet absorption spectra of neutral molecules of (A) 2-mercapio-, (B) 1,2-dihydro-1-methyl- 
2-thiono-, and (C) 2-methylthio-pyrazine. 


Fic. 2. Ultraviolet absorption spectra of neutral molecules of (D) 2-amino-, (E) 2-methylamino-, and (F) 
2-dimethylamino-pyrazine. 


2-methylaminopyrazine showed maxima at 332 and 242 my. The spectrum of the imine 
(VI; R = Me) should be of similar form to that of (V; R= Me). This evidence does not 
preclude the formation of (VIII), but these observations are consistent with the assumption 
that protonation of 2-aminopyrazine occurs mainly at position 1 and quaternisation at 
position 4. The spectra of the cation and methiodide of 2-dimethylaminopyrazine were 
also dissimilar (Table). 

EXPERIMENTAL 

Measurements of ionisation and ultraviolet absorption properties were carried out as 
described previously.” 

Aminomalonamide.—A solution of ethyl hydroxyiminomalonate ™ (94-5 g., 0-5 mole) in 
ethanol (50 ml.) was shaken in hydrogen in the presence of 5%, palladium-charcoal (10 g.) until 
2-0 mol. of gas had been absorbed at room temperature and pressure. Catalyst and solvent 

* Mason, J., 1959, 1247. 

* Brown, Hoerger, and Mason, J., 1955, 4035. 


1© Cheeseman, J., 1958, 108. 
‘| Schipper and Day, J. Amer. Chem. Soc., 1952, 74, 350. 
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were removed and distillation of the residue gave ethyl aminomalonate (69-9—75-6 g., 80—87%), 
b. p- $3°/0-7 mm., ”,'* 1-434. Acetone was added to the non-volatile oil and after cooling, the 
precipitate of diethyl-2,5-dioxopiperazine-3,6-dicarboxylate, m. p. 180—182°, was filtered off. 
The m. p. was raised to 185—186° by two crystallisations from ethanol (20 parts) (Found: 
C, 46-7; H, 5-4; N, 10-8. C,,H,,O,N, requires C, 46-5; H, 5-5; N, 10-85%). Ammonia gas 
was bubbled through an ice-cooled mixture of ethyl aminomalonate (76-8 g.) and aqueous 
ammonia (d 0-88; 100 ml.) for 2 hr., and the mixture then refrigerated overnight. The 
crystalline precipitate of aminomalonamide (43-2 g., 84%), m. p. 198° (decomp.), was filtered 
off and washed with a little ice-cold water. Cerchez !* gives m. p. 197°. 

2-Hydroxypyrazine.—Aminomalonamide was converted into 2-hydroxypyrazine-3-carboxy- 
amide by Meuhlmann and Day’s method,!* and 2-hydroxypyrazine-3-carboxylic acid prepared 
by Jones’s method."* A suspension of the acid (7-0 g.) in diethylene glycol monoethyl 
ether (20 ml.) was heated under reflux until carbon dioxide was no longer evolved, then for a 
further 2 min. (total time, ca. 10 min.). The hot mixture was allowed to cool to ca. 100°, then 
filtered, and the black insoluble material washed with a little hot 96% ethanol. The combined 
filtrate and washings were cooled to 0° and the crystalline precipitate of 2-hydroxypyrazine, 
m. p. 187—189°, was filtered off (3-6—4-1 g., 75—85%). Vacuum-concentration of the mother- 
liquor yielded further 2-hydroxypyrazine, m. p. 183—185°. The analytical sample was 
subiimed at 160°/20 mm. and had m. p. 188—189°; it crystallised from 96% ethanol (20 parts) 
in colourless needles of unchanged m. p. (Found: C, 50-2; H, 4-4; N, 29-2. Calc. for C,H,ON,: 
C, 50-0; H, 4-2; N, 29-2%). Weijlard, Tishler, and Erickson * give m. p. 187—188°. 

2-Chloropyrazine.—This was prepared by the following modification of Albert and Phillips’s 
method.?, 2-Hydroxypyrazine (30 g.) and freshly distilled phosphoryl chloride (90 ml.) were 
heated at 105° for l hr. The cooled mixture was slowly poured into stirred ice-water, insoluble 
material was removed, and the filtrate extracted with ether. The combined ethereal extracts 
were washed with excess of sodium hydrogen carbonate solution, dried (Na,SO,), and evaporated 
at atmospheric pressure. Distillation at 20 mm. gave 2-chloropyrazine (26 g., 92%), b. p. 52°, 
n,* 1-538. Albert and Phillips * give b. p. 60—61°/28 mm. 

2-Aminopyrazine.—This was prepared by Erickson and Spoerri’s method.! The product 
was isolated by continuous extraction with ether (18 hr.). A sample crystallised from benzene 
(40 parts) had m. p. 121—122° (Found: C, 50-5; H, 5-1; N, 44:35. Calc. for C,H,;N,: C, 50-5; 
H, 5:3; N, 44-2%). The picrate, prepared in ethanol, had m. p. 243° (decomp.) (Found: 
C, 37-4; H, 2-25; N, 25-5. C,9H,O,N, requires C, 37-0; H, 2-5; N, 25-9%). 

Quaternisation. A solution of 2-aminopyrazine (1-9 g.) in methanol (10 ml.) and methyl 
iodide (4 ml.) was set aside at room temperature for 3 days. The crystalline precipitate (3-35 g.) 
was then filtered off. Crystallisation from 96% ethanol (10 parts) gave the methiodide, m. p. 
176—178° (decomp.) (Found: C, 25-1, 25-9, 25-2; H, 2-9, 3-5, 4-0; N, 18-0; I, 54-3. C,H,N,I 
requires C, 25-3; H, 3-4; N, 17-7; I, 53-5%). 

2-Methylaminopyrazine.—2-Chloropyrazine (6-7 g.) was heated with ethanolic methylamine 
(33% w/w; 30 g.) at 150° for 7 hr. Solvent and excess of methylamine were then removed 
ina vacuum. The residue was extracted with benzene, and the extract evaporated. Distil- 
lation gave 2-methylaminopyrazine (4-7 g., 67%) as a hygroscopic oil, which crystallised. The 
analytical specimen had b. p. 76°/1 mm., m. p. (mainly) 49—50° (Found: C, 54:8; H, 6-9. 
C;H,N, requires C, 55-05; H, 6-5%). The picrate, prepared in ethanol, had m. p. 181—182° 
(decomp.) (Found: C, 39-1; H, 3:3; N, 25:0. C,,H,0,N, requires C, 39-05; H, 3-0; 
N, 24-85%). 

2-Dimethylaminopyrazine.—Dimethylamine (11 g.) and 2-chloropyrazine (5 g.) in ethanol 
(30 ml.) were heated at 150° for 7 hr., then cooled and poured into ca. 8N-sodium hydroxide 
(20 ml.). The product was isolated by continuous extraction with ether (18 hr.). Distillation 
of the dried (Na,SO,) and evaporated extract gave 2-dimethylaminopyrazine (4:0 g., 74%). 
The analytical sample had b. p. 64°/1-2 mm., m. p. 25-7° (Found: C, 58-8; H, 7-7. C,H,N; 
requires C, 58-5; H, 7:4%). The picrate, prepared in ethanol, had m. p. 158—160° (decomp.) 
(Found: C, 40-8; H, 3-7; N, 23-7. C,,H,,.O,N, requires C, 40-9; H, 3-4; N, 23-9%). 

Quaternisation. A solution of 2-dimethylaminopyrazine (1-23 g.) in methanol (5 ml.) and 


12 Cerchez, Bull. Soc. chim. France, 1930, 47, 1287. 

13 Meuhlmann and Day, J. Amer. Chem. Soc., 1956, 78, 242. 

™ Jones, ibid., 1949, 71, 78. / 
% Weijlard, Tishler, and Erickson, ibid., 1945, 67, 802. 
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methyl iodide (2 ml.) was set aside at room temperature for 3 days. Solvent and excess of 
methyl iodide were then removed and the residue crystallised from ethanol (5 ml.). Mixeg 
crystals, m. p. (mainly) 134—135°, were obtained which gave the methiodide, m. p. 136—137°, 
after two further crystallisations from ethanol (5 parts) (Found: C, 31-8; H, 4-5; N, 160; 
I, 47-7. C,H,,N,I requires C, 31-7; H, 4-6; N, 15-85; I, 47-9%). 

2-Mercaptopyrazine.—(a) Dimethylformamide (100 ml.) was added to a solution of sodium 
ethoxide, prepared from sodium (4-6 g., 0-2 g.-atom) and ethanol (100 ml.). Most of the 
ethanol was removed by distillation and the residual solution then saturated with dry hydrogen 
sulphide. The resulting deep green solution of sodium hydrogen sulphide was heated with 
2-chloropyrazine (11-5 g., 0-1 mole) at 100° for 3 hr., and solvent was then removed at 100°/20 
mm. The residue was dissolved in water, then acidification with acetic acid gave a yellow 
precipitate which was extracted with 2N-sodium hydroxide (50 ml.). After removal of insoluble 
material, acidification of the filtrate gave 2-mercaptopyrazine (10-0 g., 89%), m. p. ca. 210—215° 
(decomp.). The m. p. of this compound was not a reliable criterion of purity. The analytical 
specimen was sublimed at 180°/1-5 mm. and rapidly crystallised from butan-1l-ol (40 parts) 
(Found: C, 42-6, 42-9; H, 3-9, 3-8; N, 24-9, 24-85; S, 28-5, 28-3. C,H,N,S requires C, 42-8: 
H, 3-6; N, 25-0; S, 28-6%). 

(6) A mixture of 2-hydroxypyrazine (0-96 g., 0-01 mole) and phosphorus pentasulphide 
(2-45 g., 0-011 mole) in pyridine (40 ml.) was heated at 120° for 2 hr. Pyridine was removed 
under reduced pressure, and the residue dissolved in 2N-sodium hydroxide. Acidification with 
dilute sulphuric acid gave black insoluble material which on sublimation at 174°/2 mm. yielded 
2-mercaptopyrazine. A further crop was obtained by chloroform extraction of the filtrate 
(total yield, 0-37 g., 33%). 

(c) A mixture of 2-chloropyrazine (13-4 g., 0-117 mole) and aqueous potassium hydrogen 
sulphide [prepared by saturating a solution of potassium hydroxide (6-2 g., 0-11 mole) in water 
(45 ml.) with hydrogen sulphide at 0°] was heated in a sealed tube at 100° for 6 hr. After 
cooling, the solid (9-4 g.) was filtered off and then éxtracted with 0-5N-potassium hydroxide 
(200 ml.). Insoluble material (2-1 g.), m. p. (mainly) 102—106°, was collected. Acidification 
of the filtrate gave 2-mercaptopyrazine, 5-65 g. (43%). The alkali-insoluble fraction gave 
di-2-pyrazinyl sulphide, m. p. 106—107° after two crystallisations from 96% ethanol (12 parts) 
(Found: C, 50-4; H, 3-3; N, 29-6; S, 17-2. C,H,N,S requires C, 50-5; H, 3-2; N, 29-45; 
S, 16-9%). 

Decomposition of 2-Mercaptopyrazine.—2-Mercaptopyrazine was heated at 220° until 
hydrogen sulphide was no longer evolved. The non-volatile residue was separated from the 
yellow sublimate of the unchanged mercapto-compound. Extraction with 0-5N-potassium 
hydroxide, and crystallisation of the alkali-insoluble material from ethanol, gave di-2-pyrazinyl 
sulphide, m. p. 104—106° (undepressed when mixed with a specimen prepared as described 
above). 

Oxidation of 2-Mercaptopyrazine.—A solution of iodine (2-6 g.) in potassium iodide (5 g.) and 
water (20 ml.) was added dropwise to a solution of 2-mercaptopyrazine (1-1 g.) in 2N-sodium 
hydroxide (10 ml.). After refrigeration, the crystalline precipitate (0-71 g.) was filtered off. 
Successive crystallisation from methanol (10 parts) and light petroleum (b. p. 60—80°; 50 parts) 
gave di-2-pyrazinyl disulphide, m. p. 107—109° (Found: C, 43-5; H, 2-6; N, 24:7; S, 28-7. 
C,H,N,S, requires C, 43-2; H, 2:7; N, 25-2; S, 28-8%). 

Oxidation of Di-2-pyrazinyl Sulphide.—A solution of the sulphide (0-95 g.) in glacial acetic 
acid (30 ml.) and 30% w/w hydrogen peroxide (2-5 ml.) was set aside at room temperature for 
7 days, then concentrated in a vacuum. Water (50 ml.) was added to the residue, and the 
crystalline precipitate (0-33 g.) filtered off in two crops. Crystallisation from benzene-light 
petroleum (b. p. 80—100°) (1:3; 500 parts) and 96% ethanol (50 parts) gave di-2-pyrazinyl 
sulphone, m. p. 160—161° (Found: C, 42-8; H, 2-6; N, 25-4; S, 14-6. C,H,O,N,S requires 
C, 43-2; H, 2-7; N, 25-2; S, 144%). 

2-Methylthiopyrazine.—A solution of 2-mercaptopyrazine (4-5 g., 0-04 mole) in 0-5N-potas- 
sium hydroxide (100 ml.) was shaken with methyl iodide (7-1 g., 0-05 mole) for 14 hr. at room 
temperature. After cooling, the precipitate (2-2 g.) was filtered off and dried over potassium 
hydroxide. A further 1-25 g. was obtained by continuous ether-extraction (18 hr.) of the 
filtrate. Sublimation at 40°/20 mm. gave colourless 2-methylthiopyrazine, m. p. 45—47-5°. The 
m. p. was unchanged by crystallisation from light petroleum (b. p. 40—60°; 10 parts) (Found: 
C, 47-4; H, 5-1; N, 21-8; S, 25-1. C,H,N,S requires C, 47-6; H, 4-8; N, 22-2; S, 25-4%). 
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1;2-Dihydro-1-methyl-2-oxopyrazine.—Methy] sulphate (6-3 g., 0-05 mole) was added to a 
stirred suspension of 2-hydroxypyrazine (4-8 g., 0-05 mole) and anhydrous potassium carbonate 
(10 g.) in acetone (50 ml.). After 18 hr., acetone was removed by distillation, and the residue 
dissolved in water and chloroform. The aqueous layer was separated and repeatedly extracted 
with chloroform. The combined extracts were dried (Na,SO,) and evaporated, and distillation 
of the residue (3-5 g.) at 1 mm. gave 1,2-dihydro-1-methyl-2-oxopyrazine (1-6 g., 27%), b. p. 
(mainly) 96°. The analytical sample, crystallised from light petroleum (b. p. 60—80°; 300 
parts) and sublimed at 70°/0-5 mm., had m. p. 84—85° (Found: C, 54:9; H, 5-3; N, 25-3. 
Calc. for C;H,ON,: C, 54-55; H, 5-5; N, 25-45%). Dutcher * gives m. p. 83—84°. 

1,2-Dihydro-1-methyl-2-thionopyrazine—A mixture of 1,2-dihydro-1-methyl-2-oxopyrazine 
(1-6 g., 0-0145 mole) and phosphorus pentasulphide (3-5 g., 0-0160 mole) in pyridine (50 ml.) 
was heated at 120° for 2 hr. Pyridine was removed under reduced pressure, and the residue 
dissolved in water (10 ml.) and 2N-sodium hydroxide (25 ml.). Extraction with chloroform, 
and evaporation of the dried (Na,SO,) extracts, gave a residue (1-15 g.) which furnished yellow 
1,2-dihydro-1-methyl-2-thionopyrazine (1-0 g., 55%), m. p. 133—134°, on sublimation at 100°/0-04 
mm. The analytical sample, crystallised from benzene (10 parts), had m. p. 134—135° (Found: 
C, 48-0; H, 4:5; N, 21-9; S, 25-0. C,H,N,S requires C, 47-6; H, 4:8; N, 22-2; S, 25-4%). 

The author is grateful to Professor H. Burton for his encouragement and to Mrs. Muriel 


Phillips for technical assistance. 


QUEEN ELIZABETH COLLEGE, CAMPDEN Hitt Roap, 
Lonpon, W.8. (Received, August 5th, 1959.) 


16 Dutcher, J. Biol. Chem., 1947, 171, 321. 





48. The Effect of Pressure on the Ionization of Some Benzoic 
Acids. 


By R. J. H. Crark and A. J. ELLIs. 


By means of conductivity measurements the dissociation constants in 
water of benzoic, o-, m-, and p-nitrobenzoic, salicylic, and 3,5-dimethyl-4- 
nitrobenzoic acid have been determtined at 25° and at pressures up to 3000 
atm. Benzoic, p-methylbenzoic, and salicylic acid have been studied in 
50% ethyl alcohol-water (w/w) under the same conditions. 

The increases in ionization of the weak acids can be broadly correlated 
with the changes in dielectric constant of the solvents with pressure, and 
the variation in conduction of strong electrolytes is related primarily to the 
viscosity changes of the solvents. 

Pressure has an unusually small effect on the ionization of salicylic acid, 
probably owing to the internal hydrogen bonding in the salicylate anion. 


INFORMATION is available on the variation with pressure of the dissociation constants of 
many weak acids and bases, both in water and in alcohol solutions.? The ionization of a 
series of benzoic acids under high pressures has, however, not been studied. 

It was hoped to study a series of para-substituted benzoic acids to show how a graded 
series of substituents affected the changes in dissociation constants with pressure, but 
many of the acids, in particular the chloro-, bromo-, and iodo-derivatives, were too in- 
soluble in water to give reliable results with the present conductivity apparatus. Although 
the solubilities are increased in ethanol-water, the consequent decrease in dissociation 
constants still rendered their measurement doubtful. Results were obtained at 25° for 
six substituted benzoic acids in water, and for three in 50% ethanol-water (w/w), at 
pressures up to 3000 atm. 

The conductivities of hydrochloric acid, sodium chloride, or potassium chloride, and 


1 Cohen and Schut, ‘“‘ Piezochemie Kondensierter Systeme,’’ Akademische Verlagsgesellschaft 
m.b.H., Leipzig, 1919. } 
? Hamann, “‘ Physico-chemical Effects of Pressure,”” Butterworths, London, 1957. 
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the sodium or potassium benzoates, were determined in the course of obtaining the acid 
dissociation constants. The information on ionic conduction and acid dissociation from 
the studies in mixed solvent is a useful supplement to that already available on the variation 
of pressure effects between pure solvents. 


EXPERIMENTAL 


Materials and Apparatus.—Sodium and potassium chlorides and hydrochloric acid were of 
“ AnalaR ”’ quality and not purified further. The benzoic acids were all recrystallized from 
alcohol-wate1 and carefully dried, and their m. p.s were checked with standard values. 3,5- 
Dimethyl-4-nitrobenzoic acid had m. p. 218°. Standard solutions of the acids were made up 
by weight. 

Solutions of the sodium or potassium benzoates were prepared in either solvent by titrating 
solutions of the acids to pH 8-5 with hydroxide, and diluting to the required concentrations, 
Dippy e¢ al.* found it impossible to isolate the nitrobenzoates. 

Since 3,5-dimethyl-4-nitrobenzoates was almost insoluble in water, a 10% ethanol solution 
was used to obtain sufficient concentration for conductance measurements. 

The pressure apparatus and conductance cell were similar to those used to study the ionization 
of carbonic acid.‘ For the series of solutions in water the Teflon cell had a cell constant of 
0-365 cm."!, and for the ethanol—water series the cell constant was 0-338 cm.~}. 

Method.—The methods of Davies® and MacInnes* were used to determine the acid 
dissociation constants. The required conductances of the various solutions of acids and salts 
at suitable concentrations were determined at pressures up to 3000 atm. The solvent con- 
ductance blanks were obtained and subtracted as previously. 

The results from the conductance experiments were obtained as the products A”p,, where 
A? is the molar conductance of a solution at the pressure P, and p, = p/p? is the ratio of densities 
of the solution (ca. that for solvent) at high pressure and at 1 atm. 

The molal acid dissociation constants were obtained at any pressure and concentration 
from the following relationships: 


Kg = @y+@,-/ag, = a?my,*/(1 — «)yoa 
Also « = Ap,/A’p, 
In these expressions a is the activity of a species, « is the degree of dissociation of the weak acid 
HA into the ions H* and A~, m the molality of the weak acid, y, the mean molal activity 
coefficient for the ions, and A’ the sum of the molar conductances of the ions Ht and A™~ at the 
same pressure and ionic strength as those of the weak acid solution. yg, was taken as unity 
at all pressures for the low concentrations used. The value of y, was obtained as previously ¢ 
by the Debye—Hiickel equation, consideration being taken of the change with pressure in the 
molar concentrations and dielectric constants. 


RESULTS 


The conductances in water at high pressures and 25° reported previously * for hydrochloric 
acid and potassium chloride were used in conjunction with those given below in Series A for 
various weak acids and their potassium salts. The derived values of K, in water are shown 
in Tables 2—7. For the ethanol—-water solutions a complete set of conductance data is given 
under Series B for hydrochloric acid, sodium chloride, sodium benzoates, and benzoic acids. 
The acid dissociation constants are in Tables 9—11. 


DISCUSSION 


Electrolyte Conductance.—Table 12 compares the changes in conductance with pressure 
for halogen acids and alkali halides in the solvents water, methanol, and ethanol—water. 
The viscosity ratios 71/7? are also given for water and the two pure alcohols. For sodium 

* Dippy, Evans, Gordon, Lewis, and Watson, J., 1937, 1421. 

* Ellis, J., 1959, 3689. 


5 Davies, J]. Phys. Chem., 1925, 29, 977. 
* MacInnes, J. Amer. Chem. Soc., 1926, 48, 2068. 
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Series A at 25°: Water as solvent. 


TABLE 1. Values of A?o,/A1 for the potassium benzoates (values of A! in parentheses). 


P (atm.) 1 
BemS0I ACI 2.0... ccccccccccccsccees (103-4) 
o-Nitrobenzoic acid ............... (104-1) 
m-Nitrobenzoic acid .............+. (105-2) 
p-Nitrobenzoic acid ............... (105-2) 
3,5-Dimethyl-4-nitrobenzoic acid (104-7) 
Salicylic ACID ...........ssceeeeseeees (104-4) 


Water (specific conductance) ... 1:5 x 10-* 


500 1000 2000 3000 

1-026 1-042 1-045 1-028 
1-025 1-048 1-053 1-042 
1-027 1-043 1-046 1-035 
1-026 1-044 1-046 1-034 
1-025 1-043 1-044 1-035 
1-023 1-039 1-044 1-033 
1-2 1-4 1-8 2-0 


Results are for 0-:001m-solutions but the same ratio results within experimental error were obtained 


for 0-01m-solutions. 


TABLE 2. Benzotc acid. 


Concn. P log K,?/K, 
(10-*m) (atm.) Ap, <A’p, ys (K,atP=1) 
20-0 1 20:73 379 0-965 (5-9 x 10-5) 


1030 28-31 413 0-963 0-199 

2030 35:96 437 0-962 0-365 
A 2780 41:89 450 0-961 0-477 
2-00 1 61-86 379 0-980 (6-1 x 10-5) 
1020 83-03 415 0-979 0-196 
2100 1049 440 0-978 0-365 
|, 2780 1184 452 0-977 0-462 
0-500 1 1150 379 0-985 (6-4 x 10-5) 
1030 151-1 415 0-985 0-199 
2010 186-5 439 0-985 0-377 
» 2780 210-7 452 0-984 0-487 
0-200 1 1629 379 0-989 (6-4 x 107) 
» 1390 2265 425 0-989 0-272 
» 2910 2826 454 0-988 0-498 


AV! = —10°6 c.c. mole; AV2000 = —7-4 
c.c. mole?; Average AK = —0-0011 atm." c.c. 
mole“, 


TABLE 4. m-Nitrobenzoic acid. 


Conc. P log K,?/K,} 
(10-*m) (atm.) Ap, A<A’p, y+ (K,atP=1) 
9-85 1 63:5 378 0-958 (3-1 x 10-‘) 


” 1010 81l-l 413 0-958 0-155 
“ 2010 99-1 437 0-957 0-292 
2780 112-0 450 0-956 0-384 


1-97 1 126-5 380 0-972 (3-1 x 10~) 
“ 1010 159-1 416 0-971 0-155 

- 1390 169-1 426 0-971 0-196 

- 2010 188-7 440 0-971 0-290 

” 2780 208-8 453 0-971 0-375 
0-985 1 165-0 381 0-977 (3-1 x 10) 
e 1010 204-6 417 0-976 0-155 

e 2010 238-6 441 0-976 0-286 


» 2780 263-5 454 0-976 0-384 
0-492 1 207-8 382 0-981 (3-1 x 10°) 
” 1010 252-7 417 0-981 0-155 
” 2010 290-3 441 0-981 0-288 

2930 321-7 457 0-98) 0-412 


AV! = —87 c.c. mole; AV200 — —62 
c.c. mole; Average AK = —0-0008 atm." c.c. 
mole“, 


TABLE 3. o0-Nitrobenzoic acid. 


Concn. P log K,?/K,} 
(10-°m) (atm.) Ap, A’p, yi (K,atP=1) 
11-0 1 202-0 373 0-931 (6-1 x 10-4) 


» 1020 251-9 408 0-930 0-190 
» 2010 290-8 432 0-930 0-335 
» 2780 317-0 445 0-931 0-438 
5-05 1 244-5 375 0-946 (6-0 x 10-) 
» 1010 297-1 410 0-947 0-193 
» 2030 336-2 435 0-947 0-337 
2800 361-1 448 0-947 0-438 
1 283-3 377 0-956 (6-2 x 107) 
» 1010 3343 413 0-957 0-182 
» 2010 3723 437 0-958 0-335 
» 2780 393-2 451 0-959 0-422 
1-26 1 326-0 379 0-968 (6-2 x 10-4) 
» 1010 3729 415 0-969 0-188 
» 2010 405-2 440 0-970 0-320 
» 2790 4248 453 0-971 0-433 
» 2930 4284 455 0-971 0-467 


AV! = —10-2 c.c. mole; AV2 — —§-9 
c.c. mole; Average AK = —0-0011 atm. c.c. 
mole}. 


TABLE 5. p-Nitrobenzoic acid. 


Concn. P log K,?/K,* 
(10-*m) (atm.) Ap, A’p, yi (K,atP=1) 
1-00 1 168-2 381 0-976 (3-3 x 10-‘) 

és 1010 2085 417 0-976 0-158 

* 2030 243-4 441 0-976 0-290 

2 2780 266-6 454 0-976 0-378 
0-900 1 1742 381 0-972 (3-3 x 10-) 

es 1010 218-2 417 0-972 0-173 

os 2010 249-4 441 0-972 0-281 

io 2780 2740 454 0-972 0-377 
0-500 1 217-3 382 0-981 (3-6 x 10-*) 

“ 1010 264-9 417 0-981 0-167 

a 2020 303-8 441 0-981 0-305 

- 2780 328-6 455 0-981 0-398 
0-200 1 2646 382 0-986 (3-0 x 10-) 

ie 1010 3146 418 0-987 0-170 

ou 1700 3406 436 0-987 0-255 

a 2440 3659 450 0-987 0-360 


AV! = —91 c.c. mole; AV3000 — —§-9 
c.c. mole!; Average AK = —0-0011 atm.— c.c. 
mole, 
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Concn. P 


(10-*m) (atm.) Ap, <A’p, yx (K,atP=1) (10m) (atm.) Ap, A’p, y+ (KgatP=}) 
0-769 1 101-6 381 0-983 (7-2 x 10°) 10-81 1 103-8 376 0-948 (1-02 x 10°) 
a 1050 131-1 417 0-983 0-173 = 1010 127-8 410 0-949 0-127 
ws 2020 155-8 441 0-983 0-299 me 2010 150-2 434 0-948 0-241 
Fe 3000 180-2 457 0-982 0-422 a 2780 167-5 447 0-948 0-328 
0-769 1 106-0 381 0-983 (8-0 x 10°) 5-41 1 137-1 377 0-956 (1-03 x 10°) 
in 1010 136-0 416 0-983 0-170 as 1010 16755 412 0-956 0-127 
B 2030 163-2 441 0-982 0-308 ae 2010 195-1 436 0-957 0-243 
os 3000 188:°7 457 0-982 0-431 i 2850 217-6 451 0-957 0-337 
1-00 1 89-7 381 0-982 (7-0 x 10°) 2-16 1 189-0 379 0-966 (1-00 x 10%) 
‘ 1010 116-4 416 0-982 0-176 ‘is 1010 226-6 414 0-966 0-127 
2010 139-1 441 0-981 0-303 “* 2030 260-6 438 0-966 0-246 
ai 3000 160-5 457 0-981 0-418 an 2850 276-0 447 0-966 0-303 
1-15 1 868 381 0-982 (7-5 x 10-5) 1-08 1 233-5 380 0-972 (1:00 x 10-*) 
— 1010 112-6 416 0-982 0-173 - 1010 275-8 415 0-973 0-130 
- 2010 133-8 441 0-981 0-295 oa 2030 310-6 439 0-973 0-241 
a 3000 153-5 457 0-981 0-401 - 2780 335-8 453 0-974 0-339 

os hh on ole-}; y3000 _. __g. 0-541 1 275-2 381 0-978 (0-98 x 10+) 
eee p the AK = jeaaai atm.-! = ” 1010 3195 416 0-979 0-130 
mole7!. , ee 2010 354-5 440 0-979 0-248 
: s . . F s 2780 377-0 453 0-980 0-339 
The solutions in this series of experiments AV! = —7-2 cc. mole: A300 58 
; o/ rw = —1°s Cc. Py =O 
contained 10% (by volume) of ethanol. c.c. mole-!; Average AK = —0-0005 atm.~* ce. 
mole. 
Series B at 25°; Ethanol-water as solvent. 
TABLE 8. Values of A”p,/A (values of A! in parentheses). 
P (atm.) 1 1020 1700 2380 3060 
Solution and concn. (m) 
0-0110 ” “nsssheaterossmerit (108-1) 0-988 0-976 0-966 0-954 
GIES: ‘anncienshoesnnsausaus (107°1) 0-980 0-967 0-951 0-937 
0-0110 BED ‘cvcéumuedeerieiastacs (38-5) 0-874 0-804 0-738 0-702 
ee eee (43-7) 0-862 0-787 0-719 0-663 
ED I isincedeeceusecdacsane (50-1) 0-862 0-784 0-710 0-659 
0-110 oo eee (16-5) 0-859 0-778 0-708 0-649 
Se Se (19-4) 0-844 0-761 0-688 0-628 
ali (22-0) 0-834 0-741 0-663 0-606 
BRE | cvcnsccscicdiiscee (23-9) 0-813 0-706 0-609 0-537 
001456 NaO,C-C,H,Me-? ...... (27-6) 0-850 0-763 0-695 0-635 
0-00146 <* , Cae (31-5) 0-832 0-741 0-663 0-596 
0-00029 Pl” aaeee (34-3) 0-820 0-712 0-618 0-539 
0-02793 NaO,C-C,H,-OH-o (23-3) 0-843 0-758 0-689 0-627 
0-00279 “s “in (25-1) 0-836 0-750 0-680 0-615 
Solvent blank (specific conduct- 
GE. bheninatiowpininchowencamcdens (4-2 x 10°) 1-013 1-040 1-078 1-123 
TABLE 9. Benzotc acid. TABLE 10. p-Methylbenzoic acid. 
Concn. P log K,?/K,) Concn. P log K,?/K, 
(10-*m) (atm.) Ap, A’p, y+ (K,atP=1) (10m) (atm.) Ap, A’p, y+ (K,atP=1) 
11-1 1 0-503 86-2 0-940 (3-3 x 10°) 64-6 1 0-614 96-1 0-951 (2-4 x 10°) 
i 1020 0-696 86-0 0-928 0-272 ae 1020 0-813 940 0-943 0-258 
ai 1700 0-840 858 0-922 0-433 - 1700 0-966 92-5 0-937 0-419 
* 2380 1-004 85-2 0-913 0-588 - 2380 1-129 91-1 0-930 0-560 
o» 3060 1-200 848 0-904 0-738 sat 3060 1-271 89-7 0-925 0-675 
2-20 1 0-991 86-7 0-959 (2-7 x 10°) 14:6 1 1-255 96-7 0-966 (2:3 x 10°) 
“ 1020 1-380 85-8 0-953 0-294 ea 1020 1-692 94-1 0-959 0-279 
1700 1-638 85-1 0-948 0-447 a 1700 2-016 92-1 0-954 0-455 
2380 1-947 84:2 0-943 0-601 pat 2380 2-371 90-5 0-950 0-608 
» 3060 2-293 83:7 0-938 0-748 ee 3060 2-737 88-9 0-945 0-745 
0-220 1 2-73 86-7 0-978 (2-2 x 10°) 4:00 1 2-36 97-3 0-976 (2:3 x 10°) 
pe 1020 3-65 85-6 0-974 0-265 eS 1020 3-13 94:3 0-969 0-269 
1700 4-33 84-7 0-972 0-425 in 1700 3-71 92-1 0-966 0-438 
2380 5-09 83-6 0-969 0-580 sn 2380 4-31 90-3. 0-963 0-588 
os 3060 5-86 83-0 0-966 0-710 - 3060 4-93 88-4 0-960 0-722 
AV! = —16-1 c.c. mole; AV20 ——12-3 AV! = —16-1 c.c. mole; AV390 — —123 
c.c. mole; Average AK = —0-0013 atm." c.c. c.c. mole; Average AK = —0-0013 atm." c.c. 
mole, mole, 
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TABLE 6. 3,5-Dimethyl-4-nitrobenzoic acid. 


log K,?/Kq 


Concn. 
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TABLE 11. Salicylic acid. 
Concn. P log K,?/K,1  Concn. P log K.?/K,} 


(10m) (atm.) Ap, <A’p, y+ (K,atP=1) (10m) (atm.) Ap, A’p, Y (K,at P=1) 
16-8 1 3-06 921 0-836 (14x 10“) 0-369 1 18-9 885 0-937 (1-9 x 10-) 
v 1020 3-99 92-4 0-819 0-207 és 1020 23-8 885 0-930 0-230 

"i 1700 459 92-5 0-810 0-328 " 1700 27-0 882 0-927 0-361 

a 2380 5:19 92-5 0-800 0-426 “ 2380 30-3 87-7 0-924 0-485 

Se 3060 5-79 91:5 0-795 0-526 os 3060 33:0 87-1 0-921 0-590 
2-79 1 766 90-0 0-889 (1-8 x 10-) 

7 1020 9-91 90-0 0-878 0-223 AV! = —12-7 c.c. mole; AV3000 — —9-4 

2 1700 114 89-9 0-872 0-350 c.c. mole; Average AK = —0-0011 atm. c.c. 

em 2380 12-8 89-7 0-866 0-456 mole. 

3060 14-2 89-2 0-862 0-553 


TABLE 12. Comparison of pressure effects in water and alcohol solvents. 


P (atm.) 500 1000 2000 3000 
Ratios A?p,/A! at 25°. 
EEE Ot I ccasnnncensennenenees 1-050 1-087 1-151 1-191 
0-0011m-HCl in ethanol—water ............... 0-990 0-980 0-959 0-938 
0-0028m-HBr in methanol’ .................. -— 0-909 0-844 0-791 
ee Oh WES cri cicccsiccicccacccicsesce 1-031 1-052 1-068 1-058 
0-011m-NaCl in ethanol—water ............... 0-938 0-876 0-775 0-700 
0-0092m-NaCl in methanol’ .................. — 0-846 0-747 0-665 
Viscosity ratios n/n? at 30°. 
INC”. iat naintiblipaichesk ndidibieesduhnenlans annaiieniaiie 0-975 0-947 0-882 0-808 
gE SS Ae os RES LOGE — 0-675 0-510 0-402 
MEET? - “ucucicbcchdgeseddcnbesgiaeinandoimeiosagnel — 0-625 0-440 0-316 


and potassium benzoates in water and alcohol solutions the conductance results have a 
similar pattern to those of the alkali halides. 

The term A?”p,/A! for strong electrolyte salts in water is at first increased slightly, and 
then decreased with increasing pressure. This arises from the two competing factors— 
compression, which increases the number of ions per unit volume, and the decrease in 
mobility of the ions as the viscosity is increased. 

However, in ethanol—water there is a steady and much larger decrease in the conductance 
of strong electrolyte salts over the whole pressure range. The decrease is not as great as 
that found for pure methanol solutions by Strauss? and Hamann and Strauss.§ The 
marked difference in behaviour between aqueous and alcoholic solutions in this regard is 
ascribed to the greater relative increase in the viscosity of methanol or ethanol at high 
pressures. ®-® 

A further difference between the solvents water and ethanol-water is that with the 
latter the effect of pressure on conductance shows a significant dependence on the electrolyte 
concentration. The changes in the pressure effects for aqueous solutions of uni-univalent 
electrolytes with concentrations below about 0-lm were very slight. The concentration- 
dependence can be predicted approximately at any pressure by the Kohlrausch expression, 
A= A, — Bct. Hamann ? showed that for sodium bromide in methanol the value of B 
calculated from the Debye—Hiickel-Onsager equation was more than halved at a pressure 
of 3000 atm., whereas for alkali halides in water the decrease was calculated to be only 
about 30%. The larger decrease in B predicted for alcohol and alcohol-water solvents 
is a consequence mainly of their large increase in viscosity with pressure. It was later 
suggested * that the concentration dependence of the pressure effects for conductance in 
aqueous solution as predicted’ by the Debye—Hiickel-Onsager equation may be opposed 
by the lower structural temperature of water at increased pressures. This would explain 

7 Strauss, Austral. J. Chem., 1957, 10, 277. 


§ Hamann and Strauss, Discuss. Faraday Soc., 1956, 22, 70. } 
® Bridgman, ‘‘ The Physics of High Pressures,’’ G. Bell & Sons, London, 1949. 
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the fact that the concentration effects observed for water were even less than those 
calculated. 

Hamann ? has also shown that the excess of conductance of the H,O* and OH ions in 
water, 1.¢., the amount by which the conductance of these ions exceeds that of similarly- 
sized ions which move by normal diffusion in an electric field, is increased with pressure 
but at a decreasing rate. He adopted Bell’s model for proton transfer and suggested 
that pressure assists proton exchange by providing some of the repulsion energy necessary 
to bring the oxygen atom close enough for a proton switch to occur. In the model of 
proton transfer by Conway, Bockris, and Linton " the rate-determining step is the rotation 
of water molecules into the hydration sheath of the H,O* ions as protons are transferred 
through solution. In water, increased pressure increases the co-ordination number of the 
H,O* ions by breaking down the open tetrahedral water structure and hence increases 
the excess of conductance owing to proton transfer (Ag+ — Ayat). 

In the simple alcohol series the excess of proton conductance decreases with the length 
of the carbon chain," and pressure decreases it slightly 7 owing, probably, to the higher 
viscosity’s slowing the rotation of alcohol molecules. 

At 1 atm. Ag+ — Aya+ in ethanol—water is slightly less than in methanol and much 
smaller than in water. Pressure has only a small effect. As soon as there is more than a 
trace of water present in ethanol, equilibrium data show that nearly all protons form H,0* 
ions in preference to EtOH,* ions." Normal transfers between H,O* and H,0O are rare 
at low concentrations of water, so that H,O* entities are more permanent than in water 
and consequently diffuse in the applied field rather in the manner of salt ions. With 
increasing water content exchanges between H,O* and H,O occur more frequently and 
the anomalous conductance becomes predominant. | 

Ionization of Weak Electrolytes.—Table 13 gives a comparison of the values for K, from 
Series A with those usually accepted. The present experiments were deisgned to show 
changes with pressure rather than give highly accurate values at 1 atm. No previous 


TABLE 13. Dissociation constants at 25°. 


Accepted value 


Acid 105K, (Mean) 105K, Source 
ST ihc nccensinadpeneducbhesuborneasuktenss 6-2 6-29 Harned and Owen ¥ 
SI orev icctnsvesnsenceseadeneces 610 671 Dippy ™ 
SIND | cucnnngsvpecnscnahansnciues 31 32-1 i 
D-NGEFODENZONC ........02ccccscccescccccccees 33 37-6 “i 
3,5-Dimethyl-4-nitrobenzoic ............ 7-5 * _ _ 
RUNGE oer ntaiccanadiccncdinccsetsnnwensecs 101 106 Dippy ™ 


* In 10% v/v ethanol—water. 


values for benzoic acids in ethanol-water were found but values are reported ! for benzoic 
acid in 50%, methanol—water (5-1 x 10) and in 25% ethanol—-water (2:3 x 10°). 

It is now established that pressure causes a large increase in the dissociation of weak 
acids and bases, and that this increase arises largely from the enhanced solvation of the 
free ions at high pressures.? For acids and bases of the hydrated gas type, increases in 
the apparent dissociation constants may be also due partly to the greater concentration 
of true acid or base molecules at high pressures (e.g., the CO,-H,CO, equilibrium‘). As 
the increase in ionization is continuous to the highest pressures measured all weak 
electrolytes become “ strong ” under sufficient pressure.” 

Tables 2—7 and 9—11 include values for the volume change AV which accompanies 
the ionization as calculated from the slope of the plot of log K,”/K,' against pressure. 
The value of AV is given at 3000 atm. (AV) and also its limiting value at 1 atm. (AV}). 

10 Bell, Tvans. Faraday Soc., 1941, 37, 493. 

11 Conway, Bockris, and Linton, J. Chem. Phys., 1956, 24, 834. 

12 Dippy, Chem. Reviews, 1939, 25, 151. 


18 Harned and Owen, “‘ The Physical Chemistry of Electrolyte Solutions,’ 2nd Edn., Reinhold, 
New York, 1950. 
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The average value of AK, the change in compressibility on ionization, was obtained 
approximately from the difference between AV! and AV 30, 


(205 X9) _ —Av, ~ (4) PIE sesnube st | Ag 
T,m T.m 





~ @P om “OP 3000 
The values of AV! and AK for the two solvents are compared in Table 14 for benzoic 
and salicylic acids. 


TABLE 14. 
Ethanol—water Water 
Acid Avi AK Av} AK 
eee ee ee ee —16-1 —0-0013 —10-6 —0-0011 
DRIED. Sacatasinmniinncneontanntuaessnes —12-7 —0-0011 —7-2 —0-0005 


It is known that the solvent in the immediate neighbourhood of an ion is in a state of 
compression,’ and one might therefore expect that the volume decrease accompanying 
the introduction of ions into a liquid should vary with the compressibility of the liquid. 
Hamann and Lim © have shown that there is a linear relation between the compressibility 
of several solvents (— é@V/V . @P) and the difference between the volume change on ionization 
in these solvents and the volume change in water (AV °soivent — AV water)» They list the 
figure —14 cm.* mole as the value of AV° (ethanol) — AV° (water). From Table 14, 
for both benzoic and salicylic acids, a value of —5-5 cm.’ mole™ is obtained for AV° 
(50:50 w/w ethanol—-water) — AV° (water). This figure seems to be in reasonable 
agreement with that obtained by Hamann. 

The effect of pressure on the hydration free energies of singly charged ions can be 
calculated by means of the Born equation 

Ne? 1 

Ny a at -5) 
where AG, is the free energy of hydration of a mole of ions at infinite dilution, 7 is the 
radius of the ion, and D the dielectric constant of the solvent. The increase in the true 
dissociation constant of a weak acid with pressure can be correlated with the increased 
free energy of hydration of the ions if it is assumed that the free energy of hydration of 
the acid molecule is small and that pressure has little effect on the H-A bond dissociation 
energy, the ionization potential of H, and the electron affinity of A.? 

The change in radius of the unsolvated ion with pressure is not affected by varying 
the solvent. The change in dielectric constant however is much more important for 
methanol and ethanol solutions than for water. The greater value of log K,”/K,) for a 
given pressure and acid in ethanol-water than in water is associated with the lower and 
more pressure-susceptible dielectric constant of the former medium. This observation 
has also been made for the weak base piperidine in methanol and in water.® 

The individual benzoic acids may now be considered (Figure). The graph 
of log K,”/K,' for p-methylbenzoic acid completely overlies that for benzoic acid. 
Evidently a p-methyl constituent has little effect on the change in ionic-solvation free 
energies with increased pressure. 

If the compressibility of the organic acid ions does not change with molar volume the 
effect of pressure should increase inversely with the size of the ions. The present values 
of K,’/K,} for benzoic acid in water are for equal pressures rather less than Hamann and 
Strauss’s values 1 for acetic and formic acids. The values of AV! for m- and #-nitro- 
benzoic acids are in turn slightly less than that for benzoic acid. 

The effect of pressure on salicylic acid is less than that for any other acid on which 
data are available. It has been suggested!” that an internal hydrogen bond is formed 

“4 Zwicky, Phys. Z., 1925, 26, 664. } 


18 Hamann and Lim, Austral. ]. Chem., 1954, 7, 329. 
16 Hamann and Strauss, Tvans. Faraday Soc., 1955, 51, 1684. 
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between the carboxyl and the hydroxyl group which stabilizes the salicylate anion with 
respect to the free acid. This accounts for the high dissociation constant. Internaj 
hydrogen bonding in the anion would lower the energy of hydration by drawing off part 
of the charge on the carboxylate group, and by hindering the access of water molecules. 
The low decrease in compressibility on ionization is in agreement with a low degree of 
hydration. 

Hamann 2 estimated the volume contraction on the formation of one hydrogen bond 
to be —3-4 cm.? mole*. Table 14 gives the difference between the volume contractions 
for benzoic and salicylic acids as —3-4 cm.* mole+ for both water and ethanol-water, 
Although no significance can be attached to the exact agreement in volume figures the 
results do support the hydrogen bond explanation for the low AV for salicylic acid. 
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Newman *§ considered that the high acid dissociation constant for o-nitrobenzoic acid 
was due to the decrease in the resonance energy of the free acid form, caused by steric 
interaction of the nitro- and the carboxyl group. The present results suggest that high 
pressures increase this interaction slightly. 

3,5-Dimethyl-4-nitrobenzoic acid has a dissociation constant at 25° only slightly 
greater than that of benzoic acid, whereas the constant for p-nitrobenzoic acid is greater bya 

factor of about 6. The use of 10% ethanol as a solvent 

A. * Fg would account for only a small part of this difference. Part 

- NX =e H of the decreased acid strength may be due to the increased 

(1) o” Xo positive induction effect of the two methyl groups, but a 

greater decrease is probably due to the steric interaction of 

the methyl groups with the nitro-group. The anion of p-nitrobenzoic acid is stabilized 

by the resonance structure (I) which can make a maximum contribution to the energy 

of the anion only if the nitro-group can become coplanar with the benzene ring.’* The 

methyl groups hinder the formation of this planar arrangement. As the pressure effect 

for the acid is similar to that for p-nitrobenzoic acid the interaction between the methyl 
and the nitro-group cannot be altered appreciably by pressure. 


The authors thank Professor H. N. Parton and Dr. W. S. Fyfe for their comments, and Dr. 
J. Murray for preparing 3,5-dimethyl-4-nitrobenzoic acid. 
UNIVERSITY OF OTAGO, DUNEDIN, NEW ZEALAND. [Received, June 22nd, 1959.) 


17 Branch and Yabroff, J. Amer. Chem. Soc., 1934, 56, 2568. 
18 Newman, “ Steric Effects in Organic Chemistry,’’ John Wiley and Sons, New York, 1956. 
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49. Intramolecular Reactions of Amides. Part II. 
Cyclisation of Amides of w-Bromo-carboxrylic Acids. 
By C. J. M. STIRLING. 


Cyclisation of the bromo-amides (II and VIII) under various conditions 
has been investigated. In certain cases, cyclic imino-ethers (III and IX) 
are obtained. These are attacked at the imino-group by acids to give a 
lactone and an amine, and, with two exceptions, by lithium aluminium 
hydride with formation of acyclic #-amino-alcohols. By contrast, acid- 
catalysed attack of ethanol occurs at the a-methylene carbon atom of the 
imino-ethers (III; R = C,H,,; » = 2; and IX; R= PhCH,) to give the 
ethoxy-amides (VII and XII). 

The ultraviolet absorption spectra of the cyclic imino-ethers (IX) are 
compared with those of the isomeric lactams (XIII). 


In a preparation of 1-cyclohexylpyrrolid-2-one (I; R = C,H,,) by fusion of y-bromo-N- 
cyclohexylbutyramide (II; R= C,H,,; = 2) with potassium hydroxide,? fusion of 
the bromo-amide alone was found to give the hydrobromide of a base. This hydrobromide 
was isomeric with the bromo-amide and gave a base isomeric with the pyrrolid-2-one. 
By further experiments described below, the base was identified as the cyclic imino-ether, 
2-cyclohexyliminotetrahydrofuran (III; R = C,H,,; = 2). 

Few cyclic imino-ethers of this type have been described: most have been obtained 
from «-hydroxy-nitriles * and unsaturated nitriles. Formation of cyclic imino-ethers by 
cyclisation of w-halogeno-amides has previously been described only by Gabriel,5 who 
obtained 1,3-dihydro-l-iminoisobenzofuran (IX; R = H) and its 5-nitro-derivative from 
2-chloromethylbenzamide and 2-chloromethyl-5-nitrobenzamide, respectively, and by 


[cH,] CH 
| a B Br-{CH,] | -CO-NHR —> cHd Newfane — one an 


C= 
R No ae Med “ 
() \ (11) (V) a (iil) 
- H 
CH 
~ mK aja s Actilny + Ain LiAIH, 
BrCH, C=O Br CH, C=NHR CH, c=0 
re) O~ +RNH 
(IIb) “ + (IIa) . 
NH-CH, | 
@ 





RC 





: 7 RNH-[CH2], -CH,-OH (VI) 
O->CH,X (IV) 


Craig® who showed that addition of bromine to NN-dialkylpent-4-enamides gave 
quaternary bromides of 2-dialkyliminotetrahydrofurans. Intermediate formation of a 
tetrahydroiminofuran in the oxidation of amides of 3-indolylpropionic acids has, however, 
been suggested,” and the ready formation of y-butyrolactone from y-bromo-N-(3,4-di- 
methoxyphenethyl)butyramide® is undoubtedly due to the formation and subsequent 


1 Part I, J., 1958, 4531. 

2 Cf. Lipp and Caspers, Ber., 1925, 58, 1011. 

8 Topchiev and Kirmalova, Doklady Akad. Nauk, S.S.S.R., 1948, 68, 281; Schultz, Robb, and 
Sprague, J. Amer. Chem. Soc., 1947, 69, 2454. 

* Raffauf, J. Amer. Chem. Soc., 1952, 74, 4460. 

5 Gabriel, Ber., 1887, 20, 2224; Gabriel and Landsberger, ibid., 1898, 31, 2732. 

® Craig, J. Amer. Chem. Soc., 1952, 74, 129. ] 

? Patchornik, Lawson, and Witkop, J. Amer. Chem. Soc., 1958, 80, 4748. 

§ Child and Pyman, /., 1931, 36. 
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hydrolysis of a tetrahydro-2-iminofuran. In addition, imino-compounds of related 
structure have been obtained in the neutral solvolyses of w-bromo-urethanes and ureides9 
In no case has the isolation of free cyclic imino-ethers with an N-substituent been reported, 

Cyclisation of w-halogeno-amides in neutral conditions occurs by displacement of the 
halide ion by the carbonyl oxygen of the amido-group (IIa) and is analogous to the 
formation of oxazolines from N-acyl-halogeno-amines,!® whereupon an endocyclic imino- 
group is obtained (IV). In basic conditions, a proton is lost from the amido-nitrogen atom 
(IIb) and cyclisation gives an N-substituted pyrrolid-2-one.*" In the present work, 
cyclisation of N-monosubstituted -bromo-amides (II and VIII) under various conditions 
has been examined. In certain cases, N-substituted imino-ethers have been obtained 
and their reactions have been compared with those of both open-chain imino-ethers and 
of cyclic imino-ethers without an N-substituent. 

Reactions with Butyramides.—Fusion of y-bromo-N-cyclohexylbutyramide (II; 
R = C,H; ” = 2) at 100° gave the tetrahydroiminofuran hydrobromide (V; R = C,H,,; 
n = 2) quantitatively. The free base was more stable than the acyclic analogues and 
distilled without decomposition. Acid hydrolysis gave y-butyrolactone and cyclohexyl- 
amine. The base readily formed a methiodide and reduction with lithium aluminium 
hydride ® gave 4-cyclohexylaminobutanol (VI; R= C,H,,; = 2). Reaction with 
phenylmagnesium bromide * was slow and no identifiable products were obtained. 
Attempts to isomerise ™ the imino-ether to the pyrrolidone (I; R = C,H,,) failed, the 
compound being recovered even from reactions at 290°, but the pyrrolidone was obtained 
by potassium hydroxide fusion of the bromo-amide. Cyclisation of the bromo-amide to 
the tetrahydroiminofuran hydrobromide also occurred when the compound was heated 
in ethanol for short periods. The chief product of prolonged heating, however, was 
N-cyclohexyl-y-ethoxybutyramide (VII), together with small amounts of cyclohexyl- 
amine and y-butyrolactone. The same products were obtained from ethanolysis of the 
tetrahydroiminofuran hydrobromide. These results suggest the occurrence of two com- 
peting reactions: (i) slow hydrolytic fission of the Cy -N bond of the imino-ether to give 
amine and lactone, and (ii) a faster attack of ethanol at C,,), facilitated by protonation of 
the ring oxygen atom, which causes ring fission and formation of the unstable tautomer 
of the y-ethoxy-amide: 


EtOH i , ' ‘ ‘ . 
I é * CeHn niaiaia O ™ C,H, —> £0 [cH,] co NH-C,H,, (VII) 


H 


N-Cyclohexyl-y-hydroxybutyramide, the corresponding intermediate in aqueous 
hydrolysis, was looked for but could not be isolated. 

Fusion of y-bromobutyranilide (II; R = Ph; m = 2) failed to give the cyclic imino- 
ether; only aniline and y-butyrolactone were obtained. Ethanolysis of the anilide also 
gave aniline and y-butyrolactone. In this case, hydrolysis of the imino-ether at the 
C-N bond must be so rapid that C;;) attack is not competitive. Attempts to prevent 
hydrolysis by carrying out the reaction in the presence of, ¢.g., triethylamine gave the 
pyrrolidone (I; R = Ph). 

Similar results were obtained with N-benzyl-y-bromobutyramide (II; R = PhCH,; 
n = 2), but small yields of 2-butyliminotetrahydrofuran (III; R= Bu"; m = 2) were 
obtained by fusion of the corresponding bromo-amide, although the intermediate hydro- 
bromide could not be isolated, and the reaction was much slower than with the cyclohexyl 


® Scott, Glick, and Winstein, Experientia, 1957, 18, 183. 

10 Fry, J. Org. Chem., 1949, 14, 887; Heine, J. Amer. Chem. Soc., 1956, 78, 3708. 
11 Heine, Love, and Bove, J. Amer. Chem. Soc., 1955, 77, 5420. 

12 Cf. Easton and Fish, ]. Amer. Chem. Soc., 1955, '77, 1776. 

13 Cf. Easton, Lukach, Nelson, and Fish, ]. Amer. Chem. Soc., 1958, 80, 2519. 

4 Cf. Chapman, J., 1925, 1992; 1927, 1743. 
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analogue. The structure of the imino-ether was confirmed by acid hydrolysis to butyl- 
amine and y-butyrolactone, and by reduction with lithium aluminium hydride to the 
amino-butanol (VI; R= Bu"; n= 2). 

Reactions with Pentanamides.—Cyclisation of 5-bromo-N-cyclohexylpentanamide 
(i; R=C.Hy; m=3) to 2 -cyclohexyliminotetrahydropyran hydrobromide (V; 
R=C,H,; = 3) was very slow by comparison with the butyramide, as was expected 
for the formation of a six-membered ring. Hydrolysis of the imino-ether gave 8-valero- 
lactone and cyclohexylamine, and lithium aluminium hydride reduction yielded 5-cyclo- 
hexylaminopentanol (VI; R = C,H,,;; » = 3). In view of the extremely slow cyclisation 
of the N-cyclohexylamide, cyclisation of other amides was not attempted. Ethanolysis 
of the anilide, however, gave 3-valerolactone and aniline, again presumably via the 
tetrahydroiminopyran. 

Reactions with 2-Bromomethylbenzamides.—The anilide (VIII; R = Ph) was cyclised 
at 130° to give 1,3-dihydro-l-phenyliminoisobenzofuran hydrobromide from which the 
free imino-ether (IX; R = Ph) was obtained. Acid hydrolysis of the imino-ether gave 
aniline and phthalide; reduction with lithium aluminium hydride yielded the amino- 
alcohol (X) which was dehydrated to the known isoindoline (XI). The imino-ether 
jsomerised at 300° to the isoindolinone (XIII; R= Ph) which was also obtained by 
treatment of the bromo-anilide with sodium ethoxide. 


CO-NHR > = CH,-NHPh CH, 
CH,Br CH,-OH ~’ 
2 be 2 cH, 


(VIII) J «9 (xX) (XI) 
co co 
CO-NH-CH,Ph , 
Ck Case “CEs 
cH, 2°OFt CH, 
(XIII) (X11) 


The N-benzylamide (VIII; R = CH,Ph) cyclised so readily that it could not be 
purified. The free iminoisobenzofuran (IX; R = CH,Ph) was obtained from the cyclis- 
ation product and acid hydrolysis, which was much slower than that of the phenyl 
analogue, gave aniline and phthalide. The same results were obtained with the cyclo- 
hexyl-amide (VIII; R = C,H,,) and neither imino-ether was reduced by lithium alu- 
minium hydride under the conditions used for the other imino-ethers that have been 
studied. Attempted isomerisation of both imino-ethers at 300° caused considerable 
decomposition, and in neither case was the N-substituted isoindolinone (XIII) isolated. 
Ethanolysis of 1-benzyl-1,3-dihydroisobenzofuran hydrobromide yielded only a small 
amount of N-benzyl-2-ethoxymethylbenzamide (XII). Evidently, cleavage of the C-N 
bond is preferred to attack at C,,) in this instance. 

Ultraviolet absorption data of the N-substituted 1,3-dihydro-l-iminoisobenzofurans 
are given in Table 1 together with those of the isomeric isoindolinones (XIII), which show 
absorption at slightly shorter wavelengths. Similar comparisons have been made by 
several workers 5 who found slight but distinct differences between the spectra of acyclic 
amides and imino-ethers. 


EXPERIMENTAL 


The light petroleum used had b. p. 40—60°. Extracts were dried over Na,SO,. Ultra- 
violet spectra refer to ethanolic solutions and were determined on the Unicam S.P. 500 spectro- 
photometer. 

y-Bromo-N-cyclohexylbutyramide.—Cyclohexylamine (45 g.) in ether (100 ml.) was added 

18 Ley and Specker, Ber., 1939, 72, 192; Edward and Meacock, Chem. and Ind.,/1955, 536; Grob and 
Fischer, Chem. and Ind., 1955, 1063. 
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with cooling and stirring to y-bromobutyryl chloride (from 38 g. of the acid **) in ether (300 m1). 
The mixture was washed with water, dilute hydrochloric acid, and 10% aqueous sodium 
carbonate. Evaporation under reduced pressure and treatment of the residue with light 
petroleum gave the amide (38 g.). The m. p. (about 60°) could not be accurately determined, 
as slow heating gave the cyclisation product (m. p. 132°) (below) (Found: C, 48-5; H, 7-2; 
N, 5-6. Cj, 9H,,ONBr requires C, 48-4; H, 7-3; N, 5-6%). 

2-Cyclohexyliminotetrahydrofuran.—The amide, when heated at 100°, fused and immediately 
resolidified. Crystallisation of the product from ethanol-ether gave 2-cyclohexyliminotetra- 
hydrofuran hydrobromide, m. p. 132° (Found: C, 48-2; H, 7-2; N, 59%). The hydrobromide 
(26 g.) in water (75 ml.) was basified with 10% aqueous sodium carbonate; extraction with 
ether gave 2-cyclohexyliminotetrahydrofuran (16-2 g.), b. p. 134°/7 mm., ,”° 1-4945 (Found: 
C, 71-5; H, 10-2; N, 8-3. Cy, 9H,,ON requires C, 71-9; H, 10-2; H, 8-4%). A 20% solution 
of the imino-ether in methy] iodide was kept at 25° for 1 hr.; addition of ether then precipitated 
the methiodide, m. p. 187—188° (from methanol-ether) (Found: C, 43-0; H, 6-3; N, 4:5. 
C,,;HggONI requires C, 42-7; H, 6-5; N, 45%). 

Reactions with 2-Cyclohexyliminotetrahydrofuran.—(a) Hydrolysis. The imino-ether (2 g.) 
in 20% aqueous sulphuric acid (20 ml.) was heated at 100° for 16 hr. Saturation of the solution 
with sodium chloride and extraction with ether gave y-butyrolactone (0-5 g.), b. p. 97°/18 mm., 
n,** 1-4350 (lit.,1” »,*5 1-4343). The aqueous solution was basified with sodium hydroxide 
and re-extracted with ether. The ethereal extract was halved: (i) was evaporated, and 
distillation of the residue gave only cyclohexylamine (0-5 g.), b. p. 60°/7 mm., ,™* 1-4569; 
(ii) was benzoylated giving N-cyclohexylbenzamide (0-97 g.), m. p. and mixed m. p. 150°. 
The imino-ether was largely recovered after treatment for 24 hr. with cold dilute or concen- 
trated hydrochloric acid. 

(b) Reduction. The imino-ether (10 g.) in benzene (50 ml.) was added to a suspens’)n of 
lithium aluminium hydride (2 g.) in ether (100 ml.)._ After the mixture was refluxed for 6 hr., 
acetone was added to destroy excess of the reagent. Water (25 ml.) was cautiously added and 
the mixture was filtered. 20% Aqueous sodium hydroxide (40 ml.) was added to the filtrate, 
and the ethereal layer was separated. Fractional distillation gave 4-cyclohexylaminobutanol 
(4-6 g.), b. p. 153°/9 mm., m,*4 1-4830 (supercooled), m. p. 45—46° (from light petroleum) 
(lit.,28 m. p. 45—46°) (Found: C, 70-5; H, 11-9; N, 7-8. Calc. for C,gH,,ON: C, 70-2; H, 12:3; 
N, 8-2%). 

(c) Reaction with phenylmagnesium bromide. The imino-ether (5 g.) in benzene (50 ml.) 
was added to a solution of phenylmagnesium bromide [from bromobenzene (15 g.) and mag- 
nesium (2-4 g.)] in ether (100 ml.). The mixture was refluxed for 3 hr. and then was added to 
saturated aqueous ammonium chloride. Separation of the ethereal layer and subsequent 
distillation gave two fractions. Fraction (i) (2-6 g.), b. p. 130—140°/8 mm., m,!* 1-5340, was 
separated by successive extraction with dilute hydrochloric acid and aqueous sodium hydroxide 
into (a) recovered starting material (1-3 g.), b. p. 133°/10 mm., m,”* 1-4940; (b) phenol [phenyl 
benzoate (0-08 g.), m. p. and mixed m. p. 69°]; (c) biphenyl (0-3 g.), m. p. and mixed m. p. 65°. 
Fraction (ii) (0-4 g.) had b. p. 138°/0-1 mm., ,,*° 1.5525 (Found: C, 77-9; H, 8-9; N,3-4. Cale. 
for C,,H,,ON: C, 78-4; H, 9-4; N, 5-7%). 

(d) Attempted isomerisation. The imino-ether (3-4 g.) was refluxed (bath temp. 290°) for 
2 hr. in a stream of nitrogen. Distillation gave recovered starting material (2-1 g.), b. p. 
138°/12 mm., m,'° 1-4931, and a glassy residue. 

Reactions with y-Bromo-N-cyclohexylbutyramide.—(a) Ethanolysis. (i) The amide (3-5 g.) 
in ethanol (10 ml.) was refluxed for 1 hr. and ether (250 ml.) was then added. The precipitate 
(1-2 g.) had m. p. 118—121°, alone or mixed with 2-cyclohexyliminotetrahydrofuran hydro- 
bromide. Further addition of ether (250 ml.) gave cyclohexylammonium bromide (0-3 g.), 
m. p. and mixed m. p. 188—192°. 

(ii) The previous experiment was repeated except that the mixture was heated for 24 hr. 
Addition of ether (500 ml.) precipitated cyclohexylammonium bromide (0-77 g.), m. p. and 
mixed m. p. 199—200°. Evaporation of the filtrate and distillation of the residue gave y-butyro- 
lactone (0-34 g.), b. p. 85°/10 mm., ”,,*5 1-4389 (contaminated with ester). The residue (2-4 g.), 
m. p. 47—51°, in ether (300 ml.), was washed with water (20 ml.), 10% aqueous sodium 

16 Henry, Compt. rend., 1886, 102, 368. 


17 Marvel and Birkhimer, J. Amer. Chem. Soc., 1929, 51, 260. 
18 Barry and Twomey, Proc. Roy. Irish Acad., 1952, 55B, No. 1. 
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carbonate (20 ml.), and water (20 ml.). Evaporation of the ethereal solution gave N-cyclo- 
hexyl-y-ethoxybutyramide (2-1 g.), m. p. 62—64° raised to 68-5° (from light petroleum) alone or 
mixed with an authentic specimen (below) (Found: C, 67-7; H, 11-0. C,,H,,;ON requires 
C, 67-6; H, 10-8%). 

(b) Potassium hydroxide fusion. The amide (5 g.) and powdered potassium hydroxide 
(15 g.) were heated at 100° for 3 min. Water (100 ml.) was added and the suspension was 
extracted with ether. Distillation of the extracts gave slightly impure 1-cyclohexylpyrrolid- 
g-one (1-2 g.), b. p. 154°/7 mm., m,™ 1-5005 (lit.,.1 b. p. 154°/7 mm., m,% 1-5043), probably 
contaminated with the imino-ether. 

Reactions with 2-Cyclohexyliminotetrahydrofuran Hydrobromide.—(a) Ethanolysis. The 
hydrobromide (3 g.) in ethanol (10 ml.) was refluxed for 24 hr. Treatment of the mixture 
as for the experiment with the amide gave cyclohexylammonium bromide (0-64 g.), m. p. 
and mixed m. p. 199—200°, y-butyrolactone (0-4 g.), b. p. 85°/12 mm., m,* 1-4403 
(contaminated with ester), and N-cyclohexyl-y-ethoxybutyramide (1-85 g.), m. p. and mixed 
m. p. 64—65°. 

(b) Hydrolysis. The hydrobromide (4 g.) was refluxed in water (12 ml.) for 16 hr. Working- 
up as for the hydrolysis of the imino-ether gave y-butyrolactone (1-0 g.), b. p. 94°/15 mm., n,* 
1-4335, and N-cyclohexylbenzamide (3-08 g., 94%), m. p. and mixed m. p. 150°. 

N-Cyclohexyl-y-ethoxybutyramide.—y-Ethoxybutyric acid, obtained in low yield from 
y-butyrolactone ** had b. p. 127°/12 mm., 2, 1-4250 (lit.,2° b. p. 116—117°/8 mm., m,,”° 1-4253). 
The acid chloride (from 1-7 g. of acid), in anhydrous ether (50 ml.), was treated with cyclohexyl- 
amine (4 g.) in ether (25 ml.). The mixture was washed with dilute hydrochloric acid; 
evaporation of the ethereal solution gave the amide (1-5 g.), m. p. 68:5° (Found: C, 67-9; 
H, 10:7; N, 6-5. C,,.H,,ON requires N, 6-6%). 

Attempted Cyclisation of y-Bromobutyranilide.—(a) The amide »™ was heated at 150° for 
5 min. Extraction of the melt with anhydrous ether left anilinium bromide, m. p. and mixed 
m. p. 282°. Evaporation of the extracts gave recovered amide, m. p. and mixed m. p. 70—73°. 
Variations of time and temperature failed to give the cyclised product. 

(b) The amide (5 g.) was refluxed for 3 hr. in ethanol (15 ml.). Addition of ether (250 ml.) 
gave anilinium bromide (3 g., 84%), m. p. and mixed m. p. 288—290°. Evaporation of the 
filtrates and subsequent distillation of the residue gave y-butyrolactone (1-7 g., 100%), b. p. 
85°/8 mm., 7, 1-4350. The same results were obtained after refluxing for 1 hr. 

(c) The amide (7 g.) and triethylamine (3-1 g.) were refluxed in ethanol (25 ml.) for 1 hr. 
Dilution with ether precipitated triethylammonium bromide (4-85 g., 95%), m. p. 250°; subse- 
quent distillation of the filtrates gave first a mixture of aniline and y-butyrolactone (1-1 g.) and 
then 1-phenylpyrrolid-2-one (3-3 g.), b. p. 188°/14 mm., m. p. and mixed m. p. 66—68° (lit.,24 
m. p. 64—68°). Repetition of the experiment with benzylamine gave the pyrrolidone as the 
only high-boiling product. 

2-Butyliminotetrahydrofuran.—y-Bromo-N-butylbutyramide was obtained as a liquid by 
the method used for the cyclohexyl compound. Distillation was not attempted. The tetra- 
hydroiminofuran hydrobromide could not be isolated from fusion of the amide, and varying 
yields of the imino-ether were obtained by aqueous extraction of the melts from runs at 
different temperatures and periods of heating. The best procedure was as follows: the amide 
(25 g.), in 5 g. portions, was kept at 125° for 14 hr. The combined product, suspended in 
benzene, was extracted with water and the aqueous extracts were basified with 5% aqueous 
potassium hydroxide. Extraction with ether and subsequent distillation gave 2-butylimino- 
tetrahydrofuran (2-4 g.), b. p. 92°/9 mm., m,)* 1-4593 (Found: C, 68-2; H, 10-7; N, 10-0. 
C,H,,ON requires C, 68-1; H, 10-6; N, 10-0%). A crystalline methiodide could not be 
obtained. 

Reactions with 2-Butyliminotetrahydrofuran.—(a) Hydrolysis. The imino-ether (0-9 g.), in 
20% sulphuric acid (10 ml.), was kept at 100° for 24 hr. By the procedure described for the 
cyclohexyl compound, y-butyrolactone (0-2 g.), b. p. 88°/10 mm., ”,”* 1-4340, was obtained, 
and u-butylamine was obtained as the p-nitrobenzoyl derivative (0-55 g., 78%), m. p. and 
mixed m. p. 100—101° (lit.,22 m. p. 102-5—-103°), p-nitrobenzoyl chloride being used instead of 


19 Fittig and Strém, Annalen, 1892, 267, 186. 

20 Palomaa and Kenetti, Ber., 1931, 64, 797. 

21 Baillie and Tafel, Ber., 1899, 32, 68. / 
22 Coleman and Howells, J. Amer. Chem. Soc., 1923, 45, 3084. 
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benzoyl chloride. No imino-ether was recovered, as it was from 20% sulphuric acid after 
24 hr. at room temperature. 

(b) Reduction. The procedure for the cyclohexyl compound was followed, using the imino- 
ether (2-9 g.) and lithium aluminium hydride (1 g.). Distillation of the product gave three 
fractions: (i) (0-4 g.), b. p. 60—80°/10 mm., which was not further investigated; (ii) 4-butyl- 
aminobutanol (1-1 g.), b. p. 132°/10 mm., m,,*" 1-4508 (Found: C, 66-2; H, 13-5; N,9-1. Cale. 
for C,H,ON: C, 66-3; H, 13-1; N, 9-7%) (lit.,% b. p. 84—90°/1 mm.); (iii) (0-9 g.), b. p, 
174°/10 mm., n,”> 1-4699 (Found: C, 66-4; H, 11-6; N, 7-1%), which was not identified. 

Attempted Cyclisation of N-Benzyl-y-bromobutyramide.—The amide, prepared as described 
for the cyclohexyl compound, had m. p. 58° (from ether-light petroleum) (Found: C, 51-2; 
H, 5-2; N, 5:2. C,,H,,ONBr requires C, 51-5; H, 5-5; N, 5:5%). No cyclised product was 
obtained by heating the amide for varying periods between 100° and 150°. Attempts to isolate 
the imino-ether directly as for the butyl analogue gave a basic product, but attempted 
distillation gave only glasses. 

5-Bromo-N-cyclohexylpentanamide.—The amide, obtained from 5-bromopentanoyl] chloride * 
and cyclohexylamine, had m. p. 80-5—81-5° (from ether-light petroleum) (Found: C, 50-7; 
H, 7:4; N, 5-1. C,,H,gONBr requires C, 50-4; H, 7-6; N, 5-4%). 

2-Cyclohexyliminotetrahydropyran Hydrobromide.—Cyclisation of the amide was very much 
slower than that of the butyramide. In the best procedure the amide was kept at 100° for 1 hr., 
anhydrous ether was then added, and the precipitate was filtered off. The process was repeated 
after evaporation of the ethereal filtrates. Recrystallisation of the combined precipitates 
(7 g.) from twenty repetitions of the procedure with amide (12 g. in all) gave the hydrobromide 
as hygroscopic needles (from ethanol-ether), m. p. 101—102°. Solvent of crystallisation was 
removed by heating the salt im vacuo at 70°; the m. p. was then 108—109° (Found: C, 50-3; 
H, 7:6; N, 5-9. © ,,;HgONBr requires C, 50-4; H, 7-6; N, 5:3%). 

2-Cyclohexyliminotetrahydropyran.—The preceding hydrobromide (4-6 g.), in water (20 ml.), 
was added to saturated brine (100 ml.). Ether (200 ml.) was added, followed by 10% aqueous 
potassium hydroxide (20 ml.). The liberated base was quickly extracted and the ethereal 
extract was washed with saturated brine. Evaporation of the extracts and distillation of the 
residue gave cyclohexylamine (0-3 g.), b. p. 60°/15 mm., ”,,** 1-4585 (N-benzoyl derivative, 
m. p. and mixed m. p. 150°), and then the imino-ether (1-9 g.), b. p. 134°/8 mm., m,,™" 1-4980 
(Found: C, 72-6; H, 10-5; N, 7-8. C,,H,,ON requires C, 72-9; H, 10-5; N, 7-7%). After 
3 weeks, the compound had changed to a viscous oil which could not be redistilled. 

Reduction of 2-Cyclohexyliminotetrahydropyran.—The imino-ether (1-6 g.) and lithium 
aluminium hydride (0-5 g.) by the previous procedure gave 5-cyclohexylaminopentanol (0-89 g.), 
m. p. 74—75° (from ether) (lit.,25 m. p. 79—80-5°) (Found: C, 71-7; H, 12-1; N, 7-6. Calc. 
for C,,H,,ON: C, 71-4; H, 12-4; N, 7-6%). 

Ethanolysis of 5-Bromo-N-cyclohexylpentanamide.—The amide (2 g.), in ethanol (10 ml.), was 
refluxed for 3 hr. Dilution of the mixture with ether (500 ml.) and recrystallisation of the 
precipitate from ethanol-ether gave cyclohexylammonium bromide (0-7 g.), m. p. and mixed 
m. p. 192°. Evaporation of the filtrates and distillation of the residue gave $-valerolactone 
(0-3 g.), b. p. 110°/12 mm., m,,* 1-4573 (lit.,2* b. p. 88°/4 mm., ,”° 1-4568). 

Hydrolysis of 2-Cyclohexyliminotetrahydropyran Hydrobromide.—The hydrobromide (0-6 g.), 
in 20% sulphuric acid (10 ml.), was kept at 100° for 16 hr. Saturation of the mixture with 
sodium chloride and extraction with ether gave 8-valerolactone (0-05 g.), b. p. 115°/13 mm., 
n,** 1-4550. Treatment of the aqueous extracts as for the furan analogue gave N-cyclohexyl- 
benzamide (0-55 g., 98%), m. p. and mixed m. p. 148°. 

Ethanolysis of 5-Bromopentananilide.—The anilide (3 g.) [from 5-bromopentanoyl chloride 
and aniline; it had m. p. 96—97° (lit.,27 m. p. 98—99°)], in absolute ethanol (10 ml.), was refluxed 
for 3hr. Addition of ether (500 ml.) precipitated anilinium bromide (1-27 g., 62%), m. p. and 
mixed m. p. 282°. Distillation of the filtrate gave 8-valerolactone (0-5 g.), b. p. 116°/15 mm., 
n,** 1-4555. After 24 hours’ refluxing, the yield of anilinium bromide was 78%. 


23 Wilson and Tishler, J. Amer. Chem. Soc., 1951, 78, 3635. 

*4 Merchant, Wickert, and Marvel, J. Amer. Chem. Soc., 1927, 49, 1828. 

25 Drake, Hayes, German, Johnson, Kelley, Melamed, and Peck, J. Amer. Chem. Soc., 1949, 
71, 455. 
*6 Linstead and Rydon, /J., 1933, 580. 
2? Normant and Voreux, Compt. rend., 1950, 231, 703. 
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2-Bromomethylbenzanilide.—o-Bromomethylbenzoyl bromide ** (23 g.) was treated with 
aniline (17 g.) in ether (300 ml.). The mixture was filtered and the dry residue was repeatedly 
extracted with hot benzene. Addition of light petroleum to the benzene extracts gave the 
anilide (15 g.), m. p. about 83° (Found: C, 58-6; H, 4-4; N, 4-5. C,,H,,ONBr requires C, 58-0; 
H, 4:1; N, 4:8%) ; the m. p. of a slowly heated sample was that of the cyclisation product (below). 

1,3-Dihydro-1-phenyliminoisobenzofuran Hydrobromide.—The anilide fused at 130° and 
resolidified. The product, after unchanged material had been extracted with hot benzene, 
was crystallised to constant m. p. (164—165°) from ethanol-ether, but did not give satisfactory 
analyses. Satisfactory results were, however, obtained on a specimen of the same m. p. 
regenerated from the pure imino-ether (below) which was heated slowly from 20° to 110° in vacuo 
before analysis (Found: C, 58-1; H, 4-3; N, 4:5%). 

1,3-Dihydro-1-phenyliminoisobenzofuran.—The hydrobromide (14 g.), in water (100 ml.) 
was basified with 10% aqueous sodium carbonate. Extraction with ether and evaporation 
of the extracts gave the imino-ether (10 g.), m. p. 99-5° with softening at 95° (from benzene— 
light petroleum) (Found: C, 80-9; H, 5-3; N, 6-5. C,,H,,ON requires C, 80-5; H, 5:3; 
N, 6-7%). A crystalline methiodide could not be obtained. 

Reactions with 1,3-Dihydro-1-phenyliminoisobenzofuran.—(a) Hydrolysis. A solution of the 
imino-ether (0-75 g.) in 20% aqueous sulphuric acid (12 ml.) was kept at 100° for 14 hr. 
Extraction of the solution with benzene gave phthalide (0-40 g., 93%), m. p. and mixed m. p. 
73—74°. The aqueous solution was basified and re-extracted with ether. Treatment of the 
extract as before with benzoyl chloride and pyridine gave benzanilide (0-65 g., 92%), m. p. and 
mixed m. p. 164—165°. 

(b) Isomerisation. The imino-ether (1 g.) was kept at 300° for 2 hr. The cold melt was 
extracted with chloroform. Evaporation of the extracts and treatment of the residue with 
light petroleum gave N-phenylisoindolinone (0-7 g.), m. p. 166—167° after crystallisation from 
ethanol (Found: C, 80-5; H, 5-5; N, 6-4%) (lit.,2® m. p. 160°). 

(c) Reduction. ‘The previous procedure with imino-ether (3-5 g.) and lithium aluminium 
hydride (1 g.) was followed. Distillation of the product gave 2-hydroxymethyl-N-phenylbenzyl- 
amine (2-7 g.), b. p. 156°/0-03 mm., m. p. 59—60° (from ether-light petroleum) (Found: C, 79-0; 
H, 6-6; N, 6-6. C,,H,,ON requires C, 79-0; H, 7-0; N, 66%). The hydroxy-amine (0-9 g.) 
was converted into the hydrochloride which was then refluxed with thionyl chloride (5 ml.) 
until evolution of gases ceased. The excess of thionyl chloride was removed, and the residue 
treated with hot 10% aqueous sodium carbonate. Extraction with ether gave N-phenyliso- 
indoline (0-4 g.), m. p. 174—175° (from ethanol) (lit.,3° m. p. 169—170°) (Found: 86-4; H, 6-8; 
N, 7-0. Calc. for C,gH,,N: C, 86-1; H, 6-7; N, 7-2%). 

1-Benzylimino-1,3-dihydroisobenzofuran.—2-Bromomethylbenzoyl bromide (21 g.) was 
treated with benzylamine (18 g.) in ether (250 ml.). Dilute hydrochloric acid was added and 
the mixture was filtered. Evaporation of the filtrate and treatment of the residue with light 
petroleum gave a solid (5 g.), m. p. 64—67°, but attempted recrystallisation gave only cyclised 
product (below). The dry residue was kept at 100° for 10 min.; crystallisation from ethanol— 
ether then gave a salt (10-5 g.), m. p. 145—146°. Satisfactory analytical results for 1-benzyl- 
imino-1,3-dihydroisobenzofuran hydrobromide could not be obtained, probably owing to the 
retention of solvent of crystallisation. Heating the compound im vacuo was unsuccessful and 
satisfactory analytical figures could not be obtained on a specimen of the hydrobromide which 
was regenerated from the pure imino-ethery (below). The salt (10 g.), in water (50 ml.), was 
basified with 10% aqueous sodium carbonate. Extraction with ether gave 1-benzylimino- 
1,3-dihydroisobenzofuran (7 g.), m. p. 37—38° (from light petroleum), »,** 1-6103 (supercooled) 
(Found: C, 80-8; H, 5-6; N, 6-4. C,,H,,ON requires C, 80-7; H, 5-8; N, 63%). Treatment 
of the imino-ether with methyl iodide under reflux gave the methiodide, m. p. 143—144° (from 
ethanol-ether) (Found: C, 53-0; H, 4:6. C,,H,,ONI requires C, 52-6; H, 44%). 

Reactions with 1-Benzylimino-1,3-dihydroisobenzofuran.—(a) Hydrolysis. The imine (1-0 g.), 
in 20% aqueous sulphuric acid (15 ml.), was kept at 100° for 24 hr. Working up as for the 
phenyl analogue gave phthalide (0-53 g., 88%), m. p. and mixed m. p. 73°, and N-benzyl- 
benzamide (0-92 g.; 97%), m. p. and mixed m. p. 104—105°. 

(b) Ethanolysis. (i) The imino-ether (4 g.), in ether, was treated with hydrogen bromide. 

28 Davies and Perkin, J., 1922, 121, 2202. 


2° Rowe, Levin, Burns, Davies, and Tepper, /J., 1926, 690. y 
8 Wittig, Closs, and Mindermann, Annalen, 1955, 594, 89. 
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The precipitated hydrobromide (5 g.), in ethanol (10 ml.), was refluxed for 5 hr. Addition of 
ether (500 ml.) and crystallisation of the precipitate (2-76 g.) from ethanol-ether gave benzyl- 
ammonium bromide (1-62 g.), m. p. and mixed m. p. 225°. The filtrates were washed with 
water and 10% aqueous sodium carbonate. Evaporation of the ethereal solution and distil- 
lation of the residue gave phthalide (1-13 g.), b. p. 164°/15 mm.; m. p. 73—74° (from benzene- 
light petroleum) alone or mixed with an authentic specimen. The residue (1-0 g.), m. p. 
68—70°, crystallised from light petroleum to give N-benzyl-2-ethoxymethylbenzamide (0-5 g.), 
m. p. 865° (Found: C, 75:3; H, 7-1; N, 5:2. C,,H,O,N requires C, 75-8; H, 7-1; N 
5-2%). 

(ii) The previous experiment was repeated with hydrobromide (3-5 g.) and a refluxing period 
of 18 hr. Benzylammonium bromide (1-79 g., 83%), m. p. and mixed m. p. 226°, phthalide 
(0-93 g.), m. p. and mixed m. p. 70°, and N-benzyl-2-ethoxymethylbenzamide (0-2 g.), m. p. 
and mixed m. p. 82°, were obtained. 

2-Benzylisoindolinone.—Phthalide (3 g.) and benzylamine (4 g.) were kept at 260° (sealed 
tube) for 3 hr. The product was dissolved in chloroform and the excess of amine was removed 
with dilute hydrochloric acid. Evaporation of the chloroform solution gave the amide (3-2 g.), 
m. p. 90° after crystallisation from ether (Found: C, 80-3; H, 6-0; N, 5-7. C,;H,,;ON requires 
C, 80:7; H, 5:8; N, 6-3%). 

1-Cyclohexylimino-1,3-dihydroisobenzofuran.—2-Bromomethylbenzoyl bromide (10-5 g.) was 
treated with cyclohexylamine (7-2 g.) in ether (150 ml.). Dilute hydrochloric acid was added 
and the suspension was filtered. The residue was taken up in chloroform and evaporation of 
the solution gave a solid (9-6 g.), which could not be purified. Fusion and immediate resolidific- 
ation of the compound occurred at 100°, and the product was recrystallised from ethanol- 
ether. On slow heating from 90° or below, it had m. p. 185—186° but melted on insertion at 
130° or above. Correct analytical figures for 1-cyclohexylimino-1,3-dihydroisobenzofuran 
hydrobromide could not be obtained either on this specimen or on one regenerated from the 
pure imino-ether (below). The salt (12 g.), in water (50’ml.), was basified with 10% aqueous 
sodium carbonate. Extraction with ether gave 1-cyclohexylimino-1,3-dihydroisobenzofuran 
(4 g.), m. p. 79—80° (from light petroleum) (Found: C, 78-6; H, 7:7; N, 6-4. C,,H,,ON 
requires C, 78-2; H, 7-9; N, 65%). Treatment with methyl iodide as before gave the meth- 
iodide, m. p. 202° (from ethanol) (Found: C, 50-6; H, 5-8; N, 3-6. (C,;H,,ONI requires 
C, 50-5; H, 5-6; N, 3-:9%). Hydrolysis of the imino-ether with 20% aqueous sulphuric acid, as 
for the benzyl analogue, gave phthalide (92%), m. p. and mixed m. p. 73—74°, and N-cyclo- 
hexylbenzamide (87%), m. p. and mixed m. p. 150°. 

2-Cyclohexylisoindolinone.—Phthalide (10 g.) and cyclohexylamine (10 g.) were kept (sealed 
tube) at 310° for 4 hr. Working up as for the benzyl analogue gave the amide (12 g.), m. p. 
112—113° (from ethanol) (Found: C, 78-3; H, 8-0; N, 6-2. C,,H,;ON requires C, 78-0; H, 7-9; 
N, 65%). 


TABLE 1. Light absorption of dihydroiminoisobenzofurans and isoindolinones. 


(Amax. 12 mp; 10-%e in parentheses). 


(IX; R = Ph) ............... 240 (139) 293 (106) (IX; R = C,H,,) ........... 242 (140) 284 (53) 
(XIII; R= Ph) ............ 228 (136) 282 (133) (XIII; R = C,H,,) ......... 229 (115) 278 (19) 
(IX; R =CH,Ph) ......... 242 (154) 284 (55) 
(XIII; R = CH,Ph) ...... 230 (132) 279 (17) 
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50. Some Derivatives of 5,6,7,8-T etrahydrophenanthridine. 
By B. L. HoLLIncswortH and V. PETROWw. 


The syntheses of 5,6,7,8-tetrahydrophenanthridines described in an 
earlier publication 1 are herein extended to some new derivatives. 


A NEw synthesis of 5,6,7,8-tetrahydrophenanthridine (III) involving reaction of diethyl- 
aminomethylcyclohexanone hydrochloride (as I) with an arylamine, its hydrochloride, and 
stannic chloride hydrate was reported in an earlier publication,! which also described the 
conversion of the tetrahydrophenanthridine (III) and its 1-methyl and 1,3-dimethyl 
derivatives into the 9-aminotetrahydrophenanthridines by amination with sodamide. 
Biological study of the 9-amino-derivatives revealed pronounced analeptic activity,? which 
led us to extend the chemistry of the series. 

Employment of ethyl p-aminobenzoate in the above synthesis led to ethyl 5,6,7,8- 
tetrahydrophenanthridine-3-carboxylate, converted via the carboxamide into 3- 
amino-5,6,7,8-tetrahydrophenanthridine. The corresponding dimethylamino-derivative 
was prepared from #-dimethylaminoaniline and was smoothly converted into 9-amino- 
3-dimethylamino-5,6,7,8-tetrahydrophenanthridine by reaction with sodamide. Attempts 
to aminate the 3-chloro- and the 3-methoxy-derivative of 5,6,7,8-tetrahydrophenan- 
thridine led to intractable tars. 5,6,7,8-Tetrahydro-1,4-dimethylphenanthridine was 
recovered quantitatively unchanged after being heated with sodamide in diethylaniline 
at 170°, behaviour in marked contrast with the ease with which 5,6,7,8-tetrahydro-1 ,3-di- 
methylphenanthridine passes into its 9-amino-derivative. 


1@) ‘ o ¢ 3 S 
CH,:NEt, _CH, 29 
(1) NH N 
* (II) (II) 


Nitration of 5,6,7,8-tetrahydrophenanthridine by a modification of the method of 
Dufton ? led to the isolation of only one nitro-derivative. This differed from the known 
5,6,7,8-tetrahydro-1-nitro-* and -3-nitrophenanthridine.t It is tentatively identified as 
5,6,7,8-tetrahydro-4-nitrophenanthridine by analogy with Dufton’s observation? that 
nitration of quinoline leads to the formation of 5- and 8-nitroquinoline. 

We had previously postulated! that the foregoing synthesis of tetrahydrophen- 
anthridines (III) proceeds through 2-anilinomethylcyclohexanone (II) as intermediate but 
had been unable at the time to prepare this material for study. We now find that reduc- 
tion of 2-phenyliminomethylcyclohexanone with anhydrous formic acid, followed by 
treatment with picric acid leads to the separation of 2-anilinomethylcyclohexanone picrate 
in ca. 20% yield. The free base (II), as expected, passes smoothly into 5,6,7,8-tetrahydro- 
phenanthridine on reaction with aniline hydrochloride and stannic chloride hydrate, an 
observation which establishes the feasibility of the proposed reaction scheme. 


EXPERIMENTAL 
M. p.s are corrected. 
Ethyl 5,6,7,8-Tetrahydrophenanthrdine-3-carboxylate-—Cyclohexanone (100 g.), formaldehyde 
(18 g.), and diethylamine hydrochloride (22 g.) were heated under reflux until reaction occurred 
1 Hollingsworth and Petrow, J., 1948, 1537. 
2 Thorp, Ph.D. Thesis, London, 1947. 


* Dufton, J., 1892, 61, 782; cf. Morgan and Walls, J., 1932, 2225. / 
* Kenner, Ritchie, and Statham, J., 1937, 1169. 
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(6 min.). The crude product was treated with ethyl p-aminobenzoate (16-5 g.), ethyl p-amino- 
benzoate hydrochloride (20-2 g.), and stannic chloride hydrate (40 g.), and the mixture was 
heated under reflux for 16 hr. It was cooled and made faintly alkaline with sodium hydroxide 
solution, and the basic fraction was extracted with ether and treated in alcohol (100 ml.) with 
picric acid (20 g.) in alcohol (150 ml.), yielding ethyl 5,6,7,8-tetrahydrophenanthridine- 
3-carboxylate picrate, lemon-yellow needles, m. p. 212—213° (decomp.) (Found: N, 11-8, 
C,,H,,0,N,C,H,O,N, requires N, 11-6%). The base was liberated from the picrate and distilled. 
The fraction, b. p. about 200°/20 mm., solidified and yielded almost colourless needles [from 
light petroleum (b. p. 80—100°)] (30%) of the ester, m. p. 75° (Found: C, 75-2; H, 6-7; N, 5-4. 
C,,H,,0,N requires C, 75-3; H, 6-7; N, 5-5%). 

5,6,7,8-Tetrahydrophenanthridine-3-carboxylic acid, needles, m. p. 312° (Found: C, 73-7; H, 
5-5; N, 6-3. C,,H,,0,N requires C, 74-0; H, 5-7; N, 6-2%), was obtained (95%) when the fore- 
going ester (11-9 g.) was hydrolysed with 10% alcoholic potassium hydroxide solution (100 ml.) 
under reflux for 18 hr. The solvent was evaporated under reduced pressure, the residue 
neutralised with sulphuric acid, and the precipitated white solid (10-1 g.) collected, dried, and 
recrystallised from alcohol-light petroleum (b. p. 80—100°) (charcoal). 

5,6,7,8-Tetrahydrophenanthridine-3-carboxylic acid (3 g.) was converted into the acid 
chloride by phosphorus oxychloride (15 ml.) and phosphorus pentachloride (1 g.) under reflux 
in 1 hr. Phosphorus halides were removed under reduced pressure, and the warm residue 
was dissolved in dry benzene (75 ml.) and slowly added to ice-cold aqueous ammonia (225 ml1.; 
d 0-880) with stirring. After being kept overnight at 20°, the benzene was removed under 
reduced pressure and the solid collected and purified from aqueous acetone. The amide 
formed cream needles, m. p. 250—252° (Found: C, 72-9; H, 6-3; N, 12-0. C,,H,,ON,,}H,O 
requires C, 72-8; H, 6-2; N, 12-1%). Attempts to prepare the acid chloride by the use of 
thionyl chloride alone or in benzene or by use of phosphorus oxychloride led to tars. 

3-A mino-5,6,7,8-tetrahydrophenanthridine.—The powdered amide (1 g.) was added to an 
ice-cold stirred solution of bromine (1 g.) in 10% potassium hydroxide solution (12 ml.). After 
45 min. at 0°, additional 10% potassium hydroxide solution (8 ml.) was added, and the mixture 
heated on the water-bath for 30 min. After being kept overnight at 0°, the precipitated solid 
(0-45 g.) was collected and crystallised from aqueous alcohol (charcoal), giving 3-amino-5,6,7,8- 
tetrahydrophenanthridine as a cream-coloured powder, m. p. 168—170° (Found: N, 13-9. 
C,,H,,N, requires N, 14-1%), identical in m. p. and mixed m. p. with material obtained by the 
reduction of 5,6,7,8-tetrahydro-3-nitrophenanthridine.* 

3-Benzamido-5,6,7,8-tetrahydrophenanthridine, m. p. 224—225° (Found: C, 79-4; H, 5:8; 
N, 9-0. C,9H,,ON, requires C, 79-5; H, 6-0; N, 9-2%) after crystallisation from aqueous 
alcohol or alcohol-light petroleum (b. p. 80—100°), was obtained by treatment of the amine 
with benzoyl chloride in pyridine. 

3-Dimethylamino-5,6,7,8-tetrahydrophenanthridine, m. p. 95—96°, bright yellow needles 
{from light petroleum (b. p. 60—80°)], m. p. 95—96° (Found: C, 79-4; 82; N, 12-1. 
C,;H,,N, requires C, 79-6; H, 8-0; N, 12-4%), was prepared (25%) from NN-dimethy]l-p- 
phenylenediamine. The picvate separated from alcohol (charcoal) in orange-yellow needles, 
m. p. 250—251° (decomp.) (Found: N, 15-7. C,;H,,N,,C,H,O,N, requires N, 15-4%). The 
base exhibited a weak blue fluorescence in alcohol. 

3-Diethylamino-5,6,7,8-tetrahydrophenanthridine, needles, m. p. 100—101° (Found: C, 75-8; 
H, 7:7; N, 10-1. C,,H, ON, requires C, 76-6; H, 7-7; N, 10-0%) after crystallisation from light 
petroleum (b. p. 80—100°) (charcoal), was obtained (50%) from the acid chloride and diethyl- 
amine in benzene. 

5,6,7,8-Tetvahydro-3-hydroxyphenanthridine was obtained when 3-methoxy-5,6,7,8-tetra- 
hydrophenanthridine (3 g.) was suspended in constant-boiling hydrobromic acid (15 ml.) and 
gently refluxed for 2 hr. The precipitated hydrobromide was separated, suspended in potass- 
ium hydroxide solution (5 g. in 70 ml. of water), and heated to the b. p. The mixture was 
then filtered from a small quantity of resin. The potassium salt was decomposed by warming 
it with an excess of acetic acid, and the precipitated white solid (2-5 g.) collected and recrystal- 
lised from alcohol-—light petroleum (b. p. 80—100°) (charcoal), giving needles, m. p. 288—289° 
(80%) (Found: C, 76-4; 76-8; 76-7; H, 6-5, 6-6; N, 7-1. C,,;H,,ON requires C, 78-4; H, 6-5; 
N, 7-0%). Difficulty has previously been experienced in the analysis of hydroxy-derivatives of 
this type. The picrate separated from alcohol in yellow needles, m. p. 221—223° (decomp.) 
(Found: N, 13-4. C,,;H,,ON,C,H,O,N, requires N, 13-1%). 
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3-Benzoyloxy-5,6,7,8-tetrahydrophenanthridine separated in needles, m. p. 138—139° (Found: 
N, 47. CgoH,,O,N requires N, 4-6%), from aqueous alcohol or from alcohol-light petroleum 
(b. p. 80—100°). 

9-A mino-3-dimethylamino-5,6,7,8-tetrahydrophenanthridine.—3-Dimethylamino-5,6,7,8-tetra- 
hydrophenanthridine (4 g.), diethylaniline (15 ml.), and sodamide (4 g.) were heated in a wax- 
bath at 160°. Vigorous evolution of gas took place, and in 30 min. the mixture set to a black 
solid. ‘The mixture was heated for a further 3} hr. at 160°, and the solid, when cold, decomposed 
with water (25 ml.). The precipitated black solid (2 g.) was collected and dissolved in hot 32% 
acetic acid (charcoal), and the solution was made faintly alkaline with potassium hydroxide 
solution and boiled for 5 min. After cooling, a brownish-yellow solid was collected and crystal- 
lised from alcohol-light petroleum (b. p. 80—100°). 9-Amino-3-dimethylamino-5,6,7,8-tetra- 
hydrophenanthridine formed long flat yellow needles, m. p. 185—187° (Found: C, 74-5; H, 7-8; 
N, 17-6. C,;HN, requires C, 74-7; H, 7-9; N, 17-4%). 

The acetate, m. p. 222—223° (Found: N, 14:0. (C,;H,,N;,C,H,O, requires N, 13-9%), 
formed straw-coloured needles from alcohol-light petroleum (b. p. 80—100°), and was obtained 
(~100%) by dissolving the base in an excess of hot 33% acetic acid and just neutralising the 
solution with ammonia. 

5,6,7,8-Tetrahydro-2(or 4)-methylphenanthridine, a light yellow oil purified by vacuum- 
distillation (b. p. 210°/20 mm.), was prepared from m-toluidine. In 3 months over phosphoric 
oxide it partially solidified and then formed plates, m. p. 57° (Found: C, 85-1; H, 7-4; N, 7-5. 
C,,H,;N requires C, 85-3; H, 7-6; N, 7-1%) from light petroleum (b. p. 40—60°) (charcoal). 
The picrate formed yellow needles (from alcohol), m. p. 231—232° (decomp.) (Found: N, 13-2. 
C,,H,;N,CgH;0,N, requires N, 13-1%). The liquid basic residue, purified by vacuum- 
distillation (b. p. 215°/20 mm.), formed an almost colourless oil (Found: C, 85-4; H, 7-6; N, 
72%). This compound is provisionally identified as 5,6,7,8-tetrahydro-2-methylphenanthridine. 
Its picrate formed long yellow needles (from alcohol), m. p. 230—231° (decomp.) (Found: N, 
131%). In admixture with 5,6,7,8-tetrahydro-4-methylphenanthridine picrate, the m. p. was 
223—226° (decomp.). 

3-Chloro-5,6,7,8-tetrahydrophenanthridine, white needles from light petroleum (b. p. 40— 
60°), m. p. 90°, was prepared from p-chloroaniline. 3-Chloro-5,6,7,8-tetrahydrophenanthridine 
10-oxide was formed when this base (2 g.), in glacial acetic acid (8 ml.), was heated with 30% 
hydrogen peroxide (4 ml.) on the water-bath for 3 hr. The mixture was poured into water and 
neutralised with ammonia, and the precipitated solid (1-7 g.) recrystallised from alcohol-light 
petroleum (b. p. 80—100°), giving light yellow plates, m. p. 169—170° (Found: C, 66-4; H, 
5:2; N, 5:9. C,,H,,ONCI requires C, 66-8; H, 5-1; N, 6-0%). 

3-Chlovo-5,6,7,8-tetrahydrophenanthridine nitrate, m. p. 152—153° (decomp.) (Found: C, 
55:8; H, 4-9; N, 9-8. C,,;H,,.NCI,HNO, requires C, 55-6; H, 4-6; N, 10-0%), was obtained 
(90%) when the base was dissolved in excess of hot 3Nn-nitric acid. Yellow crystals were 
deposited on cooling, which recrystallised from alcohol (charcoal) as needles. 

5,6,7,8-Tetrahydrophenanthridine nitrate, needles (from alcohol) (charcoal), m. p. 156—157° 
(decomp.) (Found: C, 63-0; H, 5-8; N, 11-4. C,;H,,;N,HNO, requires C, 63-4; H, 5-7; N, 
114%), was prepared (85%) similarly. 

Nitration of Tetrahydrophenanthridine.—5,6,7,8-Tetrahydrophenanthridine nitrate (3-3 g.) 
was added in portions to a stirred mixture of concentrated sulphuric acid (6 ml.) and 30% oleum 
(4 ml.) at 0°. After 30 min. at 0° the mixture was heated on the water-bath for 1 hr., then 
cooled, poured into water (100 ml.), and neutralised with potassium hydroxide solution. The 
precipitated solid (1-6 g.) was collected and purified from light petroleum (b. p. 60—80°). 
5,6,7,8-Tetrahydro-4-nitrophenanthridine formed needles, m. p. 119—120° (Found: C, 68-4; H, 
5-1; N, 12-2. C,,H,,0,N, requires C, 68-4; H, 5-3; N, 12-3%). No second compound was 
isolated. 

The foregoing nitro-compound (1-5 g.) was suspended in alcohol (80 ml.) and water (20 ml.) 
containing a little hydrochloric acid. Reduced iron (6 g.) was added in portions to the boiling 
mixture, and the whole was heated under reflux for a further 2 hr., then filtered and evaporated 
to dryness in a vacuum. The résidue was treated in pyridine (15 ml.) with benzoyl chloride 
(1 ml.). Next morning the mixture was diluted with water and neutralised with ammonia, a 
yellowish-brown solid (0-65 g.) being precipitated. This crystallised from aqueous spirit, 
yielding 4-benzamido-5,6,7,8-tetrahydrophenanthridine, cubes, m. p. 149—190° (Found: C, 79-9; 
H, 6-0; N, 9-0. C, 9H,,ON, requires C, 79-5; H, 6-0; N, 9-2%). 
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2-A nilinomethylcyclohexanone.—2-Phenyliminomethylcyclohexanone (50 g.) in anhydrous 
formic acid (400 ml.) was heated under reflux for 20 hr. Formic acid (300 ml.) was removed ina 
vacuum, and the residue was poured into excess of aqueous ammonia. The precipitated 
base was treated in alcohol with picric acid (50 g.) in spirit (400 ml.), giving 2- 
anilinomethylcyclohexanone picrate (20%), yellow needles, m. p. 228—229° (decomp) 
(Found: N, 12-8. C,,;H,,ON,C,H,O,N, requires N, 12-9%). The base formed light yellow 
spangles, m. p. 88—89° (Found: C, 77-3; H, 8-3; N, 6-9. C,,;H,,ON requires C, 77-1; H, 8-4; 
N, 6-9%) after crystallisation from light petroleum (b. p. 60—80°). 2-Anilinomethylcyclo- 
hexanone (5 g.), aniline hydrochloride (4 g.), and stannic chloride hydrate (5 g.) in alcohol 
(100 ml.) were heated under reflux for 8 hr., giving 5,6,7,8-tetrahydrophenanthridine (70%), 
m. p. and mixed m. p. 63°. 
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51. The Formation of Aromatic Hydrocarbons at High 
Temperatures. Part VI. The Pyrolysis of Tetralin. 


By G. M. BapGER and R. W. L. KIMBER. 


Pyrolysis of tetralin at 700° yields benzene, toluene, ethylbenzene, styrene, 
o-xylene, indene, naphthalene, 2-phenylnaphthalene, phenanthrene, anthra- 
cene, 1,2’- and 2,2’-binaphthyl, 1,2-benzofluorene, fluoranthene, 3,4-benzo- 
phenanthrene, 1,2-benzanthracene, pyrene, chrysene, perylene, 11,12-benzo- 
fluoranthene, and 3,4-benzopyrene. Mechanisms for their formation are 
suggested. 


THE carcinogenic hydrocarbon 3,4-benzopyrene (I) is very widely distributed in tars and 
in similar materials which have been produced at high temperatures. As a working 
hypothesis it has been suggested? that this hydrocarbon may be built from simple 
materials, and tetralin or a similar C,-C, unit may be an intermediate in its formation. 
Interaction of two C.-C, units (to give II), followed by cyclodehydrogenation, could give 
the 3,4-benzopyrene. 3,4-Benzopyrene is formed when tetralin is treated with aluminium 
chloride, followed by distillation of the tar, but the mechanism of this process may be 
unlike those encountered at high temperatures. The pyrolysis of tetralin has now been 
undertaken. 

The pyrolysis was carried out by passing tetralin vapour, with nitrogen, through a 
silica tube filled with porcelain chips, at 700°.2 Some gases were produced and methane 
and ethylene were identified. The semi-solid tar formed (in 72-5% yield) was collected 
and analysed by distillation, chromatography on alumina, gas-liquid partition chrom- 
atography, chromatography on acetylated paper,* and by spectroscopy. The following 
compounds were identified in this tar (4 composition w/w in parentheses): Benzene (2-28), 
toluene (0-86), ethylbenzene (0-34), styrene and o-xylene (0-86), indene (3-72), tetralin 
(1-43), naphthalene (74-4), 1- and 2-methylnaphthalene (?) (0-14), biphenyl (?) (0-02), 
2-phenylnaphthalene (0-14), phenanthrene (0-15), anthracene (0-29), 1,2’-binaphthyl 
(0-58), 2,2’-binaphthyl (1-33), 1,2-benzofluorene (0-04), fluoranthene (0-04), 3,4-benzo- 
phenanthrene (0-79), 1,2-benzanthracene (2-6), pyrene (0-008), chrysene (3-43), perylene 
(0-25), 11,12-benzofluoranthene (0-27), and 3,4-benzopyrene (0-17). It may be noted that 
(apart from naphthalene and tetralin), no C.-C, compound could be detected in the tar. 
The absence of such a compound is not however significant, as it would be expected to 

1 Part V, Badger and Spotswood, J., 1959, 1635. 

* Badger, Buttery, Kimber, Lewis, Moritz, and Napier, J., 1958, 2449. 


* Badger and Kimber, J., 1958, 2453. 
* Spotswood, J. Chromatography, 1959, 2, 90; 1959, in the press. 
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react further; no butylbenzene ® or 1-phenylbuta-1,3-diene } remained unchanged after 
pyrolysis of these compounds at 700°, for example. 

As expected, naphthalene is the major product of this pyrolysis, being formed by 
dehydrogenation of tetralin. Some binaphthyl was also formed, presumably by a 
dehydrogenation mechanism involving a dimerisation of either naphthyl radicals or 
tetralyl radicals (followed in the latter case by further dehydrogenation). Similarly, 
11,12-benzofluoranthene (III) is probably formed by cyclodehydrogenation of 1,2’-bi- 
naphthyl, and perylene (IV) by the cyclodehydrogenation of 1,1’-binaphthyl.® 

By analogy with other compounds for which determinations are available, it seems likely 
that the carbon-carbon single bonds in tetralin all have bond dissociation energies of 
about 80 kcal./mole.? These bonds should therefore undergo ready scission at 700° to give 
the following radicals: Ph-, Ph-CH,°, Ph-CH,°CH,°, Ph-CH,°CH,°CH,°, Ph°CH,°CH,°CH,°CH,", 
Me°C,H,’CH,°, Et*C,H,-CH,°, Et*C,H,CH,°CH,*, and Pr™C,H,°CH,°, together with their 
counterparts in which the odd electron is located at alternative carbon atoms. 

Reaction of hydrogen with the radicals Ph:, PheCH,*, Ph-CH,°CH,°, and Me-C,H,°CH,: 
would account for the presence of benzene, toluene, ethylbenzene, and o-xylene; styrene 
would be obtained from Ph°CH,°CH,: or ethylbenzene by dehydrogenation. The absence 
of the corresponding products from the other radicals suggests that these undergo very 
ready cyclisation or further scission. Indene could be formed by cyclisation of radicals 
Ph’CH,°CH,°CH,° and Et-C,H,°CH,°; it may be noted that the pyrolysis of propylbenzene 
gives very little indene.® 


O.,.0O 2S 


(11) (IIT) (IV) (Vv) 

Biphenyl is evidently formed by the dimerisation of two phenyl radicals. 2-Phenyl- 
naphthalene could be formed by the phenylation of naphthalene, or by the dimerisation of 
styrene (the pyrolysis of styrene gives 2-phenylnaphthalene in moderate yield §). The 
phenylation of naphthalene would be expected to give 1-phenylnaphthalene as the major 
product; this compound was not detected in the present tar, but its ultraviolet absorption 
spectrum is relatively unspecific, and its absence is not conclusive. In any case fluor- 
anthene (V) was detected and this is known to be formed by the cyclodehydrogenation of 
1-phenylnaphthalene.® 

The substitution of naphthalene by benzyl radicals could also occur, and subsequent 
cyclodehydrogenation would give 1,2-benzofluorene. Similarly phenanthrene could arise 
by the dimerisation of two benzyl radicals to give bibenzyl, followed by cyclodehydrogen- 
ation. Two benzyl radicals could also give anthracene. 

The pyrolysis of indene has long been known to give chrysene in good yield,” and the 
chrysene in the present tar could arise mainly from this source. It has recently been 
found," however, that the pyrolysis of indene also produces significant amounts of 1,2- 
benzanthracene and 3,4-benzophenanthrene, both of which are present in the tetralin tar. 
The relative proportions of these compounds in the tetralin tar are not identical with those 

5 Badger and Spotswood, unpublished. 

®* Hansch, Chem. Reviews, 1953, 58, 353. 

7 Steacie, “‘ Atomic and Free Radical Reactions,”’ Reinhold, New York, 1954; Braude and Nachod, 
“ Determination of Organic Structures by Physical Methods,”’ Academic Press, New York, 1955. 

8 Badger and Buttery, J., 1958, 2458. 

® Orchin and Reggel, J. Amer. Chem. Soc., 1947, 69, 505. 


1 Spilker, Ber., 1893, 26, 1538. / 
1 Badger and Kimber, unpublished work. 
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found in the tar produced from indene itself, and it seems likely that chrysene, 1,2-benz- 
anthracene, and 3,4-benzophenanthrene may also be produced by additional processes, 
The mechanism of the formation of these hydrocarbons from indene will be discussed in a 
future paper. 

Only a very small amount of pyrene could be detected in the tetralin tar, and no 
convincing mechanism can be advanced for its formation. Weizmann e¢ al.’ suggested 
that the dimerisation of styrene could give pyrene; but this seems unlikely to be an 
important reaction as the pyrolysis of styrene gives such a poor yield of this polycyclic 
compound. Pyrene could conceivably be formed from phenanthrene and a C, hydro- 
carbon, and this possibility will be examined. 

As suggested earlier in this series,-4 3,4-benzopyrene could arise by interaction of 
Ph-CH,°CH,°CH,°CH,: (or a similar radical) with tetralin to give (II), followed by cyclo- 
dehydrogenation. Its presence in the tetralin tar adds further weight to this view, but 
it does not exclude the possibility that 3,4-benzopyrene could also be formed from chrysene 
and a C, hydrocarbon or from 1,2-benzanthracene and a C, hydrocarbon. These 
possibilities will be explored. 


EXPERIMENTAL 


Tetrvalin.—Technical tetralin (B.D.H.) was sulphonated and purified by Schroeter’s ¥ 
method to give a product of b. p. 100—101°/125 mm., ,™* 1-5453 (lit. 2,?° 1-5451) which was 
free from naphthalene (tested by gas-liquid chromatography). 

Pyrolysis of Tetralin.—Purified tetralin (100 g.) was vaporised (6 drops/min.) and passed 
with nitrogen (1 c.c./sec.) through a silica tube (36 in. x 1 in.) packed with porcelain chips 
(3/8—1/4 in.) which was maintained at 700° in an electrically heated furnace.? The resulting 
semi-solid tar (70 g.) was collected and a further quantity (0-5 g.) was obtained by washing the 
tube with chloroform followed by evaporation of the solvent. A final trap, cooled in solid 
carbon dioxide-ethanol, collected a further 2-0 g. of low-boiling material (fraction a). The 
exit gases decolorised bromine water and both neutral and alkaline permanganate, and samples 
were collected for examination by infrared spectroscopy. Distillation of the tar gave the 
following fractions: (b) b. p. 40—80°/14 mm. (0-8 g.); (c) b. p. 90—95°/14 mm. (56 g.); and 
(d) a residue (9 g.). 

Analysis by Gas—Liquid Chromatography.—Low-boiling fractions were examined by gas- 
liquid chromatography, with use of a Griffin and George vapour-phase chromatographic ap- 
paratus (Mark II) modified to collect samples.4* The column was packed with Apiezon L 
supported on Celite (40—80 mesh, B.S.S.; 1:4 w/w). The compounds were collected and 
identified by infrared spectroscopy, and the percentage compositions were determined from the 
areas under the peaks. 

Analysis by Chromatography on Acetylated Paper.—Fractions of higher molecular weight 
were chromatographed by descent on acetylated paper * with ethanol—toluene—water (17: 4: 1). 
Fractions of similar composition (as judged by the spots under ultraviolet light) were combined 
and rechromatographed with larger amounts of material and development with either methanol- 
ether—water (4: 4: 1) or ethanol-toluene—water (17: 4:1). After thorough drying of the paper 
the fluorescent spots were cut out and each was extracted with 95% ethanol. The positions of 
non-fluorescent spots were found by contact printing through the paper on Ilford Reflex 
Document Paper No. 50, an ultraviolet light source emitting 90% of the 2537 A Hg line being 
used, and then these spots were likewise cut out and extracted. The ultraviolet spectra 
of the resulting solution were then determined with an Optica CF, Recording Spectro- 
photometer. 

Examination of Fractions (a), (b), and (c).—These were analysed by gas-liquid chrom- 
atography. Fraction (a) contained benzene (1-6 g.) and toluene (0-4 g.)._ Fraction (b) contained 
toluene, ethylbenzene, styrene, o-xylene, and indene; and fraction (c) indene, tetralin, and 
naphthalene. 


12 Weizmann ef al., Ind. Eng. Chem., 1951, 43, 2312, 2318. 
13 Schroeter, Annalen, 1921, 426, 1. 
i Napier and Rodda, Chem. and Ind., 1958, 1319. 
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Examination of Residue.—The residue (fraction d) was washed with cold benzene, and the 
pale yellow crystalline material remaining (2 g.) was almost pure chrysene (see below). 

The benzene solution was evaporated, and the residue (7 g.) dissolved in the minimum 
amount of benzene-hexane (1: 1) and chromatographed on alumina. Elution gave the follow- 
ing fractions (70 c.c. each): with hexane, fractions |—16; with benzene~hexane (1 : 4), fractions 
17—23; with benzene-hexane (1: 2), fractions 24—31; with benzene—hexane (1: 1), fractions 
32—37; with benzene-hexane (2:1), fractions 38—41; with benzene, fractions 42—45, and 
with benzene-chloroform (1:1), fractions 46—49. Fractions 1—21, which were oils, were 
combined and distilled to give: (e) b. p. 95—210°/19 mm. (0-5 g.); (f) b. p. 155—160°/0-3 mm. 
(0-2 g.); and (g) a residue (1-2 g.). Gas-liquid chromatography of fraction (e) showed the 
presence of naphthalene, 1- and 2-methylnaphthalene, biphenyl (?), and unknown material. 
Paper chromatography of fraction (f) showed the presence of anthracene, phenanthrene, fluor- 
anthene, pyrene, and 2-phenylnaphthalene. Fraction (g) was chromatographed on alumina, 
and elution with light petroleum, hexane, and benzene—hexane (1: 4) gave 20 fractions (each 
70 c.c.), each of which was examined by paper chromatography. In this way 1,2’- and 2,2’- 
binaphthyl, 2-phenylnaphthalene, 1,2-benzofluorene, 1,2-benzanthracene, and 3,4-benzo- 
phenanthrene were identified. 

Fractions 22—49 were likewise examined by paper chromatography and contained perylene, 
chrysene, 11,12-benzofluoranthene, and 3,4-benzopyrene. 

Details of Identification.—Methane and ethylene. Samples of the exit gases were collected in 
a gas cell for infrared analysis. Methane was identified by its spectrum ™ in the 7-5—8-5 pu 
region (maxima at 7-61, 7-73, 7-77, 7-81, 7-85, 7-90, 7-94, 7-98, 8-05, 8-11, 8-17, 8-22, and 8-31 y), 
and ethylene by its spectrum } in the 9-0O—11-5 u region (maxima at 9-33, 9-44, 9-53, 9-63, 9-72, 
9-79, 9-83, 9-91, 10-01, 10-11, 10-20, 10-30, 10-51, 10-75, 10-83, 10-92, 11-00, 11-07, 11-16, 11-24, 
and 11-35 yp). 

Benzene. Separation of fraction (a) by gas-liquid chromatography gave benzene showing 
the following infrared maxima !® (examined as vapour): 2-40, 3-23, 5-05, 5-47, 6-65, 6-71, 7-18, 
9-51, 9-62, 9-75, 12-82, 14-55, and 14-90 yu. 

Toluene. This was identified by its infrared spectrum !® which showed (CCl, solution) 
maxima at 2-16, 2-31, 2-35, 2-47, 2-60, 2-74, 3-29, 3-31, 3-42, 3-48, 3-67, 3-90, 4-17, 4-45, 4-64, 
5-04, 5-11, 5-14, 5-34, 5-38, 5-50, 5-55, 5-76, 6-85, and 7-29 u. 

Ethylbenzene. This was identified by its infrared spectrum 1 which showed (CCl, solution) 
maxima at 2-30, 2-70, 3-25, 3-32, 3-35, 3-41, 3-60, 3-78, 4-10, 4-30, 5-10, 5-31, 5-50, 5-71, 6-08, 
6-85, 7-22, 7-48, 8-46, 8-62, 9-01, 9-20, 9-40, 9-70, and 11-03 pu. 

Styrene and o-xylene. The material obtained by gas-liquid chromatography of fraction (b) 
was a mixture of styrene and o-xylene. Styrene was identified 15 by its infrared maxima (CCl, 
solution) at 2-12, 2-25, 2-41, 2-70, 3-26, 3-30, 3-61, 5-10, 5-29, 5-45, 5-70, 5-89, 6-10, 6-70, 6-88, 
7:05, 7-20, 7-47, 7-57, 7-75, 8°30, 8-46, 8-65, 9-05, 9-25, and 11-00 yp, in substantial agreement 
with the literature, and o-xylene by maxima at 3-40 (infl.), 4-08, 4-27, 8-91, and 9-50 u. The 
mixture also decolorised bromine-water. 

Indene. A specimen isolated by gas-liquid chromatography of fractions (b) and (c) showed 
infrared maxima (CCl, solution) at 2-15, 2-32, 2-39, 2-52, 3-00, 3-26, 3-42, 3-58, 3-71, 3-82, 4-07, 
4-86, 5-12, 5-20, 5-27, 5-36, 5-44, 5-54, 7-74, 5-90, 6-00, 6-86, 7-17, 7-35, 7-49, 7-61, 7-77, 8-57, 8-66, 
8-90, 9-38, 10-59, 10-81, and 10-93 uy. An authentic specimen showed the same maxima. 

Tetralin. This was identified by its retention-time ratio in the gas-liquid chromatography 
of fraction (c). The specimen collected had an infrared spectrum identical with that of 
authentic tetralin. 

Naphthalene. Isolated from fractions (c) and (e) this had m. p. and mixed m. p. 79—80°. 

Methylnaphthalenes. Gas-liquid chromatography of fraction (e) gave a peak with shoulder 
similar to that given by an authentic mixture of 1- and 2-methylnaphthalene and with the same 
retention times. 

Biphenyl (?). A small peak obtained in the gas-liquid chromatogram of fraction (e) had the 
same retention time ratio as biphenyl. 

2-Phenylnaphthalene. An extract from the paper chromatogram showed Amy 250 and 
287 my (lit.,2® Amax 251, 288 my). 

Anthracene. Fraction (f) was recrystallised from light petroleum and sublimed in vacuo. 


15 American Petroleum Institute Research Project 44, Infrared Spectral Datd. 
16 Elsevier’s Encyclopedia of Organic Chemistry, Series III, 12B, 208. 
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Its light absorption showed Amax, 252, 323, 339, 357, and 375 my with inflexions at 246, 352, and 
371 my indicative of anthracene.” 

Phenanthrene. After separation of the anthracene the mother liquors were chromatographed 
on acetylated paper. An extract of a spot with Rp corresponding to phenanthrene had ),,, 
246 (infl.), 251, 274, 282, and 293 mu.?” 

Fluoranthene and pyrene. An extract of a further spot on the paper chromatogram showed 
maxima at 233 (infl.), 236, 253 (infl.), 262, 272, 277, 282, 288, 309, 323, 342, and 360 my indicative 
of fluoranthene,!’ and at 242, 319, and 335 my suggesting the presence of pyrene.” The latter 
was confirmed by its fluorescence spectrum, which was identical with that given by an authentic 
specimen. 

1,2’-Binaphthyl. Paper chromatography of the solutions resulting from the chrom- 
atography of fraction (g) on alumina gave several spots of high Rp values which showed violet- 
blue fluorescence. An extract of one such spot showed Amax, 219 and 283 my, with inflexions at 
225 and 273 my in agreement with the literature 1° for 1,2’-binaphthyl. 

2,2’-Binaphthyl. This was isolated by chromatography of fraction (g) on alumina. After 
recrystallisation from benzene—hexane (1 : 4) it formed colourless plates, m. p. 184—185° alone, 
and 184—186° when mixed with an authentic specimen. its infrared and ultraviolet spectra 
were identical with those of authentic specimens. 

3,4-Benzophenanthrene. Fraction (g) was chromatographed on alumina and the eluates 
which gave a spot on acetylated paper corresponding to benzophenanthrene were combined and 
evaporated. Micro-distillation gave an oil, b. p. 150—155°/0-05 mm., which was converted into 
the picrate. After three recrystallisations it formed orange-red plates, m. p. 118—121°. After 
decomposition with dilute ammonium hydroxide, and extraction with ether, the product was 
re-chromatographed on paper. An extract of the violet-blue spot showed A,,x, 218, 230, 272, 
282, 304 (infl.), 315, and 326 (infl.) indicative of 3,4-benzophenanthrene.?’ 

1,2-Benzanthracene. ‘This was identified by comparison with an authentic specimen on 
acetylated paper. An extract showed Amax, 222, 228, 254, 258, 263, 278, 288, 300, 314, 325, 340, 
359, 373, and 384 muy, and its fluorescence spectrum showed bands at 408, 435, and 464 my; 
both spectra are in substantial agreement with the literature.'® 

1,2-Benzofluorene. This was identified by chromatography of fraction (g) on acetylated 
paper. An extract showed Amax, 230, 245 (infl.), 254, 262, 282, 294, 303, 313, 328 (infl.), and 
340 my in agreement with the literature.'® 

Chrysene. The sparingly-soluble material from fraction (d) was recrystallised from benzene. 
The resulting chrysene had m. p. 251—252° not depressed by admixture with an authentic 
specimen (Found: C, 94:9; H, 5-3. Calc. for C,gH,,: C, 94-7; H, 5-3%). Its light absorption 
(in 95% ethanol) showed the following A,,x (log « in parentheses): 220 (4-45), 241 (4-25), 259 
(4-80), 268 (5-10), 283 (4-10), 295 (4-07), 307 (4-11), 320 (4-10), 343 (2-80), and 361 my (2-80). 

Perylene. This was identified by comparison with an authentic specimen on acetylated 
paper. An extract showed Ana, 245, 252, 386, 408, 426 (infl.), and 435 my in the ultraviolet, 
and its fluorescence spectrum showed bands at 445, 475, and 502 my; both spectra are in 
substantial agreement with the literature.1!® 

11,12-Benzofluoranthene. This compound had a slightly higher Rp than 3,4-benzopyrene 
on acetylated paper. An extract showed Amax 220, 236, 246 (infl.), 268, 283, 296, 308, 360, 378, 
and 401 mu, in good agreement with the literature.!” 

3,4-Benzopyrene. This was identified by comparison with an authentic specimen on 
acetylated paper. An extract showed Amax 226, 255, 266, 274, 284, 296, 330, 364, 384, and 
404 my in good agreement with the literature.1® The identification was confirmed by its 
fluorescence spectrum,? with bands at 398, 404, 409, 417, 427, 456, and 485 mu. 


We had a grant from the Damon Runyon Memorial Fund for Cancer Research Inc. We 
thank Mr. A. G. Moritz for the infrared spectra. Microanalyses were by the C.S.I.R.O. Micro- 
analytical Laboratory, Melbourne. 


UNIVERSITY OF ADELAIDE, SOUTH AUSTRALIA. [Received, July 24th, 1959.] 
17 Clar, ‘‘ Aromatische Kohlenwasserstoffe,”’ 2nd edn., Springer, Berlin, 1952. 


18 Friedel and Orchin, ‘‘ Ultraviolet Spectra of Aromatic Compounds,” Wiley, New York, 1951. 
1® Clar, Ber., 1936, 69, 1671. 
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52. <A Synthesis of Irone. 
By D. H. R. Barton and MAGDELEINE MoussERON-CANET. 


y-Ionone has been converted by a five-step procedure into racemic «- 
irone. The additional methyl group was incorporated by the opening of a 
terminally placed epoxide group with methylmagnesium bromide. 


SEVERAL syntheses of irone, the main perfume ingredient of violets, have been reported.! 
We now describe a new synthesis of «-irone (VI) which has some merit of simplicity. 
#-Ionone (I) was smoothly converted into the epoxide (II) by the action of perphthalic 
acid. That the epoxidation occurred at the terminal ethylenic linkage of (I) was shown by 
the identical ultraviolet spectra of (I) and (II) as well as by the reactions outlined in the 
sequel. The epoxide (II) was reduced by methanolic sodium borohydride to the allylic 
alcohol (III), the structure of which was confirmed by the absence of a carbonyl] band in the 
infrared spectrum as well as by the presence of the expected diene absorption in the ultra- 
violet spectrum. The alcohol oxide (III) reacted smoothly with methylmagnesium bromide 


ct 


(I) (IV) 
(VI) (VII) 


in ncaa to give a compound formulated as the diol (IV) on the basis of its 
further reactions. The nucleophilic opening of the epoxide ring in the sense suggested 
would be expected from the recent steroid literature,? but a prior rearrangement of the 
epoxide to ketone followed by reaction to give a tertiary alcohol of structure (VII) instead 
of (IV) is not excluded by our evidence. Oxidation of the diol (IV) with active manganese 
dioxide * gave the dienone alcohol (V) with the expected spectral characteristics. The 
intensity of the ultraviolet absorption showed that about 15% of unoxidised diol (IV) was 
still present so the product was characterised as (V) by analysis of its 2,4-dinitrophenyl- 
hydrazone. Cyclisation of (V) with phosphoric acid according to Naves’s method * gave 
racemic a-irone (VI), identified as the phenylsemicarbazone and as the 2,4-dinitrophenyl- 
hydrazone as well as by its spectral characteristics. 

Our synthesis of «-irone has general implication for the preparation of 6-substituted 
ionones including no doubt the 6-hydroxy- and 6-keto-derivatives. We hope to report 
upon such compounds in due course. 


EXPERIMENTAL 


M. p.s were taken on the Kofler block. All ultraviolet absorption spectra were determined 
in ethanol on the Unicam S.P. 500 spectrophotometer. Infrared spectra are for the pure com- 
pound unless specified to the contrary. Light petroleum refers to the fraction of b. p. 40—60°. 


1 Naves, Grampoloff, and Backmann, Helv. Chim. Acta, 1947, 30, 599; Schinz, Ruzicka, Seidel, and 
Tavel, ibid., p. 1810; Griitter, Helg, and Schinz, ibid., 1952, 35, 771; Kimel, Surmatis, Weber, Chase, 
Sax, and Ofner, J. Org. Chem., 1957, 22, 1611; Eschinazi, J. Amer. Chem. Soc., 1959, 81, 2905. 

2 Inter al., Turner, J. Amer. Chem. Soc., 1952, 74, 5363; Spero, Thompson, Magerlein, Hanze, 
Murray, Sebek, and Hogg, ibid., 1956, 78, 6213; Ringold, Batres, and Rosenkranz, J. Org. Chem., 1957, 
22, 99; Ackroyd, Adams, Ellis, Petrow, and Stuart- Webb, J., 1957, 4099. } 

* See Attenburrow, Cameron, Chapman, Evans, Hems, Jansen, and Walker; J., 1952, 1094. 

* Naves, Helv. Chim. Acta, 1948, $1, 911. 
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y-Ionone Epoxide (11).—y-Ionone (15 g.) in ether (50 ml.) was treated at 0° with stirring with 
monoperphthalic acid (15 g.) in the same solvent (300 ml.) and left for 24 hr. The solution was 
washed successively with aqueous sodium hydrogen carbonate, with 1N-aqueous sodium 
hydroxide, and with water. The dried (Na,SO,) solution gave on distillation y-ionone epoxide 
(13 g.), b. p. 118°/0-7 mm., 2,* 1-5185, Amax 291 mp (¢ = 21,000). This was characterised as 
the 2,4-dinitrophenylhydrazone. Prepared by the method of Braude and Timmons 5 this had 
m. p. (from ethanol) 159—160°, Amax, 392 my (¢ = 33,000) (Found: C, 58-5; H, 6-05; N, 14-55. 
C,,H,,O;N, requires C, 58-75; H, 6-25; N, 14-45%). 

y-Ionol Epoxide (I11).—-Ionone epoxide (13 g.) in methanol (200 mJ.) at 0° was treated with 
sodium borohydride (4 mol.) until the ketonic function had been reduced [ultraviolet control: 
disappearance of the band at 291 my and appearance of a new band (ec = 20,000 approx.) at 
240 my]. The excess of sodium borohydride was destroyed with acetic acid and then a slight 
excess of sodium hydrogen carbonate was added. The methanol was removed in vacuo and the 
residue extracted into ether, dried (Na,SO,), and then distilled to furnish y-ionol epoxide (12 g.), 
b. p. 105/0-2 mm., Amax, 240 mp (¢ = 23,000) (Found: C, 73-85; H, 10-55. C,,;H,..O, requires 
C, 74:25; H, 10-55%). 

Reaction of -Ionol Epoxide with Excess of Methylmagnesium Bromide.—Magnesium (6 g.) 
was converted into the Grignard reagent, methyl bromide (20 ml.) in purified tetrahydrofuran 
(200 ml.) being used. To this solution was added slowly with stirring y-ionol epoxide (12 g.) in 
the same solvent (120 ml.), and the mixture left for 1 hr. The mixture was then refluxed for 
4 hr., cooled, and treated with excess of saturated aqueous ammonium chloride at 0°. After 
ether extraction and drying over Na,SO, the ether and tetrahydrofuran were removed in vacuo at 
<40°. The residue could not be distilled owing to decomposition but it gave correct analytical 
data for the expected glycol (IV); Amax, 240 my (ec = 25,000) (Found: C, 74-3; H, 11:3. 
C,,H,,O0, requires C, 74-3; H, 11-6%). 

The glycol (10-3 g.) in dry ether (500 ml.) was shaken with active manganese dioxide (105 g.) 
at room temperature, and the progress of the oxidation followed by ultraviolet spectroscopy. 
After 48 hr. there was no further increase in the intensity of the band at 291 mp (¢ = 18,000). 
Removal of the manganese dioxide and of the ether in the usual way gave a residue (10 g.) 
which had Amz 291 my (e = 18,000) and showed an OH band in the infrared region (3625 cm."). 
It was characterised as the ketol (V) by the preparation of the 2,4-dinitrophenylhydrazone, m. p. 
173° (from benzene-light petroleum) Ay, 392 my (¢ = 32,000) (Found: C, 58-9; H, 7-15; N, 
14:1. Cy 9H,,0,N, requires C, 59-4; H, 7-0; N, 13-85%). 

Synthesis of «-Irone.—The ketol (V) (see above) (10 g.) was added dropwise with good 
stirring to phosphoric acid (90%; 30 ml.) 4 at 30°, and the mixture stirred for 15 min. Excess 
of ice-water was added, and the cyclised product extracted intoether. The ether was removed, 
and the residue steam-distilled to give an oil, b. p. 73°/0-3 mm., 2,5 1-5000, Amax. 228 my (¢ = 
11,200) and ca. 290 my (¢ = 2000), the latter band indicating the presence of some 8-irone. The 
oil gave a phenylsemicarbazone, m. p. (initially) 165° raised to 172° on recrystallisation from 
ethanol (Found: C, 74:55; H, 8-6; N, 12-5, 12-65. Calc. for C,,H,,ON,: C, 74:3; H, 8-6; N, 
12-4%). Authentic synthetic «-irone gave a derivative of the same m. p., undepressed on 
admixture. The infrared spectra (in chloroform) were identical. Conversion into the 2,4-di 
nitrophenylhydrazone and crystallisation from methanol gave a derivative, m. p. 103—104° 
undepressed on admixture with an authentic specimen‘ of the same m. p. prepared from 
authentic synthetic «-irone through the phenylsemicarbazone, m. p. 172°. 
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53. Nuclear Magnetic Resonance in Polymethylene and 
Polyethylene. 


By M. J. HERRING and J. A. S. SMITH. 


Nuclear magnetic resonance spectra have been recorded between 90° and 
400° k for two samples of polymethylene of differing crystallinity and a 
sample of a linear polyethylene crystallised from trichloroethylene. It is 
shown that the «-, B-, and y-transitions previously observed in mechanical- 
and dielectric-loss experiments can also be detected in the nuclear resonance 
spectra of these polymers, and probably of most polyethylenes, to a degree 
which depends on the linearity of the polymer and its previous thermal treat- 
ment. Measurements of line shape and spin-lattice relaxation time can be 
explained in these terms, although there is some evidence that two other 
transitions may be occurring. The transitions are associated with different 
regions of the polymer and it is tentatively suggested that the principal 
distinction on a molecular scale between the low-temperature transitions 
observed in polyethylene lies in a difference in the number of CH, groups in 
the disordered lengths of the chain. 


In a previous article, one of us! has reviewed the work recently published by several 
authors on proton magnetic resonance in polyethylene. In this paper, we present fuller 
details of our nuclear resonance work and a more detailed discussion of the information 
that may be obtained from studies of line width and line shape. 


EXPERIMENTAL 


The apparatus used has been described previously,? except for the coil assembly and 
temperature-control devices which were specially developed for this work. 

The coil consisted of 11 turns of 22 s.w.g. copper wire and was about 3” long. The turns 
were fixed together by winding the wire sleeved with polytetrafluoroethylene round a layer of 
polytetrafluoroethylene tape which covered a glass tube of the same diameter as the sample, and 
heating the assembly in an oven at 360° c for 4 hr. The polymer fused slightly, and the coils 
when cooled were rigidly held together and could be slipped off the glass. The samples were 
cylinders, 3/8’’ in diameter and 5/8” long, which fitted closely into the coil. The coil holder and 
Dewar container are illustrated in Fig. 1. The coil was connected to the bridge by two German- 
silver tubes and was shielded by a cylindrical copper sleeve made from sheet 0-001” thick which 
slipped over the outside of the Dewar delivery tube (unsilvered in this region). The whole 
assembly, including the shield and leads, had a Q-factor of 85 at 16 megacycles per second. 

Temperatures between 90° and 290° k were obtained in a stream of nitrogen from the boiling 
liquid, and an electrical heater was placed in the Dewar delivery tube to provide additional 
control of the temperature. Between 290° and 400° k the coil was placed in a glass tube lagged 
with asbestos through which warmed and filtered air was passed. Sample temperatures were 
measured by two thermocouples, placed at either end of the sample; they were calibrated at 
the sublimation point of carbon dioxide and the boiling point of water. During a run it was 
necessary to disconnect them in order to avoid excessive pick-up in the coil. 

In both types of apparatus, the sample temperature became constant after 30—40 min., 
although in general there was a difference in temperature between the ends of the sample. In 
the high-temperature apparatus, the gradient increased from 0° to 5° between 290° and 400° k, 
but the drift in mean temperature was small. In the low-temperature apparatus, the gradient 
was between 1° and 5° and tended to increase as the sample approached room temperature. 
Unfortunately, the mean temperature tended to drift slightly, owing possibly to the changing 
level of liquid nitrogen, and this would upset the balance of the bridge; with care, the drift 
could be reduced to less than 2° in } hr. and the time taken to record one spectrum was about 
10 min. With a second type of Dewar vessel in which the delivery tube emerged from the 


1 Smith, Chem. Soc. Special Publ., No. 12, 1958, p. 199. } 
2 Smith, Discuss. Faraday Soc., 1956, 22, 79. 
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base rather than the side, temperatures as low as 85° k could be reached, but the samples were 
less accessible. 

Spectra were recorded with modulation amplitudes of about 0-7 gauss, so that the modulation 
correction to the second moment ° is 0-03 gauss* and can be neglected. The field homogeneity 
over the sample was about 0-3 gauss, but in practice, because of the slow recorder response and 
the high time constants in the recorder channel, line widths less than 1 gauss could not be 
measured. The standard deviation of the line-width measurements is about 0-8 gauss, but 
this figure excludes systematic errors due to non-linear sweep rates and distortion by the time 
constant circuits. The standard deviation of the second-moment measurements depends to 
some extent on the line shape. The probable reason for this dependence is that at high temper- 
atures the spectra have an intense central peak and the broad wings become more difficult to 
record accurately; the standard deviation is then 1-3 gauss*. At lower temperatures, this 
figure drops to 0-8 gauss*. All the spectra were recorded at rf levels of 100 and 200 mv to the 
bridge; using the equations quoted by Anderson,‘ we estimate that these figures correspond 
to rf fields of 2 and 4 milligauss. 











| marry ; Fic. 1. Coil assembly and Dewar vessel 
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The samples of polymethylene (made by polymerisation of diazomethane) differed only in 
their heat treatment before the measurements. Sample A (PM-A) was made by gentle com- 
pression of the powder and had d 0-965. Sample B (PM-B) was made from the same material 
but had been moulded and then quenched; it had d 0-925. The weight average of the molecular 
weight was estimated to be 2-5 x 105, and the m. p.s lay between 411° and 413° k. 


RESULTS 


The temperature variation of the line width AH,,.), (the separation in gauss of the maxima 
on the derivative curve) of the two polymethylene samples is shown in Figs. 2 and 3. In the 
regions in which the derivative curve can be resolved into two components ! two values of the 
line width at any one temperature are given; the larger value is ascribed to the so-called broad 
components, and the smaller to the narrow components, although neither term refers specifically 
to any particular region of the polymer. 

Changes in the absorption line first appear around 140° x. For example, the line width of 
PM-B has a mean value of 15-6 gauss between 90° and 110° and 14-4 gauss between 140° and 
170°, and small changes in this temperature range have been observed by other authors, ¢.g., 
in PE-C5 and an unspecified polyethylene. The line shape of both polymethylene samples 
also undergoes a small but definite change early in the temperature range. Fig. 4 shows two 
derivative curves of proton resonance in PM-B taken at different temperatures. The broken 
line, recorded at 94°, shows the characteristic inflexion at the centre noted by previous workers,’ 
and is typical of a two-spin system with a high intermolecular broadening term. When the 
temperature is raised to 158° this inflexion disappears and the peak curvature of the absorption 
line increases by about 60%; unfortunately the amount of material producing this change is 


® Andrew, Phys. Rev., 1953, 91, 425. 

* Anderson, ibid., 1949, 76, 1460. 

5 Varian Associates, Technical Information Bulletin, Vol. II, No. 2, 1958. 
* Nishioka, Komatsu, and Kakiuchi, J. Phys. Soc. Japan, 1957, 12, 283. 
7 Rempel, Weaver, Sands, and Miller, J. Appl. Phys., 1957, 28, 1082. 
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small, so that little quantitative information concerning its width and shape can be obtained by 
subtraction of the two curves. If we superpose two absorption curves recorded for PM-A at 
94° and 194° so that they coincide as nearly as possible at displacements of more than 6 gauss 
from the centre, subtraction of the two gives a narrow component whose area ratio is about 10%. 

For other polyethylenes of both the high-pressure and the ‘‘ Marlex-50” variety, several 
authors »*® have shown that a narrow component is first resolved with a width of about 5 gauss 
between 200° and 210°, a value which is retained up to about 240°. Not all samples show a 
5 gauss component, e.g., DY NK ™ shows no narrow component until 240° is reached, but this 
may be due to its small concentration or possibly to overlap effects which produce flat-topped 
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derivative curves whose true widths are difficult to estimate." In a cold-drawn polyethylene ® 
the 5 gauss component is visible right up to 350°, although by then its width has dropped to 
about 3 gauss; in fact, between 310° and 350° three components of differing widths are recorded. 
Spin-echo studies at room temperature of Wilson and Pake’s sample ™ reveal two T, values, of 
10 and 90 usec. Assuming a Lorentzian line shape, we derive corresponding AH»s), values of 
4-3 and 0-48 gauss. The former is too small to be identified with the broad component (even a 
Gaussian line shape gives 9-4 gauss) and is therefore attributed to the 5 gauss component. 

One distinction, therefore, between PM-B and the majority of other polyethylenes is that for 
the former the line width appears to drop fairly continuously from 15 to 2-5 gauss between 150° 

8 Fuschillo and Sauer, J. Appt. Phys., 1957, 28, 1073. 
a ~~ y “Growth and Perfection of Crystals’ (ed. Doremus, Roberts, and Turnbull), Wiley, 

10 McCall and Slichter, J. Polymer Sci., 1957, 26, 1. 

1 McCall and Slichter, personal communication. 

12 Norberg and co-workers, quoted by Wilson and Pake (ref. 14). 
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and 230°; the curve shows only a small inflexion near 5 gauss between 200° and 210°. but since 
the temperature gradient across the sample was about 4° its significance is difficult to assess, 
However, one point in connection with Fig. 3 is worth noting. This diagram represents nearly 
150 independent measurements of the line width over the whole temperature range and it is 
very noticeable when the data are tabulated that it is practically impossible to measure the 
line width of the broad component between 200° and 230° (16 observations), mainly because no 
corresponding maximum in the derivative curve can be resolved. In fact, between 170° and 
230° the derivative curve undergoes several minor changes in shape. Above 170° the line 
begins to narrow; at 192° a shoulder appears at about 11 gauss width which persists in all six 
measurements made between 193° and 195°; above 196° the shoulder disappears and does not 
reappear until 230°, as though another transition were occurring. At 292°, a T, of 60 usec. 
(AHy.s1, = 0°72 gauss) is found.'% 

The next group of line-width and line-shape changes occurs above 240° and continues to at 
least 320° x. Some of the changes observed are summarised below. For PM-A the line width 
drops by about 2 gauss to a minimum at about 270° and then rises again to 15-2 gauss, although 
no narrow line appears. A broad depression in the line width of one sample of ‘‘ Marlex-50” 
also covers this temperature region, although the change is too small to be considered highly 
significant. With other polymers %7-%1%14 a rapid temperature variation of the line width of 
the narrow component is observed between 260° and 300°, the variations being greatest in 


Fic. 6. Temperature variation of the second 
moment of PM-A. Fic. 7. Temperature variation of the second 
moment of PM-B. 
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branched polyethylenes. The temperature at which the transition begins varies slightly 
from sample to sample, but the principal difference is in the temperature variation of the line 
width which depends on the degree of branching. With linear polymers the variation is fairly 
uniform, whereas with highly branched samples there is a sudden drop in the line width near 
270° as a consequence of which at all higher temperatures the line widths of branched poly- 
ethylenes are much narrower than those of linear samples. Above 320° there is some evidence 
that the curve of AH,,.), against temperature flattens again, but at values which differ accord- 
ing to the type of polymer, e.g., 0-2 gauss for DYNK ? and 0-02 gauss for DYNH. The results 
for the linear polyethylenes can be compared with the line-width data in Fig. 5 which refer to a 
sample of “‘ Marlex-50 ” that has been crystallised from trichloroethylene 117 at 341° x. The 
polymer was studied most closely between 273° and 400°. A minimum appears in the broad 
component curve near 270°, and the narrow component is first resolved with a width of 4 gauss 
which diminishes by very little right up to the m. p. After the sample had been melted and 
cooled to room temperature, it gave a typical ‘“‘ Marlex-50” spectrum with a much more 
intense narrow component of width 3-3 gauss. 

For PM-A the narrow component first appears in the spectrum near 340° and diminishes 
continuously in width as the temperature is raised. No exact parallel to this transition has yet 

18 Unpublished work by Dr. K. Luszczynski, communicated by Dr. J. G. Powles. 

14 Wilson and Pake, ]. Chem. Phys., 1957, 27, 115. 

14¢ Wilson and Pake, J]. Polymer Sci., 1953, 10, 503. 

18 Collins, J. Polymer Sci., 1958, 27, 67. 

16 Fischer, Z. Naturforsch., 1957, 12, a, 753. 
17 Keller and O'Connor, Discuss. Faraday Soc., 1958, 25, 114. 
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been observed for other polyethylenes. Samples of “‘ Marlex-50”’ above 350°5 and DYNH 
above 360 2° show a further diminution in the line width, but this transition occurs at higher 
temperatures than for PM-A and with much smaller line widths. 

Finally, in all those samples of polyethylene in which a broad and a narrow component are 
observed, the line width of the former undergoes a rapid transition above 360°. For PM-B, the 
line width of the broad component begins to drop sharply above 380°; for PM-A, no broad 
component can be resolved above this temperature, but the total second moment, which is 
governed largely by the broad component, begins to diminish above 370°. 

Figs. 6 and 7 show the temperature variation of the second moment of the two poly- 
methylenes; the filled circles refer to the total curve and the open circles to the broad com- 
ponent (according to Wilson and Pake’s method ™* of decomposition). Above 360°, for both 
samples, the second moment drops continuously, although measurements on the polymethylenes 
were not carried sufficiently far to show whether the drop is continuous with the m. p. or 
whether a constant value is reached before this as in some long-chain molecules.1*1* The spin- 
echo and line-width data 152° for two branched polyethylenes show practically no discontinuity 
at the m. p. in the short T, component. 


DISCUSSION 


Some features of the experimental results have been discussed by other authors. In 
particular, Wilson and Pake ™ have suggested that the narrow component is produced as a 
result of a transition in only part of the polymer, identified as the amorphous regions (here 
the word transition refers to a change in the nuclear resonance spectrum, generally detected 
by a diminution in the line width). The minima observed in the line width of the broad 
component may also be explained as follows. 

If at low temperatures the two components have approximately the same line width, 
as we pass through the transition the contraction in width of part of the signal should 
cause a small diminution in the apparent width of the broad component. This is because 
the nuclear resonance spectrum is always a superposition of these two curves and therefore 
the value of the field at which we observe the maximum of the broad component is affected 
by the intensity of the narrow component in this region. As one component narrows, the 
maximum moves in; as the intensity of the narrow component at the maximum of the 
broad component falls to zero, the line width of the latter increases to its original value. 
There is no evidence that the line shape of the broad component changes markedly with 
temperature; near 140° k the value of AH, (the half-width in gauss of the absorption 
curve) for the total spectrum of PM-A is 15-8, and at 315° and 330° the resolved broad 
component has a half-width of 14-8 gauss. This change is too small to account for the 
drop, and it does not explain why the line width subsequently rises to almost its original 
value. If this explanation is correct, then any minimum in the broad component must 
denote a nuclear resonance transition in only part of the polymer. Below the transition 
the signal from this region will either be masked by that from the broad component or 
missing altogether if the spin-lattice relaxation time becomes too high. 

The striking feature of the minimum in AH,,,, of PM-A at 270° k is that it almost 
coincides in temperature with the transition in branched polyethylenes which first produces 
the very narrow component,’ suggesting that this transition is common to both types of 
polymer and does not produce a narrow component in the former because the concentration 
of the regions responsible for the narrow line is lower and their line width above the 
transition broader. The transitions observed in polyethylenes cover a large range of 
temperature; they can be detected near 135° k in PM-B, and PM-A shows a transition at 
330°. It is possible that such relaxation phenomena are only explicable in terms of a 
range of correlation times, as has been proposed recently for polyisobutene.* An altern- 
ative explanation which is possibly more appropriate to crystalline polymers is that the 

18 Andrew, J. Chem. Phys., 1950, 18, 607. 

1” Komatsu, J. Phys. Soc. Japan, 1956, 11, 755. 


2° McCall, Douglass, and Anderson, J. Chem. Phys., 1959, 30, 1272. y 
*t Luszczynski, Arch. Sci. (Geneva), in the press. 
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changes observed in the line width really consist of a number of separate transitions each 
characteristic of a different region of the polymer and defined by an approximate temper- 
ature. In principle, all polyethylenes should show some, if not all, of these transitions, but 
the intensity and possibly the fractional reduction of the line width may vary from one 
polymer to another so that the narrow component may first appear as a separate peak at 
quite different temperatures. A minimum of four of these transitions can explain much 
of the published work on polyethylene; they are listed below and named after similar 


EEL Suttnongucessoedadasvessansersiantsmnie Y PM-A a 
WI EE UND | Siixececsentsexcetenacesoessacs 140—170° 240—270° 330° 360—370° 


transitions observed in mechanical-loss experiments. The temperature range indicates 
the region in which the transition is first detected. Multiple 7, values have also been 
observed in molten polyethylene.” 

The y-transition produces the 5 gauss component above 200° k; it is identified with 
the y-process observed in the mechanical loss experiments,” which occurs at a slightly 
lower temperature because of the difference in characteristic frequency. The fact that the 
5 gauss line is detected by 7, measurements at room temperature (where the apparent 
width of the line measured by steady-state experiments is 0-4 gauss) shows that the 
transition is unaffected by subsequent transitions (at least up to room temperature), and 
is therefore an independent process; its presence may also explain the large “ tails ’’ that 
the narrow component sometimes appears to have.? The differences observed in PM-B 
and cold-drawn polyethylene might be explained if there were another transition between 
210° and 230° which reduced the line width of the narrow component to between 2 and 
3 gauss and was absent in the other samples. Unfortunately the evidence for such 
a transition in other polymers is inconclusive, and if it occurs it will follow so closely on the 
y-transition that we have little evidence either that it involves new regions of the polymer 
or is really part of the y-transition. 

The nuclear resonance §-transition is named after the 8-process in the mechanical loss 
since they both appear in the temperature range 240—300° k. However, both linear and 
branched polyethylenes appear to show a @-transition whereas linear polyethylenes show 
a ®-process only in dielectric-loss ® and not in mechanical-loss experiments. In nuclear 
resonance, it usually gives rise to much smaller line widths than the y-transition, so that 
once it has commenced the y-line may be completely masked. An exception is the 
previously mentioned sample of a cold-drawn polyethylene, in which the 6- is resolved from 
the «a- and the y-spectrum between 310° and 350° x. According to this interpretation, the 
narrowest line arises from the @- and the intermediate line from the y-transition. 
Similarly the T, component of 90 usec. (AH ms. = 0-48 gauss) found in the spin-echo 
studies of a branched polyethylene ™ is also attributed to the §-transition. In linear 
polymers, we can use the Gutowsky—Pake equation in the form: 


. a 
v= 767. alttan {5(S >) he vane a neal 


with B = 0-22 and C = 16 gauss (the line widths at temperatures above and below the 
transition) and v, = 1/2xt, the correlation frequency appropriate to a line-width measure- 
ment of AH; thus we evaluate v, at different temperatures. If the results are fitted to an 
equation of the form: 

vazvexp—(E*°/RT) ..... 2... OF 


we find rather variable values of v, and E*, e¢.g., for PE-A 5 values of 10 and 13 kcal./mole, 
for one sample of “ Marlex-50 ” ® values of 10" and 9 kcal./mole, and for another values 
of 10" and 7 kcal./mole. It is difficult to assess the accuracy of these figures, particularly 
as these transitions should really be discussed in terms of a distribution of correlation 
*2 Willbourn, Tvans. Faraday Soc., 1958, 54, 717. 
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times rather than a single value. However, the orders of magnitude are probably correct, 
since it has been shown recently ®° that for at least one simple form of distribution function 
T, is largely unaffected by the width of the distribution although the minimum in T, is 
broadened and raised. This may partly account for the appearance of the ®-process in 
linear polymers in nuclear resonance but not in mechanical-loss experiments, which may be 
more sensitive to broad distributions. If we apply equations (1) and (2) to the line-width 
data of highly branched polymers, the graphs of log v, against T~! in two samples *° are 
found to have similar shapes, namely, a steep initial portion flattening out at lower values 
of Tas in Fig. 8. Again we find very variable values of v, and E*, as in similar measure- 
ments of the @-process in the mechanical loss (which approach the line-width frequency 
near 270° K). 

The te resonance results suggest that the branch points are responsible for the 
sudden change in line width, and one point of interest is therefore whether the #-transition 
observed in branched polymers is related to the transition occurring at the same temper- 
ature in linear polymers. If both types show this transition with different intensities, the 
sharper line-width change in branched polymers could be attributed to a new transition 
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added to that observed in linear polymers and giving rise to two regions in the log v.-T 
curve. In the mechanical loss, the 8-process occurs at nearly the same temperature what- 
ever the length of the side chain and so has been associated with the branch points them- 
selves. A possible interpretation of the nuclear resonance results is therefore that both 
linear and branched polyethylenes contain regions responsible for the $-transition which 
in the latter also contain the branch points. It is possible that at least some of the CH, 
groups in the chain branches may have undergone a nuclear resonance transition at a lower 
temperature; however, as soon as the regions which contain the branch points approach a 
new transition, the adjacent CH, groups in the chain branches will begin to move at the 
same frequency about new axes which have a much wider spatial distribution. The 
increased flexibility of these groups which can now participate in the thermal motions of 
the two chains may produce the very narrow line characteristic of branched polymers. 

If we classify these transitions according to the temperature at which they first appear, 
the transition in crystallised ‘‘ Marlex-50” can be regarded as a @-transition. However, 
the fact that the line width drops little below 4 gauss right up to the melting point shows 
that the motions available to the CH, groups are more spatially restricted than in normal 
“ Marlex-50 ” samples, as would be expected from the structure suggested by Keller and 
O’Connor.?? 

The PM-A transition also appears to be unique, although there is some evidence * for 
two mechanical-loss transitions between 250° and 340° and the second of these may be a 
PM-A process. Also in branched polyethylenes a maximum in the damping factor for 
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sound waves is observed * near 320° at frequencies of about 5 kc./sec., although such a 
maximum does not occur in an unbranched, highly crystalline, Ziegler-type polymer. 
Without more information it is difficult to classify this transition further, although it seems 
to be a major process for PM-A. The temperature variation of its line width above 340° 
in conjunction with equation 1 gives us: 


v= 7X 10’ exp(—S6O00/RT) . . . . . .. » 


The magnitudes of vy and E* suggest that the transition is caused by chain-twisting rather 
than chain-rotation; E* is close to the value of 4-1 kcal./mole attributed to the energy 
barrier hindering reorientation of the CH, groups of a paraffin chain.™ 

The «a-transition has been discussed by several authors,® who attribute it to the 
crystalline regions of the polymer. It is identified with the so-called «-process observed in 
the dielectric loss of polyethylene and is associated * with vy and E* values of about 10” 
and 25 kcal./mole. If the same values govern the temperature variation of v,, then above 
360° T, is less than one minute if it is determined by this process and the broad component 
can be identified with the crystalline regions of the polymer. 

More indirect evidence for the existence of these multiple transitions comes from the 
T, measurements on a branched polymer.4* According to the Bloembergen, Purcell, and 
Pound theory * for a single correlation time, the minimum in 7, should occur when v, = 
4/2 v,, where v;, is the Larmor precession frequency; at temperatures above this minimum, 
T, should be of the same order as T,. However, for polyethylene at the minimum of T, 
the ratio T, : T, (the latter derived from AH,,.4, for a Lorentzian line shape) is approxim- 
ately 340.1 This discrepancy seems too large to be accounted for by a distribution of 
correlation times; for example, with the intensity distribution used by McCall, Douglass, 
and Anderson * and a range of correlation times large enough to reméve the minimum in 
T,, the ratio T, : T, at the value of +, at which the curve for T, rises to meet the T, curve 
is about 7. Since a minimum is observed and a ratio of 340, this type of explanation seems 
unlikely. The discrepancy can be accounted for if 7, and 7, are governed by entirely 
different transitions. The minimum in 7, occurs near 280° and at this temperature 
T, as deduced from the line width is governed almost entirely by the 6-transition. Ty, as 
measured, however, is governed by the regions with the minimum value of 7,; all others 
will saturate before these, so that the y-transition is most likely to determine its value. 

Since the existence of a minimum in 7, appears to preclude a broad range of correl- 
ation times,”° we have applied Bloembergen, Purcell, and Pound’s equations with one correl- 
ation frequency, assuming that 7, is governed by the y-transition. The method was to 
deduce a plausible relation between v, and the temperature from equation (1) and the line- 
width measurements on PM-B between 170° and 200° (assuming B = 5 and C = 16 gauss), 
and to use this to predict T, values from the equation 


1 (vive) __(2vn/ve) ] 
a = Al ——— 59 — ee 
T, F ++ (vz,/¥e)” ie 1 + (2vz/v,)* ( ) 
which has a minimum value of T, given by: 


ee a, 


Fig. 9 shows log v, as deduced from the line width plotted against T+, and the straight line 
is taken as a reasonable fit to the data, considering the inevitable distortion due to over- 
lapping spectra; it follows the equation 


ve = 10% exp (—7500/RT) . . . . ...- - (6) 


*%3 Butta, J. Polymer Sci., 1957, 25, 239. 

* Temperley, J. Res. Nat. Bur. Stand., 1956, 56, 55. 

*° Okamoto and Takeuchi, J. Phys. Soc. Japan, 1959, 14, 378. 
26 Bloembergen, Purcell, and Pound, Phys. Rev., 1948, 78, 679. 
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If this is substituted into equation (4) with v, = 3 x 10’ and A = 76 (from the value of 
T, at the minimum), we get the 7, curve shown in Fig. 10, which is a reasonable fit to both 
Wilson and Pake’s data above 260° (filled circles) and the spin-echo values }*1% (filled 
triangles) at room temperature. There is no evidence for any effects of the @-transition at 
high temperatures; in fact, it is noteworthy that T, values from the spin-echo data for 
liquid ‘‘ Marlex-50 ” *° (open circles) lie close to the extrapolated curve for the solid. If 
we exclude Wilson and Pake’s result at 385°, the values of log v, for solid and liquid above 
280° (with A = 76) lie on an excellent straight line when plotted againt JT and give the 
equation: 
v= 15 x 10% exp (—S200/R7) .. . . ». ~ « « 


which is in fair agreement with equation (6) considering the large errors of this type of 
calculation. 

Below 250° (J+ > 4 x 10°) the agreement is poor and relaxation phenomena in this 
region are not understood. Part of the problem is the low value recorded for 7, below 


Fic.10. Experimental and theoretical T, values. 
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160° K, where only the broad component is observed, and its unusually small temperature- 
dependence. The values range from 0-2 sec. at 170° to 2 sec. near 83°, and v, follows the 


equation 
ve = 10’exp(—GOO0/RT) . . . . «. « « « (8) 


reasonably closely. Relaxation here cannot be governed by the «-transition since 
equation (4) and v, and E* from the dielectric-loss experiments * predict too large a temper- 
ature variation and impossibly long values of T, at low temperatures. Paramagnetic 
impurities may partly account for the effect, but their concentration is too low (except in 
irradiated samples) and presumably very variable, whereas experience shows that broad 
lines with good signal-to-noise ratios are obtained from all types of polyethylene so far 
examined at low temperatures. However, until we are reasonably certain of the origin of 
these T, values, it is not entirely correct to attribute the broad component to the crystalline 
regions except in the immediate vicinity of the «-transition, which itself will ensure a low 
value of 7}. 

A possible relaxation mechanism is by spin exchange 2’ with methyl groups at the chain 
ends, or any other disordered site within the crystalline regions where the molecular 
mobility is unusually high. Despite the low concentration of such sites, their influence 
may extend over a considerable distance. For example, in order to maintain a 7, value 
in the crystalline CH, groups of 0-2 sec., the intermolecular dipolar coupling between them 
and the reorienting CH, groups must be at least 5 c./sec., which brings in all those CH, 


27 Woessner and Gutowsky, J. Chem. Phys., 1958, 29, 804. 
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groups within about 35 A, namely 8000. If each chain of average molecular weight 
2-5 x 105 is assumed to contribute two freely moving CH, groups, then we find one such 
group per 9000 CH, groups, so that within the approximations of the calculation an ap. 
preciable part of the crystalline regions could be influenced, possibly down to quite low 
temperatures. The low E* value of 600 cal./mole might be partly due to reorientation 
of the CH, groups by tunnelling. 

Two other factors which may be calculated from the nuclear resonance spectra, namely, 
the intensity ratio and second moment, also require discussion in terms of multiple 
transitions. The intensity ratio is the percentage of the area under the broad component 
to the total area under the absorption curve. Two methods of dividing the curves are in 
common use; that first used by Wilson and Pake % in which a straight line is drawn 
between the maxima of the broad component, and a later method 5 in which the resonance 
curve below 120° is taken as reference. It has been customary to relate the intensity ratio 
to the so-called crystallinity of the sample as measured, for example, by X-ray methods, 
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although comparison between the two results is not uniformly successful.1_ Part of the 
reason for the discrepancy may be that at least two factors must be taken into 
consideration. 

First, since we can only guess at the relaxation mechanism in the crystalline regions, it 
is difficult to establish whether all parts contribute to the broad component except in the 
immediate vicinity of the «-transition. In order to investigate whether different parts of 
the crystalline regions had different values of 7,, the intensity ratio for PM-B was 
measured, Wilson and Pake’s method being used at different temperatures with two rf 
levels; in Fig. 11 the filled circles refer to spectra recorded at an rf voltage of 200 mv to 
the bridge, and the open circles at a value of 100 mv. The estimated standard deviation of 
the values is 5, and the crystallinity derived from the density * (0-925) is 63%. It is clear 
that the scatter of the results is too large for us to establish significant differences at these 
rf levels, except possibly at 210° and near the melting point. We must assume that 
between these two temperatures, at least in this sample, all parts of the crystalline regions 
are contributing to the broad component. 

Secondly, with regard to the narrow component, the difficulty is again one of relaxation 
times. The y- and the @-transition should each have a characteristic temperature- 
dependence on 7,, and if these relations were known it would be possible to predict which 
of the regions contributes, either to the broad or narrow component according to the 
magnitude of the line width. Although the temperature-dependence of the correlation 
frequency, from which we could deduce 7, and 7, at a given temperature, is known ap- 
proximately for the two transitions, application of the equations depends on a knowledge 
of the rf field at which the measurements were made. At values below saturation, the 
intensity should vary with temperature as we pass through the two transitions. 


#8 Wilson and Pake, J. Polymer Sci., 1953, 10, 503. 
* Nichols, J. Appl. Phys., 1954, 25, 840. 
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Experimentally, we find that in PM-B the difference between the mean nuclear resonance 
value above 230° and the density value of 63% is not large enough to be taken as signi- 
ficant, so that in this polymer the y-transition is the important process. In PE-A and 
“ Marlex-50 ”’ > the intensity ratio falls continuously from 170° until near 310°, presumably 
as a consequence of y- and £-transitions; between 310° and 340° it appears to vary little 
with temperature and in this range the stationary values of 72% and 79% are in good 
agreement with the density values * of 75% and 80%, although in poor agreement with 
the X-ray values quoted in the earlier paper.’ Hence it is possible that in some reasonably 
linear polyethylenes the intensity ratio near 320° measured at a low rf level might be a good 
estimate of the crystallinity of the sample, and that the factors we have been discussing 
can be neglected. In branched polyethylenes the ratio falls continuously with rise in 
temperature until the broad component is no longer detected. This may be a question of 
signal-to-noise ratio,’ since these polymers still show the «-process in the mechanical-loss 
studies as the melting point is approached. 

As regards the second moment, all the factors we have mentioned previously, particu- 
larly saturation effects, may affect its value and no complete discussion can be given. It 
may be pointed out, however, that the fairly constant value of the second moment between 
250° and 330° cannot be said to be significantly different from the values of 24, 26, 27, and 
28 gauss * computed for various polyethylenes with the probably incorrect assumption of 
tetrahedral CCC and HCH angles; !®18-8° and this is especially evident if we bear in mind 
that no corrections have been applied for the vibrational motion of the chains, which may 
be large in view of the high temperature factor observed for motions perpendicular to the 
chains in some long-chain molecules.*!_ The reason for the rise in second moment below 
200° is not clear. It may be partly due to a decreased amplitude of torsional oscillation 
of the chains and partly to a rather high second-moment contribution from the frozen 
disordered regions, as has been found to occur in Terylene.** 

We may conclude that there is some evidence for supposing that «-, 8-, and y-processes 
revealed by mechanical-loss experiments can also be detected in the nuclear resonance 
spectra of many polyethylenes; there may be an additional transition near 210° in some 
samples, and unique transitions are observed in crystallised “‘ Marlex-50”’ and an un- 
treated polymethylene. At present, the limited extent of the experimental results 
(especially spin-echo work) implies that the following remarks on the nature of the 
transitions must be regarded as tentative. 

It seems fairly well established that the «-transition is explained by hindered rotation 
of the chains as a whole in the crystalline regions of the polymer with an E* value of about 
25 kcal./mole and a favourable frequency factor (about 107°). However, the 8- and the 
y-transition have much lower activation energies and lower frequency factors (10 and 
less), within the limited accuracy of our evaluation of these quantities. The value of E* 
for the PM-A transition is close to that characteristic of the twisting of a hydrocarbon 
chain, so that this and the 6- and y-transitions (which also have low values of E*) may be 
attributed to chain twisting in the amorphous or disordered regions. One distinction 
between @- and y-transitions (and any intermediate) in linear polyethylenes is the difference 
in line width observed after the transition; the value for the y-transition is between 2 and 
5 gauss, and for the 8-transition is of the order of 0-2 gauss or less. The chain twisting in 
the latter can clearly occur about many more directions in space than in the former, so that 
the principal difference between the two regions from the molecular viewpoint may be that 
those which show the $-transition contain longer chains of disordered CH, groups. Twist- 
ing motions in such chains may require a fairly low E* but a considerable degree of correl- 
ation between the motions of neighbouring CH, groups and therefore unfavourable 
frequency factors. 

3° Newman, J. Chem. Phys., 1950, 18, 1303. 


%1 Welsh, Acta Cryst., 1956, 9, 89. } 
%2 Land, Richards, and Ward, Trans. Faraday Soc., 1959, 55, 225. 
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An interesting analogy can be drawn between the nuclear resonance data for poly- 
ethylene and the mechanical-loss behaviour of Nylon-6 : 6; 2? this polymer contains chains 
of 4 and 6 CH, groups and the loss curve has maxima at 160° (187 c./sec.) and 
245° (157 c./sec.). They occur at the beginning of the temperature ranges proposed in a 
previous section for the y- and the §-transition, suggesting the possibility that the numbers 
of CH, groups in the disordered lengths of the chains are 4 and 6 respectively, 
Unfortunately there is no strong evidence from the proton resonance experiments on 
Nylon-6 : 6 * for this conclusion; the line width diminishes continuously from 90° k and 
no separate resonance lines appropriate to the y- and the §-transition have yet been 
resolved. The line-width transition in crystallised “‘ Marlex-50” has been tentatively 
identified as a @-transition with restricted freedom of chain twisting, and the proposed 
figure of 6 for the number of CH, groups in the disordered lengths of the chains of this 
polymer is in reasonable agreement with the proposed structure.” The PM-A transition 
would then appear to be associated with at least 7 CH, groups and any transition inter- 
mediate between @ and y with 5, but there are no means of testing these proposals from 
the present results. Any transition preceding the y must presumably be associated with 
3 CH, groups; such a transition may be indicated in the mechanical loss curves of some 
polyethylenes ** as a shoulder near 120° kK, but the present nuclear resonance evidence is 
insufficient to confirm its existence. 
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54. Structure and Reactivity of the Oxyanions of Transition Metals. 
Part VII.* Kinetics and Mechanism of the Alkaline Decomposition 
of Per-ruthenate. 


By A. CARRINGTON and M. C. R. Symons. 


The rate of decomposition of per-ruthenate in aqueous sodium hydroxide 
solution to give ruthenate and oxygen has been measured spectrophoto- 
metrically. A second-order dependence on the concentration of per- 
ruthenate was found, after deviations during the initial stages of the reaction. 

A mechanism in which hydrogen peroxide is formed as an intermediate 
gives a rate equation consistent with most of the experimental features. 


THERE is a close resemblance between the behaviour of the manganese and ruthenium 
oxyanions in alkaline solution. Corresponding to the ions MnO,~, MnO,2-, and MnO, 
are the molecule RuO, and the ions RuO,- and RuO,2-. Both ruthenium tetroxide and 
potassium per-ruthenate decompose in alkaline solution to give oxygen: 


4RuO, + 4OH- ——» 4RuO,- + 2H,O + O, 
4RuO,~ + 40H- ——» 4RuO,2- + 2H,O + O, 


These reactions appear very similar to the corresponding reactions involving the perman- 
ganate and the manganate ion.4? In this case we have chosen to study the decomposition 
* Part VI, J., 1959, 3269. 


1 Symons, J., 1953, 3956. 
2 Symons, /., 1954, 3676. 
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of per-ruthenate, rather than of ruthenium tetroxide, since the latter is a toxic, volatile 
gas which decomposes extremely readily. On the other hand, potassium per-ruthenate 
can be obtained in a pure crystalline form, and potassium ruthenate, the product of the 
alkaline decomposition, appears to be stable in alkaline solution. Neither of these 
reactions has previously been studied kinetically and there is little information on the 
oxidising ability of these ions in alkaline solution. 


EXPERIMENTAL 

The usual precautions were taken to ensure that apparatus and water were free from 
impurities.1_ Potassium per-ruthenate was prepared from ruthenium tetroxide. Metallic 
ruthenium was oxidised with sodium peroxide in molten potassium hydroxide, and the melt 
then treated with acidified potassium permanganate to generate ruthenium tetroxide. This 
was distilled into a receiver flask containing aqueous M-potassium hydroxide. The solution 
was cooled in ice, potassium per-ruthenate crystallising as small dark needles as the ruthenium 
tetroxide was reduced by the alkali. The crystals were filtered off, washed with aqueous 0-2m- 
potassium hydroxide, and stored in vacuo, the salt being then stable. The spectrum was 
measured in 0-2m-sodium hydroxide, and the salt was also allowed to decompose in 8m-alkali, 
undergoing quantitative conversion into ruthenate, the spectrum of which was also measured. 
Our results are in good agreement with those by Larsen and Ross.* Particular attention 
was paid to the relative molar extinction coefficients at 465 my: the values we have used are 
¢ = 1730 for RuO, and 330 for RuO,-. The spectrophotometric measurements were made 
by using a Unicam SP. 600 spectrophotometer. 

For kinetic measurements, a fresh stock solution of potassium per-ruthenate in aqueous 0-2m- 
sodium hydroxide was prepared for each run. Two samples of this solution were allowed to 
decompose in 8m-alkali to ruthenate, the concentration of which was estimated spectrophoto- 
metrically, thus giving the concentration of the stock per-ruthenate solution. A third sample 
was run into the desired quantities of sodium hydroxide and water at zero time. Reactions 
were studied in both “ Polythene’ and glass vessels without noticeable difference. Samples 
of the reacting solution were removed for direct measurement at 465 mu. We consider this 
method of following the reaction to be superior to any involving attempts to quench the 
reaction. The reaction can indeed be quenched by dilution with water, but then great care 
must be taken to avoid disproportionation. Because of the sensitivity of the reaction rate to 
traces of impurities, it is desirable to limit mahipulation as much as possible. 

Sodium hydroxide solutions were prepared by making up a saturated solution in a 
“ Polythene ”’ vessel and storing the cold solution over alumina for several days. The clear 
solution was then decanted and diluted with water to a concentration of 4—5m, giving the stock 
solution. The results obtained with several stock solutions were identical. 

All runs were carried out at 25° + 0-05°. Variation of oxygen pressure had no measurable 
effect on the rate of the reaction. Many of the results reported have been obtained in duplicate 
and reproducibility was confirmed. 

Attention was focused on the initial stages of the reaction, and initial rates were determined 
by assuming that the decomposition could be represented by a cubic equation in time ¢#:* * = 
At + Ci? + D#. The initial rate is then given by: 


(dx/dt), = 1/t[3%, —(3/2)%_ + (1/3)45] 


where %,, ¥,, and %, are the concentrations of ruthenate after times ¢, 2/, and 3¢. (d*/dt)) was 
calculated for decreasing time intervals, and the results were found to converge at intervals of 
2and3min. This method gave consistent results and was preferred to the graphical method of 
drawing tangents to the curve of time and decomposition at zero time, although the results 
obtained from the two methods were usually in good agreement. 


RESULTS 
Plots of x and log (a — x) against time gave curves, but plots of 1/(a — x) against time 
were linear after initial deviations which were more pronounced the lower the concentration 
3 Larsen and Ross, Analyt. Chem., 1959, 31, 176. 


‘ Livingstone, “ Rates and Mechanisms of Reactions,” ed. Weissberger, Thterscience Inc., New 
York, 1953, p. 183. 
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of hydroxide. a is the initial concentration of per-ruthenate and (a — x) is the con- 
centration after time ¢. Fig. 1 shows some of these plots with varying per-ruthenate and 
alkali concentrations. For reasons which will be apparent later, we have plotted 
[a/(@ — x)] — 1 against time rather than 1/(a — x). The slopes of these lines are roughly 
proportional to the third power of the base concentration. This dependence is shown in 
Fig. 2 which includes all the results summarised in the Table. This suggests a rate law 
of the form: 


dx/di = ky, (RuO,)(0OH-)® . . . . .. . (1) 
which, when integrated, becomes: 
1 1 a . 
t= - pel eoa . ° . . . . (2) 


since the base concentration is effectively constant for a given run. A value for hap, of 
0-427 has been estimated from the slope of the line depicted in Fig. 2. 


Summary of experimental results. 


[OH-}] 10°[RuO,-] 10%(dx/dt), S; (OH-] 10°[RuO,-] 103(dx/dé), S, 

Run (moles/l.) (moles/l.) (moles/min.) (min.) Run (moles/l.) (moles/l.) (moles/min.) (min.) 
mA 5 1-57 1-142 == 572 Cc I 2-62 1-309 0-015 97 
II 1-582 — 422 II 1-520 0-021 89 
III 3-360 -- 224 III 3-800 0-124 43 
IV 6-560 0-335 27 

B I 1-86 1-475 0-009 254 

II 2-950 0-026 152 D I 3-29 1-427 0-039 58 
III 3-280 0-034 133 II 2-755 0-125 25 
III 5-710 0-470 15 


This simple treatment cannot accommodate the initial deviations unless these are ascribed 
to experimental errors. To check this possibility, the initial rates were estimated and also 
found to be proportional to the second power of the per-ruthenate concentration and the 
third power of the base concentration. This dependence is illustrated in Fig. 3, from which 
plot a value of 0-437 has been estimated forthe rate constant. That these two rate constants 
are nearly equal means that the initial deviations cannot be ascribed to experimental 
error and hence that the simple rate expression given in equation (1) is inadequate. 

Mechanism.—It is convenient to discuss these results in terms of the following 
mechanism, which we will examine from a chemical viewpoint below: 

Stage (1): ky 
RuO,~ + 20H~ === RuO,(OH),?- 
Stage (2): - 
RuO,~ + RuO,(OH),*~ + OH- === 2Ru0,?- + H,O + HO,- 
ks 
Stage (3): ke 
HO,~ + OH —— H,O + O, 
(catalysed by X) 
If we assume that RuO,(OH),°- and HO,~ can be treated as stationary-state intermediates, 
application of Christiansen’s formulation 5 leads to the rate equation: 
dt Ky Ky Kx" 
—- = — + pois +: ees sl tt etl. 68 
dx (@—#e* @—x 8 * @— xX] (3) 
where K, = 1/k,, Kg = h.y/hykg, Kg = Rh yk-o/ky Roky, [X] is the concentration of an unknown 
catalyst (see below), and b is the concentration of hydroxide ion. 
On integration, this expression becomes: 


__ *K;' a K, _ 2aK;’ é Ky , 4K,’ 
ashi siden otal = at) + @—xy~"\mtw)- 
where K,’ = K,/[X). 
5 Christiansen, Z. phys. Chem., 1936, B, 38, 145; 1937, B, 37, 374. 
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The relevant experimental results are that a plot of ¢ against [a/(a — x) — 1] is linear 
but when extrapolated does not pass through the origin. These results are compatible 
with equation (4) provided that the magnitude and rate of change of the third term are 
great compared with those for the first and the second term in the range of concentrations 
studied. The slopes (S,) of the lines shown in Fig. 1 will then be given by 


S = B+. ee 


Since a is very small in our experiments, the term involving K, will be large compared with 
that involving K,’ even if K,’> K,. Hence to a first approximation we can neglect the 
term involving K,' and the equation then predicts that a plot of S,b8 against 1/a should be 
linear with a slope giving K,. Such a plot is shown in Fig. 2, discussed earlier, and it is 
evident that we can now identify K, with 1/Rapp. 


Fic. 1. 
Fic. 1. Decomposition of per-ruthenate in 
alkaline solution. 
(a) is the initial [RuO,-] and (a — x) the Pe i or 


value after time ¢. See Table for details. 
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Fic. 2. Decomposition of per-ruthenate in a pi 
alkaline solution: test of equation (5). S £ 
Symbols refer to Fic. 1. ca gg 
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Fic. 3. Initial rates: test of equation (6). 
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From equation (3) the rate at zero time is given by: 
(dx/dt), = a®b3/(K,ab+ K,) . . . «. «~~ (6) 


Again, since a is small, the term involving K, may well be small compared with that 
involving K,. In this case the initial rates will be proportional to the second power of 
the per-ruthenate concentration and the third power of the base concentration, as is 
demonstrated in Fig. 3. Again we can estimate a value for K, from the slope of the line 
tip and, as was shown earlier, this value is in good agreement with that obtained 
rom Fig. 2. 
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The results do not enable us to estimate K, and K,’ precisely, but upper limits may be 
given. If K, <1 and K,’ < 5 x 10%, the terms involving these constants in equations 
(6) and (5) respectively are insignificant. 

Using these upper limits for K, and K;’, we have estimated values for ¢ in equation (4) 
for representative values of b and a. A plot of these values for ¢ against [a/(a — x) — 1] 
was found to be linear and to have the slope predicted by equation (5). However, in 
contrast to some of the experimental lines, these constructed lines pass through the 
origin. 

The above kinetic treatment was used because of its generalised nature, and because it 
does not involve arbitrary assumptions regarding rate-determining steps. However, the 
results do suggest that stage (1) can be pictured as a rapid equilibrium with stage (2) asa 
rate-determining step. 

The mechanism proposed does not accommodate the initial deviations which are 
particularly significant when the concentration of alkali is low. However, the mechanism 
also fails to take account of the fact that hydrogen peroxide reacts readily with per- 
ruthenate in aqueous alkali.6 The inclusion of a reaction of the form 


ks 
RuO,~ -- HO,~ ——» Products 
as an alternative to stage (3) leads to the rate expression: 


d¢  K K, _ Ky? _ 
a —@— set @— yet @—ye om 


which, on integration, becomes: 


ae a K, , Ks a Ky Kg a? Ky 

t= ngtals ts) + (@ay—)(e— 28) + (Tap 
Provided K, is not much greater than K,, this equation fits the experimental data equally 
satisfactorily, when values for K, and K, deduced above are used. As x approaches a, 
however, the last term in equation (8) should become increasingly important and this 
might well lead to deviations not found experimentally. 

It is probable that a combination of these alternative mechanisms would correctly 
reproduce all the results. It is significant that a plot of log (dx/dt) against log (a — x), 
the slope of which normally gives the order of the reaction, can be divided into two sections 
for all the kinetic runs. From these plots, the first 10—20° of the reaction appears to 
be of the third order in per-ruthenate, the remainder of the reaction being of the second 
order. This result is consistent with the idea that reaction of hydrogen peroxide with 
per-ruthenate will be particularly important at the beginning of arun. A similar scheme 
was invoked to account for the kinetics of the alkaline decomposition of permanganate.! 


DISCUSSION 

The initial rate studies, besides indicating that the deviations from linearity shown in 
Fig. 1 are real, also eliminate two alternative possibilities for the first stage of the reaction. 
These are an electron-transfer reaction to give hydroxyl radicals, as postulated for 
permanganate,! or disproportionation to give ruthenium tetroxide and ruthenate followed 
by decomposition of the tetroxide. 

We have formulated the proposed mechanism in terms of three stages in order to keep 
the overall rate equation simple. In fact, stage (1) could be written as two successive 
equilibria and stage (2) could be written: 


RuOQ,~ + RuO,(OH),3- === RuO,?— + RuO,(OH),?— 
RuO,(OH),2- === RuO,?- + H,O, 
H,O, + OH~ === H,O + HO,” 
® Connick and Hurley, J. Amer. Chem. Soc., 1952, 74, 5012. 
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The rate equation would then be similar to equation (4) but would contain more constants. 

The most unsatisfactory part of the proposed mechanism is that represented by 
stage (3). It was previously found necessary to invoke catalytic decomposition of HO,~ 
in order to explain certain kinetic features of the alkaline decomposition of permanganate,! 
put the precise nature of the catalyst and the mode of decomposition are obscure. It is 
known that hydrogen peroxide decomposes rapidly in concentrated alkaline solution 
although the rate is reduced if the alkali has been specially purified.’ Unfortunately 
quantitative information on the rates is not available. There is good evidence, both for 
the reversibility of stage (2), and for the catalytic decomposition of hydrogen peroxide in 
this system. Connick and Hurley ® found that addition of hydrogen peroxide to per- 
ruthenate in M-sodium hydroxide gave ruthenate, but that even with excess of hydrogen 
peroxide conversion into ruthenate was incomplete and catalytic decomposition of the 
peroxide occurred. It is not clear if the catalysis is due to a ruthenium species or to other 
metal-ion impurities present in the alkali. 

Larsen and Ross* have shown that hydrogen peroxide is, in fact, a product of the 
alkaline decomposition of per-ruthenate. They allowed potassium per-ruthenate to 
decompose completely in 9m-alkali to ruthenate, diluted the solution with water to an 
alkali concentration of 1m, and detected per-ruthenate spectrophotometrically. How- 
ever, if the ruthenate solution was boiled, dilution with water did not re-form per-ruthenate 
and addition of hydrogen peroxide was necessary to effect oxidation. This is consistent 
with both the forward and the reverse reaction comprising stage (2) in our mechanism. 

The postulate that co-ordination of hydroxide ion to per-ruthenate is important, is a 
feature which should be discussed further. It is relevant to indicate certain trends in the 
behaviour of transition-metal oxyions insofar as expansion of their co-ordination shell is 
concerned. First, there is no evidence that the 3d-transition-metal oxyions do co-ordinate 
with hydroxide in this way. For alkaline decomposition of permanganate, use was made 
of sodium hydroxide enriched in 180 and it was found ? that all the oxygen evolved in the 
reaction came from the solvent, showing that exchange of oxygen between permanganate 
and solvent does not occur. If co-ordination of hydroxide to manganese did occur, one 
would expect to find oxygen exchange. _ 

On the other hand 5d-transition-metal oxyions are able to expand their co-ordination 
shells. The per-rhenate ion, ReO,-, is not affected by dilute aqueous alkali but in very 
concentrated potassium hydroxide is converted into the yellow mesoper-rhenate ion, 
formulated in the literature § as ReO,8-. This process can be formulated as: 


ReO,~ + 2OH~ === ReO,(OH),*~ ———= ReO,3- + H,O 


The reaction is fully reversible, for we have found that addition of water regenerates 
per-rhenate quantitatively. Similarly OsO, dissolves in alkali to give a yellow solution 
from which K,OsO,(OH), has been isolated. Thus one might well expect to find that 
ruthenium represents an intermediate case, in that co-ordination of hydroxide occurs to a 
very small extent, but that the co-ordinated species are unstable. 

We conclude, first, that, in contrast to the decomposition of permanganate, co-ordin- 
ation of hydroxide to the per-ruthenate is important and hydroxy] radicals are not formed; 
and, secondly, that hydrogen peroxide is an important intermediate in the production of 
oxygen. 


One of us (A. C.) is indebted to the Esso Petroleum Company for the award of a Postgraduate 
Research Studentship. 


THE UNIVERSITY, SOUTHAMPTON. (Received, June 29th, 1959.] 


7 Shanley and Greenspan, Ind. Eng. Chem., 1947, 89, 1536. 

8 Noddack and Noddack, ‘‘ Das Rhenium,” Voss, Leipzig, 1933. 

® Tschugaev, Compt. rend., 1918, 167, 162; Krauss and Wilken, Z. anorg. Chem., 1925, 145, 151. 
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55. Structure and Reactivity of the Oxyanions of Transition 
Metals. Part VIII.* Acidities and Spectra of Protonated Oxyanions, 


By N. Batrey, A. CarrincTON, K. A. K. Lott, and M. C. R. Symons. 


Approximate pK values for protonation of a variety of ‘closed-shell ”’ 
oxyanions have been measured by spectrophotometry. Protonated ions 
were recognised by characteristic changes in spectra which have been inter- 
preted theoretically. The high basicity of these ions relative to those of 
corresponding non-metal oxyions (e.g., CrO,?~ relative to SO,?-) is discussed. 


ALTHOUGH the basicities of the oxyanions of non-metallic elements have been extensively 
studied and discussed, little attention has been paid to the corresponding oxyanions of 
the transition metals. Of these, chromate has been studied by various authors?! who all 
conclude that the pK is in the region of 6-5. If this is correct, then chromate is a far 
stronger base than sulphate or selenate. This remarkable result has been questioned by 
Hiickel? who suggests that the reaction studied is not protonation of chromate but 
dichromate formation: 
2CrO,2- + 2H+ === Cr,0,2- + H,O 


Since it is possible to correlate the basicities of very many oxyanions in terms of the 
number of non-protonated oxygen atoms and the formal charge on the central atom 34 
one might conclude that oxyanions of the transition metals would be accommodated by this 
classification, and in fact, this has been assumed by Pauling.® 

We have attempted to measure the pK values for a number of transition-metal oxy- 
anions and conclude that in all cases the basicities are far higher than those of the corre- 
sponding non-metal oxyions. This result is discussed in terms of the electronic structure 
of the ions. 

Basicities were estimated by comparing the visible or ultraviolet spectra of aqueous 
solutions of the oxyanions at various pH values with the spectra of the unprotonated ions 
and their conjugate acids. Whilst the spectra of the unprotonated ions are well estab- 
lished, those of the protonated ions, in general, have not been reported. Since a variety 
of reactions other than simple protonation could occur on acidification of solutions of these 
oxyions, we have considered in some detail the general form of the spectra to be expected 
for the protonated ions, particularly in relation to the spectra of the unprotonated ions. 
The relative spectral changes measured on acidification are remarkably similar for all the 
ions studied and conform well to the changes predicted by theory. 


EXPERIMENTAL AND RESULTS 


Water used in all determinations was doubly distilled from alkaline permanganate. 
Chemicals used were of “ AnalaR” grade, apart from potassium per-rhenate which was 
prepared from the metal as previously described. Concentrated sulphuric acid of ‘‘ AnalaR”’ 
grade was further purified by distillation. Di-t-butyl chromate (Bu'O),CrO, was prepared 
according to Leo and Westheimer’s directions * and was recrystallised from light petroleum. 

Spectrophotometric measurements were made with the Unicam S.P.600 glass or S.P.500 
quartz spectrophotometers, the latter having a photomultiplier attachment. 

pH measurements were made at 25° with a Doran pH meter and glass and calomel electrodes. 
The apparatus was standardised with 0-05m-potassium hydrogen phthalate buffer. 


* Part VII, preceding paper. 


1 Neuss and Riemann, J. Amer. Chem. Soc., 1934, 56, 2238; Tong and King, ibid., 1953, 75, 6180; 
Howard, Nair, and Nancollas, Trans. Faraday Soc., 1958, 64, 1034. 
® Hiickel, “‘ Structural Chemistry of Inorganic Compounds,” Elsevier, New York, 1950, p. 921. 
® Pauling, ‘‘ General Chemistry,”’ Freeman, San Francisco, 1947, p. 394. 
+ Ricci, J. Amer. Chem. Soc., 1948, 70, 109. 
5 Carrington, Schonland, and Symons, J., 1957, 659. 
* Leo and Westheimer, J. Amer. Chem. Soc., 1952, 74, 4383. 
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“Determination of pK values.—For the acid BH, pKpy may be defined as: 


Cyy feu 

—— + log ——— rae eee 

Cz-Cy+ fer ar ( ) 
Provided the concentrations of B~ and BH are small, then, as the concentration of acid 

tends to zero, equation (1) becomes: 





pkKpu = log 


pKen = bg 2 gc aan ok @ 
Cz- 


Plots of [(log Cpy/Cp-) — log H*] against molarity of acid were straight lines which could be 
extrapolated to zero acid strength (see Fig. 5). This empirical extrapolation is known to give 
accurate pK values for uncharged bases.’ 

Determination of Czy/Cy-.—Measurements of optical densities at a particular wavelength 
were made at different acid concentrations. The wavelength chosen was determined by 
comparison of the spectra of the acids with those of their conjugate bases such that a maximum 
change in optical density was obtained. 

If *cp- represents the extinction coefficient of a solution of the oxyanion at wavelength A 
and “epy the extinction coefficient of its conjugate acid at the same wavelength, then the ratio 
Cpu: Cz-, for a solution containing both species, whose extinction is *e, is given by: 


Cpy/Cp- = (en- —*e)/("e—*epn) - - - e + (8) 


To reduce the extrapolation to a minimum, readings were obtained in the acidity regions 
in which protonation was slight. To detect the small changes in optical density that occur, 
test solutions were compared with solutions containing identical concentrations of the oxy- 
anions present entirely as the conjugate bases. This procedure is preferable to that in which pure 
solvent is used for comparison since several inherent inaccuracies of spectrophotometry are 
thereby greatly reduced.§ This reasoning would be incorrect if the spectra under consideration 
changed with environment. For several ions it has been established that changes in solvent 
and ionic strength do not detectably alter the spectra. 

System CrO,-/HCrO,-.—The spectrum of chromate, measured in aqueous M-sodium 
hydroxide and shown in Fig. 1, curve I, is identical with that reported by others. 

The spectrum of acid chromate was investigated in the pH region 3—5, with concentrations 
of CrY! between 1 x 10m and 2-5 x 10m; extinction coefficients were constant under these 
conditions, showing that dichromate formation is negligible and that neither H,CrO, nor CrO,?~ 
contributes appreciably. The spectrum is remarkably similar to that of CrO,Cl- and CrO,F~ ® 
and monoalkyl esters ROCrO,~,’° and is of the form expected for HCrO,~ (see below). 

The conclusion that dichromate is not a constituent of these solutions can be predicted from 
the data of Davies and Prue,® and shows that the high basicity of chromate cannot be ascribed 
to dichromate formation. 

To avoid the difficulties involved in extrapolation to zero ionic strength, the pK value was 
estimated in the following manner. The optical density of a 2-5 x 10m-solution of potassium 
chromate in purified water was determined and the pH of the solution was measured before and 
after this determination, measurements being made in a nitrogen atmosphere. By means of 
equation (2) and the data given in Table 1, a pK of 6-49 was estimated, in agreement with 
results of others.} 


TABLE l. 


A (mp) pH solution Aencro,.— EK, CrO4 pk 
373 6-19 2310 1050 4800 6-49 


System HCrO,-/H,CrO,.—Spectra of Cr¥! in 72% perchloric acid and 100% sulphuric acid 
are quite different from that expected for H,CrO,. This we tentatively ascribe to the formation 
of CrO,2* by analogy with thé behaviour of vanadate in strongly acid solution.11 However, 


7 Hammett and Deyrup, J. Amer. Chem. Soc., 1932, 54, 2721. 

8 Davies and Prue, Trans. Faraday Soc., 1955, 51, 1045. 

® Helmholz, Brennan, and Wolfsberg, J]. Chem. Phys., 1955, 28, 853. ] 
1 Klaning, Acta Chem. Scand., 1958, 12, 576. 

™ La Salle and Cobble, J. Phys. Chem., 1955, 59, 519. 
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with increasing concentration of perchloric acid, the spectrum of an aqueous solution of HCrO,- 
changed until a new spectrum was obtained which did not change appreciably with further 
addition of acid up to about 8m. This spectrum, shown in Fig. 1, curve III, is close to that 
expected for H,CrO, and resembles the spectra of CrO,Cl, * and (Bu*O),CrO,. 


Fie. 1. Fie. 2. 
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Fic. 1. Visible and ultraviolet absorption spectra. 
(I) CrO,?-. (II) HCrO,-. (IMM) H,CrQ,. 
Fic. 2. Visible and ultraviolet absorption spectra. 
(I) MnO,-. (II) HMnO, + MnO,-. (III) HMnO,. 
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Fic. 3. Visible and ultraviolet absorption spectra. 
(I) ReO,-. (II) HReQ,. 


Fic. 4. Visible and ultraviolet absorption spectra. 
(I) VO?-. (II) HVO?-. 


A pK value of —0-98 was estimated from the results by use of the extrapolation given in 
Fig. 5, curve I. 

System MnO,-/HMnO,.—With increasing concentration of sulphuric acid, the colour of 
a solution of permanganate changes through red and brown to green. The brown solutions 
resemble colloidal solutions of manganese dioxide, but the spectrum may be interpreted simply 
as the superposition of that of permanganate and that of permanganic acid. The green colour 
appearing when permanganate is dissolved in concentrated sulphuric acid has been attributed ™ 


12 Ephraim, “ Inorganic Chemistry,” Gurney and Jackson, London, 1948, p. 486. 
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toMn,O,. However, Beer’s law is obeyed and since the spectrum (Fig. 2, curve III) is consis- 
tent with that expected for HMnO,, we infer that in dilute solutions condensation is insignificant. 

Because solutions containing permanganic acid in appreciable concentration slowly 
decomposed, it was necessary to extrapolate spectral readings to zero time, but during initial 
stages of protonation with perchloric acid (cf. Fig. 5, curve II) this was unnecessary. 

System ReO,-/HReO,.—The spectrum of potassium per-rhenate in sulphuric acid (Fig. 3) 
was taken to be that of per-rhenic acid since the expected spectral changes were found. This 
spectrum was reproducible and did not change appreciably during several hours. A pK value 
of —1-25 was estimated from line III of Fig. 5, derived from measurements in aqueous perchloric 
acid. 

System VO,3-/HVO2-.—Newmann and his co-workers ! studied the spectra of vanadium(v) 
species in alkaline solution at an ionic strength of three and obtained an equilibrium constant 
of 0-097 for the reaction: VO;- + H,O == HVO,?> + OH~. This gives a pK value of 














Fic. 5. Graphical extrapolation for determin- Fic. 6. Graphical extrapolation for determin- 
ation of pK. ation of pK. 
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about 13. For the dilute solutions of vanadate used, condensation is not expected to be 
important,!* and a linear extrapolation similar to that used for acid solutions has been used to 
estimate pK (Fig. 6). 

The relation between the spectrum of vanadate and that ascribed to monohydrogen 
vanadate (Fig. 4) is as expected. Our results show that, on dissolution of Na,VO, in water, 
conversion into HVO,?" is complete. 

System HVO,?-/H,VO,~.—Acidification of HVO,2~ gave a change in spectrum similar to 
that for the system HCrO,~/H,CrO,, and pH measurements gave a pK value of 8-95, which is 
close to that expected by analogy with other systems (Table 2). Further acidification did not 


TABLE 2. 

Non-metal oxyanions Transition-metal oxyanions 

System pk System pk 
PO Fe sviscciccescadcs 12-0 VR TR Vee cacccscsnsceses 14-4 
BO TO sccsscivess 7-2 HVO2"/H,VOg~ .....0..000. 8-95 
BO Fite Ole. crccssacesseese 2-1 CF FEI, ve secedscosenss 6-5 
I cenccnconsrsnseoes 1-5 Sy 3. aie —0-98 
BE PRR | | kes cccerssessts —2-0¢ a 5605085. cdesne. — 2-25 
RT IITs, phcnceckntnceenses —7-04 ReO,-/HReO, .......:00000+ —1-25 


« Estimated from the Ricci formulation. 


appear to give the change H,VO,- —» H,VQ, since the resulting spectrum bore no resemblance 
to that of HVO,?~. Conductimetric measurements showed a rapid increase in conductivity 
in this region, and that is tentatively ascribed to the formation of VO,*. / 


18 Newmann, La Fleur, Brousaides, and Ross, J. Amer. Chem. Soc., 1958, 80, 4491. 
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DISCUSSION OF BASICITIES 


Although no attempt has been made to obtain very accurate results it is felt that the 
pK values recorded in Table 2 are accurate to about 0-2 unit, and that detailed comparisons 
with the known values for non-metal oxyions are warranted. 

Comparison with Non-metal Oxyions.—Relevant pK values are listed in Table 2. In all 
cases the non-metal oxyions of similar charge-type are far weaker bases than oxyions of 
the transition metals, but there is considerable variation from one group to another. Thus, 
the pK values of phosphate and vanadate differ by 2-4 whilst those of sulphate and chromate 
differ by 5-0 units. Although the pK value for perchlorate is unknown, a value of —7-0 
is predicted by Ricci’s correlation* and —8-0 by Pauling’s.* Hence perchlorate and 
permanganate probably differ by about 5 units. 

A qualitative understanding of the relatively high basicities of transition-metal oxyions 
can be obtained by consideration of structure. Little is known about the detailed 
electronic structures of non-metal oxyions such as sulphate in comparison with those of 
oxyions of transition metals. The major differences between these classes of ions are (i) 
that the latter have intense electronic transitions in the visible and the near-ultraviolet 
region whilst the former are transparent in this region, and (ii) that the latter can accept 
electrons directly into low-lying orbitals whereas non-metal oxyions are unable to accept 
electrons and react with reducing agents by donation of oxygen. 

To a crude first approximation the ions can be thought of as being built from four oxide 
ions and a central atom with closed-shell configuration (such as S**, Mn’*, etc.) by transfer 
of four electrons from the oxide ions to the central atom followed by o-bond formation 
using sp* (S®*, etc.) or d°s (Mn’*, etc.) orbitals of the central atom. This will leave one 
negative charge on each oxygen atom and a net positive charge on the central atom. 
Partial charge-neutralisation will be achieved by inductive drift of the o-bonding electrons, 
which should be about the same for corresponding ions in either group. Further neutralis- 
ation can be effected by x-bonding, and this has been considered in detail for transition- 
metal oxyions.* Although it has been concluded that such x-bonding is far less important 
than o-bonding,™ it is probably greater than in oxyions of non-metals.% Thus overlap 
between low-lying orbitals of the central metal atom and oxygen #-x orbitals provides a 
route for charge redistribution on protonation which will be less available for oxyions of 
non-metals. In other words, the polarisability of transition-metal oxyions will be greater 
because redistribution of electrons can proceed more readily through x- than through 
o-bonds. 

Relative Basicities.—It is noteworthy that there is a far greater difference between 
sulphate and chromate than between phosphate and vanadate. Although pK values for 
the latter pair of ions have to be obtained by extrapolation it is unlikely that the difference 
could be much greater than 2-4 units. One possible reason for this difference is the relative 
polarisability of chromate and vanadate. In so far as this is coupled to the availability 
of the low-lying vacant x-orbitals, both the greater electron-accepting power of chromate 
than of vanadate and the fact that the first electronic absorption band of chromate is of 
lower energy suggest that, were they of the same charge-type, chromate would be a 
stronger base than vanadate. 

It might appear that the same arguments could be applied to permanganate and per- 
rhenate: this leads to the prediction that permanganate should be the stronger base 
whereas, in fact, the reverse is found. This reversal may simply be due to the higher 
polarisability of rhenium than of manganese. An alternative explanation, that per-rhenic 
acid is octahedral (H;ReO,) rather than tetrahedral (HReO,), is not favoured since the 
spectral changes (Fig. 3) are so well in accord with those expected on monoprotonation 
(see below). There is no evidence for the equilibrium ReO,- + 2H,O == H,ReO,” in 


4 Carrington and Symons, J., 1960, in the press. 
18 Wolfsberg and Helmholz, J. Chem. Phys., 1952, 20, 837. 
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aqueous solution,’® and it is likely that, if H;ReO, were formed, it would be a relatively 
weak acid, probably weaker than periodic acid (H,IO, has?” pK =1-6). 

Condensation.—Dichromate is formed far more readily than pyrosulphate. This 
occurs partly because protonation is a necessary step in the mechanism of condensation 
and partly because, in this series of ions, nucleophilic power should parallel basicity, so 
that chromate should be a far more powerful nucleophile than sulphate. 

Our attempts to measure protonation of manganate and hypomanganate have failed, 
because disproportionation occurs before any spectral change can be detected. We have 
previously ** suggested that, for these ions, condensation precedes disproportionation. 
If one further postulates that protonation precedes condensation, a rough estimate of the 
basicities of these ions can be given. Consideration of mechanism appears to support 
this reasoning, which, however, is questioned by Freedman.!® Solutions of manganate 
in water containing 0-0lM-sodium hydroxide and of hypomanganate in 1-0m-sodium 
hydroxide are stable for several minutes before onset of disproportionation. Hence the 
pK for manganate must be less than 12 and that for hypomanganate less than 14-4 (cf. 
vanadate). 

Molybdate and Tungstate.—Since the pK values for permanganate and per-rhenate are 
similar it is probable that molybdate and tungstate will have values close to that for 
chromate. Attempts to check this prediction by spectrophotometry have not been 
successful. Spectra attributed to monomeric unprotonated ions have been reported.5 
These were obtained from alkaline solutions: there are slight, but significant, changes in 
neutral solutions which might be caused by protonation, but Beer’s law is not accurately 
obeyed and therefore condensation probably occurs concurrently. This suggests that the 
pK values are in the region of 6. Schwarzenbach and Meier,”® however, consider that 
diprotonation takes place without the intermediate formation of monoprotonated ions and 
estimate pK values of about 4-5 for this process. Sasaki *! has reported a value of about 
40 for the pK of molybdate, and Britton * has estimated a value of 6-7 for tungstate. 
The problem is confused because of the great ease of condensation of these ions, which, 
since the polyions are probably octahedrally co-ordinated,** may well proceed by a 
mechanism different from that for condensation of chromate.” 


DISCUSSION OF SPECTRA 


It has been stressed above that the spectral changes which occur on protonation of a 
“closed-shell” transition-metal oxyanion are simple and characteristic (see Figs. 1—4). 
In this section we shall consider theoretically the changes in the orbital energy levels and 
the consequent spectral changes to be expected on protonation. Attention will be confined 
to changes in the lowest energy transitions, and the level scheme outlined in another 
paper 1 will be used as a basis for discussion. 

For a tetrahedral oxyanion represented as MO, (symmetry T,) it is assumed that 
addition of a proton gives a tetrahedral ion MO,(OH) of symmetry Cz. This reduction 
of symmetry results in the splitting of all orbital triplets into a singlet and a doublet, 
t;—» e+ a,, and t; —»e-+ a, The degeneracy of doublet levels (e) in Tz remains 
unchanged although the molecular orbital form and energy may alter. This is pictured 


16 Woodward, Trans. Faraday Soc., 1952, 52, 615. 

7 Crouthamel, Meek, Martin, and Banks, J. Amer. Chem. Soc., 1949, 71, 3031. 

18 Carrington and Symons, J., 1956, 3373. 

19 Freedman, J. Amer. Chem. Soc., 1958, 80, 2072. 

20 Schwarzenbach and Meier,«Symposium, Chemistry of Co-ordinate Compounds, Rome, 1957, 
Pergamon Press, 1958, p. 302. 
. *1 Sasaki, Internat. Conference on Co-ordination Chemistry, London, 1959, Chem. Soc. Special Publ. 
No. 13. 

# Britton, J., 1927, 147. j 

*3 Bailar, ‘‘ Chemistry of Co-ordination Compounds,” Amer. Chem. Soc. Monograph 131, Reinhold, 
New York, 1956, p. 472. 
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in Fig. 7, in which the 4e level has been arbitrarily placed above a,. Thus the transition 
e <«— t,, designated as v, which gives rise to the lowest-energy absorption band for MQ, 
is split into two, designated in Fig. 7 as v, and v, which may be written: 


TTT (4e)® (a,)? 5e ~«<«— (4e)* (a,)? : A, 
E, Ay~<— A, Allowed 
A, <«— A, Forbidden 
Cypie cee (4e)* a, 5e : E ~<— (4e)* (a,)? : A, 


Before the expected intensity of these transitions can be estimated, an approximation to 
the form of the molecular orbitals must be made. Helmholz, Brennan, and Wolfsberg * 
considered the molecular orbitals for CrO,X~, where X is halogen, and studied the 
behaviour of the metal 3d, 4s, and 4# orbitals and the ligand # orbitals under the symmetry 
operations of C3», finding the combinations which form bases for the irreducible represent- 
ations (A,, Ag, and E) of Cz. On applying these results to MO,(OH), the a, level is found 


. 
Fic. 7. Highest filled and lowest unfilled levels for 


transition-metal oxyanions and their conjugate 
acids. 





to be fully determined by symmetry and may be written as me (7V_ + 7g + 74) where 


TY, TYg, and ry, are the oxygen 2 orbitals whose orientation, relative to axes with origin 
at the metal atom, are given by Helmholz, Brennan, and Wolfsberg.® 

The 5e level is not fully determined by symmetry, but it corresponds to the first anti- 
bonding ¢ level for unsubstituted MO, ions. It has been found that this level can be 
treated as having “‘ pure’ metal d orbital character, and the same assumption will be 
made for the protonated ion. It is more difficult to find a suitable description of the 4¢ 
level. The level could be regarded as non-bonding, since this would be the result of 
applying a C,, symmetry perturbation to the original ¢, level of MO,. The problem of 
deciding how these non-bonding electrons are distributed between the oxygen atoms and 
the hydroxide ligand remains, and appears to be insuperable at present. 

With the above approximation to the form of the 5e level, the dipole strength of the 
v, transition can be computed. By proceeding in the manner used for MO, ions * (cf. 
Mulliken and Riecke *), the dipole strength of the transition is found to be 24a? where « 
is the integral <a, |x| 5e,>. When the a, level is taken as }(ry, + mys + my,) and admix- 
ture of ligand orbitals with d,:~— y: in the 5e, orbital is neglected, « is given by: 


= (a){ |] dar y#> — Cre |e] dae >} 


In the case of the e <— ?, transition for MO, ions, the dipole strength was found to be 
24/*, y being defined by 
y = 2<xy, |y| dxr— y*) 


™ Carrington and Schonland, J. Mol. Phys., to be published. 
#5 Mulliken and Riecke, Reports Progr. Phys., 1948, 8, 231. 
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Using hydrogen-like wave functions for the atomic orbitals in order to evaluate the integrals, 
and taking account of the choice or orientation of the oxygen #-orbitals,®™ we find that 
a yvV3. 

Thus it is found that the oscillator strength should be approximately one-third of that 
of the original low-energy band for MO,. More precisely, 


Suogomsy = fun, XOX velv 2 we ee thle @ 


where f is the oscillator strength. 

Of the two longer-wavelength bands found experimentally for MO,(OH), the higher- 
energy band has always approximately one-third of the oscillator strength of the corre- 
sponding MO, band, whereas the lower-energy band is very much weaker. We therefore 
identify the higher energy band with the v, transition and hence place the a, level below 
the 4e level. 


TABLE 3. Comparison of experimental and theoretical oscillator strengths for protonated 
oxyanions. 


The values given in column 4 are based on the experimental value for MO, (column 2) in 
conjunction with the theoretical expression (equation 4). 


Oxy-anion Smo, (exp.) Suoyow (exp.) —fo,om (theor.) 
MnO jem 2. scrrccarcccccsccscvcsdogedsoscvenccss 0-032 0-015 0-013 
CRI an tdncsconavenncrsanisdiscctacsbienaaes 0-089 0-033 0-032 
WRAE™ emcscenbsconqensacsansepsooncaspnenacas 0-150 0-059 0-051 


In Table 3, experimental and theoretical values of the oscillator strengths are compared. 

In view of the difficulty in describing the 4e level, direct calculation of oscillator 
strengths cannot be made and further simplification does not seem warranted. 

These calculations suggest that a large increase in x-bonding on protonation would 
result in a corresponding increase in the relative oscillator strengths for the v, transition: 
since this is not detected experimentally it appears that the drift of x-electrons, postulated 
above to explain the relatively high basicities of these ions, must be comparatively small. 


One of us (A. C.) thanks the Esso Petroleum Company for a post-graduate research student- 
ship, and another (K. A. K. L.) thanks the University of Southampton for a post-graduate 
research scholarship. 
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56. Fluorocarbohydrates. Part III.* Reactions of 6-Deoxy-6- 
fluoro-v-galactose. 


By P. W. Kent, A. Morris, and N. F. TAYLor. 


Reaction of 1,2:3,4-di-O-isopropylidene-6-O-methanesulphony]l-p -gal- 
actose with potassium fluoride in methanol leads to a mixture of the corre- 
sponding 6-deoxy-6-fluoro- and 6-O-methyl derivatives. Methanolysis of 
the product gives an isomorphous mixture of methyl 6-O-methyl-«-p- 
galactoside and the corresponding 6-fluoro-galactoside in the proportion of 
2:1. Aqueous-acidic hydrolysis of these mixed products gives reducing 
sugars which are separable by paper chromatography. Methyl 6-deoxy-6- 
fluoro-«-p-galactoside is readily methylated with methyl iodide and silver 
oxide to a crystalline tri-O-methylglycoside which is converted by acidic 
hydrolysis into the corresponding free sugar and thence by oxidation with 
bromine into the 1,5-lactone. In these reactions the fluoro-sugar behaves 
normally and is not dehalogenated. Results indicate that this sugar is not 
readily defluorinated by mild catalytic or electrolytic reduction, though under 
vigorous conditions D-fucose is obtained. The a-glycoside of the fluoro-sugar 
is hydrolysed less readily than its unfluorinated analogue. The fluoro-sugar 
mutarotates at a rate very similar to that of the normal sugar. 


In an earlier investigation! primary fluoro-sugars were synthesized by exchange of the 
corresponding methanesulphonic esters with potassium fluoride in ethanediol. Reaction 
in methanol gave products which contained both fluorine and methoxy-groups in non- 
stoicheiometrical amounts. Thus 1,2:3,4-di-O-isopropylidene-6-O-methanesulphony]l-p- 
galactose (I) furnished a di-isopropylidene product (II) which contained 7-8—8-2% of 
methoxyl and about 5% of fluorine and had constant physical properties (boiling point, 
refractive index) after repeated fractionations by vacuum-distillation. Furthermore, 
methanolysis of the product (II) gave, inter alia, a crystalline ‘‘ methyl fluorogalactoside 
A” (III) containing non-stoicheiometrical amounts of fluorine and methoxyl (22-4%). 
This substance formed a tri-O-methanesulphonyl derivative (V) and consumed 2 mols. of 
sodium metaperiodate with liberation of one mol. of formic acid. It is clear, therefore, 
that in the “ compound,” three hydroxyl groups are present on contiguous carbon atoms. 
Molecular-weight determination on the product (II) precluded the possibility of dimeriz- 
ation. It is considered that these results can be attributed to the formation of a mixture of 
a 6-deoxy-6-fluoro- and a 6-O-methyl derivative. This view is substantiated by the 
following evidence: (i) Hydrolysis of the product (II) with aqueous mineral acid yielded a 
mixture of reducing sugars, indistinguishable by paper chromatography from 6-O-methy]l- 
and 6-deoxy-6-fluoro-p-galactoses, and from which 6-O-methyl-p-galactose ? was obtained 
crystalline. (ii) Methylation, by Purdie’s reagents, of the products of methanolysis gives 
crystalline methyl 6-deoxy-6-fluoro-2,3,4-tri-O-methyl-«-p-galactoside (VII) and syrupy 
methyl 2,3,4,6-tetra-O-methyl-«-D-galactoside which was identified by conversion into the 
corresponding crystalline anilide. 

A crystalline substance identical with the crystalline ‘“‘ methyl fluorogalactoside A” 
(III) was obtained by crystallization together of methyl «-glycosides of 6-O-methyl- and 
6-deoxy-6-fluoro-galactose (XII and VI) in the proportion 2:1 by weight. It is clear 
therefore that the conjectured ‘“‘ methyl fluorogalactoside A ”’ is an isomorphous mixture of 
those two compounds. This case and that of the close similarity in crystal structure ® of 
(+)-2-deoxy-2-fluoroerythritol and erythritol itself suggest that isomorphous mixtures may 
be expected frequently among fluorinated polyhydric alcohols. Methylation of the 


* Part II, J., 1960, 106. 


1 Taylor and Kent, J., 1958, 872. 
* Munro and Percival, J., 1936, 640; Freudenberg and Smeykal, Ber., 1926, 59, 100. 
* Bekoe and Powell, Proc. Roy. Soc., 1959, A, 250, 301. 
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crystalline ‘‘ methyl fluorogalactoside A’”’ as obtained from the product (II) or by co- 
crystallization gave the same fully methylated derivatives. 

The evidence thus indicates that, at elevated temperatures, exchange with potassium 
fluoride in methanol results in competition between fluoride and methoxide ions (form- 
ation of the latter ion probably being promoted by the alkalinity of the medium). It must 


KF- 
|,2:3,4-Di-O-isopropylidene- ———g» “‘ Fluoro-product A " ———g (IV) = (XIII) 
6-O-methanesu!phonyI- MeOH I 


D-galactose (I) HCI- y MeOH 


“ Fluoro-galactoside A " 
(119) 


ws 





(VII) Me tetra-O-methyl- 
galactoside 
H,-OH CH,-OMe 
oH ° ; Fo ° 
<— “> 
Me,C->0 Me,C-Peo 
e,C ° 2 ° 
O-CMe, (XT) 4 o- CMe, 
Me CH,:OMe 
OH 
OMe OMe 
CMe, P _ (xiv) OF xm wat 
ot, CH,F CH,-OMe 


H 


MeO 0 HO 
OMe 
OMe 


2» 
OMe 
ee Pes (VIT) (XII1) 
H2F CH,F : 
— 


MeO ° . MeO 0, Pacdetned 
ane ons fe) rs enylhydrazide 
OH (X) 


OMe OMe 
(VII) (IX) 


Reagents: 1, KF-(CH,'OH)s. 2, Mel-Ag,O. 3, HCI-MeOH. 4, H+. 5, Bry. 6, Ht-MeOH. 7, H*-H,O. 
8, Hy-Ni. 
Ms = CH,'SO,. 


be pointed out that Helferich and Gniichtel 4 successfully employed these reagents without 
simultaneous methylation in the case of 5.6-0-bensylidenc-1,3-taepropylidene-6-O-methane- 
sulphonyl-p-glucose. There, however, the ester was more reactive 5 and exchange occurred 
at a lower temperature than with our galactose derivative. Replacement of sulphonyloxy 
esters by methoxy has already been noted.® Difficulty has been experienced in achieving 


* Helferich and Gniichtei, Ber., 1941, 74, 1035. 

5 Taylor, Nature, 1958, 182, 660. / 

® Stoll, Z. physiol. Chem., 1937, 207, 147; 1937, 246, 1; Helferich and Gniichtel, Ber., 1938, 71, 712; 
Shoppee and Summers, /., 1952, 1786, 1790. 
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paper-chromatographic separation of corresponding fluoro- and O-methyl-sugars: this can, 
however, be carried out by use of a water-saturated mixture of pyridine and butanol.’ 

Authentic methyl 6-deoxy-6-fluoro-«-D-galactoside (VI) was readily methylated with- 
out dehalogenation by methyl iodide and silver oxide, giving the corresponding 2,3,4-tri-O- 
methyl ether (VII) in high yield. The latter was readily hydrolysed by aqueous acid to 
the corresponding fluoro-tri-O-methyl-sugar (VIII) which with aqueous bromine gave 
6-deoxy-6-fluoro-2,3,4-tri-O-methyl-p-galactono-1,5-lactone (IX). This compound was 
a syrup having a rate of hydrolysis (in aqueous media) similar to that of other 1,5-lactones ® 
and was characterized by conversion into the crystalline phenylhydrazide (X). Bromine 
oxidation of the methylated fluoro-sugar was accompanied by little decomposition, in 
contrast to (+-)-2-fluoro-3-hydroxypropanal which, under similar conditions, is extensively 
dehalogenated.® 

It appears that methylation with silver oxide and methy! iodide provides a suitable 
means of investigations of w-fluoro-hydroxy-compounds. Attempts to dehalogenate 


Fic. 1. Mutarotation of 6-deoxy-6-fluoro- 
2,3,4-tri-O- methyl - D - galactono-1,5-lactone 
(0) and 2,3,4-tri-O-methyl-p-gaiactono-1,5- 
lactone (A) (c 0-36 in water). 











Fic. 2. Mutarotation of 6-deoxy-6-fluoro-a-D- 
galactose (QO) and a-p-galactose (C1) (c 0-4 in 
water). 











re ae) ae Se ee 
20 40 60 80 /00 /20 /40 /60 
Hours 


methyl 6-deoxy-6-fluoro-«-p-galactoside (VI) with Raney nickel and hydrogen at 1 atmo- 
sphere, with Raney nickel in boiling 70% aqueous ethanol, or with aluminium amalgam 
were unsuccessful, the starting material being recovered in every case. 

Defluorination occurred, however, when methyl 6-deoxy-6-fluoro-«-p-galactoside (VI) 
was heated with Raney nickel in methanol at 100° with hydrogen at 120 atmospheres for 
9 hr. Hydrolysis of the product (XIV) with aqueous acid yielded D-fucose, identified 
chromatographically and as the crystalline benzylphenylhydrazone. 

Infrared spectral examination of methyl 6-deoxy-6-fluoro-«-D-galactoside (VI) and 
its fully methylated derivative (VII) provided further evidence of the normal pyranosidic 
arrangement of these sugars. Absorption bands were found at 911, 963, 907, and 957 cm. 
characteristic of the galactopyranoside structure (Type 1 bands).14 Type 2a absorption 
bands were present at 826 and 818 cm.*, and Type 2c (due to equitorial 4-H) at 865, 882, 
and 886. Breathing-frequency (Type 3) bands were present at 782 and 766 cm.+. In 

7 Chargaff, Levine, and Green, J. Biol. Chem., 1948, 175, 67. 

® Haworth, Ruell, and Westgarth, J., 1924, 125, 2468; Haworth, “‘ The Constitution of Sugars,” 
London, Arnold, 1929, p. 23. 

® Kent, Hebblethwaite, and Taylor, J., 1960, 106. 

10 Barker, Bourne, and Whiffin, ‘‘ Methods of Biochemical Analysis,’’ Vol. III, Interscience Publ., 


New York, 1956, p. 213. 
11 Challinor, Haworth, and Hirst, J., 1931, 258. 
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addition, intense absorption was observed in the region 1000—1100 cm. consistent with 
the presence of fluorine. 

The introduction of a fluorine atom at position 6 of galactose influences the reactivity 
at position 1. 6-Deoxy-6-fluoro-2,3,4-tri-O-methyl-p-galactono-1,5-lactone is hydrolysed 
(‘‘ mutarotates ”’) in neutral solution more rapidly (Fig. 1) than the usual 2,3,4-tri-O-methyl 
galactonolactone." Both lactones have [a], of the same sign and order of magnitude 
and are clearly distinguished from 2,3,5-tri-O-methyl-p-galactono-1,4-lactone which 
mutarotates very much more slowly ™ {{a],, —37° —» —32° (c 0-7 in H,O) still incomplete 
after 5 days}. 6-Deoxy-6-fluoro-«-D-galactose mutarotates (Fig. 2) in aqueous solution at 
rate similar to that of the a-D-galactose, the rate constants (log,;, at 20°) being 
(1:17 + 0-1) x 10 and (1-15 + 0-1) x 10% min.* respectively. The results suggest that, 
in neutral conditions, the fluorine atom has little inductive effect on the ring-oxygen atom 
and on ring opening.!% 

In contrast, methyl 6-deoxy-6-fluoro-«-p-galactoside (VI) and its fully methylated 
derivative (VII) are more resistant to aqueous acids at 100° than is methyl «-D-galactoside. 
The rate of hydrolysis followed first-order kinetics in each case (see Table), as calculated 
from the usual equation, —kt = logy [(% — «)/(% — «)] where a, «%, and « represent the 
values of optical rotatory power, initially, after ¢ minutes, and finally. 


Values of hydrolysis constants (10k, min.) of 6-fluorogalactose derivatives. 


Conc. of Me 6-deoxy-6-fluoro- Me 6-deoxy-6-fluoro-2,3,4-tri-O- 
H,SO, (Mm) Me «-p-galactoside a-D-galactoside methyl-«-p-galactoside 

0-5 53 + 0-3 2-9 + 0-3 0-8 + 0-1 

1 12-7 + 1-0 9-4 + 0-6 3-5 + 0-5 


In these acid-catalysed reactions, the results suggest a protective action of the fluorine 
atom on the site of H,O* attack. This may be explained on the basis of hydrogen-bonding 
between fluorine and H,O* such that the resulting cationic centre, being equatorially 
disposed at position 6, restricts the approach of catalytic hydroxonium ion to the ring- 
oxygen atom. 


EXPERIMENTAL 


Paper Chromatography.—This was by downward elution on Whatman No. 1 with butan-1- 
ol-ethanol—-water (4: 1:5, v/v) or a water-saturated mixture of pyridine and butanol? (1: 4, 
v/v). Reducing sugars were detected with aniline hydrogen phthalate. 

Analyses.—Fluorine analyses were performed spectrometrically by Mr. F. T. Birks, A.E.R.E., 
Harwell, titrimetrically by Mr. L. F. Thomas, Porton, Wilts., and by Dr. A. Burchardt, 
Miilheim, Ruhr. 

Action of Hydrated Potassium Fluoride on 1,2:3,4-Di-O-isopropylidene-6-O-methanesulphonyl- 
D-galactose (1) in Anhydrous Methanol.—The ester (I) (6 g.) was heated with potassium fluoride 
dihydrate (6 g.) in dry methanol (60 ml.) in a sealed tube at 150° for 18 hr. The potassium 
methanesulphonate which separated in almost quantitative yield was filtered from the cooled 
mixture and washed with methanol (5 ml.), and the combined filtrate and washings were con- 
centrated under reduced pressure to about 10 ml. The products from three such experiments 
were combined, and water (100 ml.) was added. The filtered solution was extracted with ether 
(3 x 100 ml.), and the ether extract was dried (MgSO,). Removal of the solvent afforded the 
product (designated fluoro-product A) (II) as a colourless syrup (6-26 g.), b. p. 96°/0-05 mm., 
m,'® 1-4544 [Found: C, 55-2; H, 7-75; OMe, 8-2; F, 50%; M (Rast), 226. Calc. for 
C,,H,,0,F: C, 54-9; H, 7-2; F, 7-2%; M, 262]. 

A product (1-85 g.) was also isolated having b. p. 100—110°/0-04 mm., »,”* 1-4590 (Found: 
C, 69-9; H, 10-1; OMe, 9-1%). This was not investigated further. 

Methanolysis of ‘‘ Fluoro-phoduct A ’’ (II1).—The product (II) (2-01 g.) was refluxed for 4 hr. 
with dry methanolic 1-4% (w/v) hydrogen chloride (60 ml.). The optical rotation changed 
from [a],,1* —19-9° —» —3-1° (final value). The solution was then neutralized with lead 


#2 Luckett and Smith, J., 1940, 1114. , 


3 Swain and Brown, J]. Amer. Chem. Soc., 1952, 74, 2534. 
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carbonate, filtered, and evaporated under reduced pressure to about 5 ml. Ether was added 
and the product, designated “‘ fluorogalactoside A ”’ (III), obtained after 12 hr. was recrystallised 
from methanol-ether. It (0-4 g.) had m. p. 120°, [aJ,,*° +161° (c 0-2 in H,O) (Found: C, 44-8; 
H, 7-0; OMe, 22-4; F, 4-1. C,gH,,O, requires C, 46-15; H, 7-7; OMe, 29-8%). The compound 
consumed 2 mols. of periodate with the liberation of 1 mol. of formic acid. 

Hydrolysis of ‘‘ Fluoro-product A ”’ (II) with Aqueous Acid.—The product (II) (1-587 g.) was 
heated in 0-05n-sulphuric acid (25 ml.) at 100° for 4-5 hr. {[@),, —8-8° —» +51° (constant)}. 
The solution was neutralized with barium hydroxide, filtered and evaporated to dryness under 
reduced pressure. The sugar (0-8 g.) extracted from the residue with hot chloroform and 
recrystallized from methanol-ether had m. p. 122°, [a],,2° +129° —» +53-5° (c 0-2 in H,0) 
(Found: C, 43-1; H, 6-9; OMe, 15-1; F,0. Calc. for C,H,,0,: C, 43-3; H, 7-2; OMe, 16-0%). 
The compound (IV) consumed 4 mols. of periodate and liberated 3 mols. of formic acid. Kuhn- 
Roth oxidation gave no indication of C-Me groups. When mixed with 6-O-methyl-«-p-galacto- 
pyranose no depression in m. p. was observed. Paper chromatography of the crystalline 
product (IV) in butanol—pyridine showed one constituent (Rp 0-31) identical with 6-O-methy]l- 
p-galactose. The methanolic mother-liquor contained two substances, of Ry 0-31 and 0-37 
(cf. Rp 0-37 for 6-deoxy-6-fluoro-D-galactose). 

Methylation of ‘‘ Fluorogalactoside A ’’ (I11).—The galactoside (III) (1-156 g.) was methylated 
three times with methyl iodide (10 ml.) and silver oxide (2 g.). The product (1 g.) partially 
crystallized. After recrystallization from ether, the first component (0-8 g.) had m. p. 109—110° 
alone or mixed with methyl 6-deoxy-6-fluoro-2,3,4-tri-O-methyl-«-p-galactoside (VII) and 
[a],, + 150° (c 0-5 in CHCI,) (Found: C, 50-2; H, 7-3; F, 9-2; OMe, 50-9. Calc. for C,,H,,O,F: 
C, 50-4; H, 8-0; F, 7-6; OMe, 50-0%). The non-crystalline material, after distillation [0-35 g.; 
b. p. 104—105°/0-04 mm. (bath-temp.), ,,”° 1-4420; OMe, 60-1%] was hydrolysed with n- 
sulphuric acid (8 ml.) for 5 hr. at 100°. The solution was neutralized with barium carbonate, 
filtered, and evaporated to a reducing syrup (0-21 g,; m,”° 1-4540; OMe, 48-2%). The last 
sugar (0-17 g.) was refluxed with aniline (85 mg.) in ethanol (8-5 g.) for 10 hr. Removal of the 
solvent in the presence of 1 ml. of added benzene yielded a syrup which crystallized readily 
from acetone-light petroleum and then had m. p. 189—190° alone or mixed with 2,3,4,6-tetra-0- 
methyl-p-galactosylaniline. 

Methyl 6-O-Methyl-a-p-galactoside (XIII).—Di-O-isopropylidene-p-galactose (5 g.) was 
methylated three times with methyl] iodide and silver oxide in the usual manner. The resulting 
6-O-methyl derivative (XI) (4 g.; ,** 1-4546, b. p. 92°/0-02 mm.) was refluxed with 1% (w/v) 
methanolic hydrogen chloride (25 ml.) for 5 hr. The solution was neutralized with silver 
carbonate and concentrated under reduced pressure. The resulting methyl 6-O-methyl-a-p- 
galactoside (XII), recrystallized from ether—methanol, had m. p. 132—133°, [a],,2° +171° (¢ 4-3 in 
H,O) (Found: C, 46-0; H, 7-6; OMe, 30-0. C,H,,O, requires C, 46-15; H, 7-7; OMe, 29-89%). 
The galactoside consumed two mols. of sodium metaperiodate, liberating 1 mol. of formic acid. 
Hydrolysis of the glycoside (XII) gave 6-O-methyl-«-p-galactose ? which, crystallized from dry 
methanol, had m. p. 122° and [aJ,,2° + 66° (equil.) (c 0-5 in H,O) (Found: OMe, 15-9. Calc. for 
C,H,,0,: OMe, 15-98%), Rp 0-46 in butanol-ethanol—water, 0-31 in butanol—pyridine. 

Formation of ‘‘ Fluoro-galactoside A ’’ by Co-crystallization Authentic methyl 6-deoxy-6- 
fluoro-«-pD-galactoside (VI) (0-2 g.), mixed with methyl 6-O-methyl-«-p-galactoside (XII) (0-4 g.), 
was recrystallized three times from methanol-ether. The product had m. p. 120° alone or 
mixed with “ fluoro-galactoside A ” (III) and [aj + 158° (c 0-8 in H,O) (Found: C, 44-6; H, 
6-9; OMe, 21-8; F, 4:0%). 

Methyl 6-Fluoro-2,3,4-tri-O-a-p-galactoside (VII).—Methyl 6-deoxy-6-fluoro-a-p-galactoside 
(VI) (0-45 g.), prepared by Taylor and Kent’s method,! was refluxed three times with methyl 
iodide (15 ml.), dry acetone (2 ml.), and dry silver oxide (2 g.) for 19 hr.,each time. Fresh silver 
oxide (0-5 g.) was added after 2 hr. in each case. Filtration and concentration of the final 
solution gave a syrup from which methyl 6-deoxy-6-fluoro-2,3,4-tri-O-methyl-a-p-galactoside (VII) 
crystallized as large prisms. After recrystallization from acetone the product (0-35 g.) had m. p. 
110°, [a], +151° (c 0-6 in CHCI,) (Found: C, 50-1; H, 7-9; F, 7-5; OMe, 52-4. C, 9H,,0,F 
requires C, 50-4; H, 8-0; F, 8-0; OMe, 52-0%). 

6-Deoxy-6-fluoro-2,3,4-tri-O-methyl-a-p-galactose (VIII).—The fully methylated galactoside 
(VII) (0-75 g.) was heated at 100° with N-sulphuric acid (100 ml.) for 8hr. The following change 
in [a],, was observed: +171° + 2° (Ohr.), +125° + 2° (4hr.), +107° + 2° (7 hr.), +103° + 2° 
(constant) (8 hr.). The solution was brought to near-neutrality with barium hydroxide and 
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finally neutralized with barium carbonate. The filtrate was evaporated to dryness under 
reduced pressure and the 6-deoxy-6-fluoro-2,3,4-tri-O-methyl-p-galactose (VIII) was obtained by 
extracting the residue repeatedly with chloroform. The fully methylated sugar was obtained 
as a colourless syrup (0-6 g.), Ry 0-69 in butanol-ethanol-water, m,,** 1-4560 (Found: C, 47-7; 
H, 7:45; F, 7-6; OMe, 40-8. C,H,,0,F requires C, 48-2; H, 7-6; F, 8-1; OMe, 415%). This 
sugar and its anilide have so far resisted crystallization. 

6-Deoxy-6-fluoro-2,3,4-tri-O-methyl-D-galactono-1,5-lactone (IX).—This trimethyl sugar (VIII) 
(0-44 g.) was dissolved in water (5 ml.) containing bromine (1 ml.). At intervals, samples were 
removed, freed from bromine by aeration, and tested with Fehling’s solution. When, after 
10 days, the solution no longer had reducing properties, excess of bromine was removed and the 
solution filtered. The filtrate, neutralized with silver carbonate, was saturated with hydrogen 
sulphide and again filtered. Removal of the solvent under reduced pressure gave a pale yellow 
mobile syrup considered to be 6-deoxy-6-fluoro-2,3,4-tri-O-methyl-p-galactonic acid. This was 
lactonized when heated at 100°/15 mm. for 3hr. The lactone was taken up in ether and filtered 
to remove traces of silver sulphide. Concentration of the ethereal solution gave 6-deoxy-6- 
fluoro-2,3,4-trt-O-methyl-p-galactono-1,5-lactone (0-16 g.), b. p. 50—55°/0-05 mm., m,”° 1-4520 
(Found: C, 48-2; H, 6-2; OMe, 41-6. C,H,,O;F requires C, 48-7; H, 6-8; OMe, 41-9%), 
fa],2* +71° (3 min.) —» +11° (6 hr., equil.) (c 0-36 in H,O), giving initially a positive 
hydroxamic acid test. 

6-Deoxy-6-fluoro-2,3,4-tri-O-methyl-p-galactose Phenylhydrazide (X).—The trimethyl-lactone 
(IX) (50 mg.) was heated with phenylhydrazine (40 ml.) in dry ethanol (5 ml.) for 14 hr. The 
solvent was removed and the residue was heated at 100° for a further 30 min. The remaining 
syrup crystallized on addition of ligroin (b. p. 40—60°), and the phenylhydrazide recrystallized 
from ethanol (yield 15 mg.; m. p. 151—152°) (Found: C, 54-0; H, 6-8; N, 81. C,;H,,0,N,F 
requires C, 54-8; H, 7-0; N, 8-7%). 

6-Deoxy-6-fluoro-p-galactose Phenylosazone.—The fluoro-sugar 4 (0-1 g.) was heated in water 
(0-5 ml.) at 100° for 1 hr. with a solution (2 ml.) of phenylhydrazine (2 g.) and glacial acetic acid 
(1-5 ml.) in water (15 ml.). The phenylosazone (50 mg.) had m. p. 155—156° (from benzene) 
(Found: C, 59-2; H, 5-6; N, 13-5; F, 4-9. C,,H,,O,;N,F requires C, 60-0; H, 5-8; N, 15-6; 
F, 5-2%). 

Hydrogenation of Methyl 6-Deoxy-6-fluoro-a-D-galactoside (V1).—The fluoro-galactoside 
(0-5 g.) and pyrophoric Raney nickel (1 g.) in methanol (50 ml.) were treated with hydrogen at 
100°/120 atm. for 9 hr. The filtered solution was evaporated and the residue extracted with 
chloroform (3 x 50 ml.). After removal of the solvent, the reduced product (XIV) was 
hydrolysed with 0-5N-sulphuric acid (5 ml.) at 100° for 2 hr. The resulting reducing sugar 
(Ry 0-39 in butanol-ethanol—water) was converted into the benzylphenylhydrazone, which after 
recrystallization from ethanol had m. p. 177—178° alone or mixed with p-fucose benzylpheny]l- 
hydrazone. 

Rates of Hydrolysis —These were measured polarimetrically for solutions (10 ml.) in the 
appropriate concentration of sulphuric acid (0-5m or 1-0mM). The solutions were heated at 100°, 
then cooled rapidly to 25° before the measurement of optical rotations. Methyl 6-deoxy-6- 
fluoro-«-b-galactopyranoside (50 mg.), methyl 6-deoxy-6-fluoro-«-p-galactoside (50 mg.), and 
methyl 6-deoxy-6-fluoro-2,3,4-tri-O-methyl-«-p-galactoside (50 mg.) were studied. 


The authors thank Professor Sir Rudolph Peters for his interest, and Mr. C. Crane Robinson 
for infrared spectral data. 
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57. Oxygen Exchange between Nitrous Acid and Water. 
Part II.* Exchange in Acetate Buffers. 
By C. A. Bunton and M. MAasvt. 


Acetate ions catalyse the exchange of oxygen atoms between nitrous acid 
and water. The rate law is R oc [HNO,][H*][OAc]. The mechanism is 
thought to be attack of acetate ions on the nitrous acidium ion with form- 
ation of nitrosyl acetate. Competition experiments, in the absence of acetate 
buffer, show that dinitrogen trioxide, formed from two molecules of nitrous 
acid, is captured rapidly by aniline, and that oxygen exchange between 
nitrous acid and water (by formation and rehydration of dinitrogen trioxide) 
is thus suppressed. 


Ir is known (from Part I * and ref. 1) that nitrous acid and water can exchange oxygen 
atoms in solutions which contain no nucleophilic anions (other than nitrite) by two 
mechanisms which can be written: 


HNO, + H+ +H,NO, 
followed by 
+HgNO, + HO == tH,NOMO+HO .... ~~... (i) 
or 
+H,NO, + NO,~ === N,O; + H,O supe tear 0) ic entaa 


These mechanisms of oxygen exchange can be compared with known mechanisms of 
such reactions as diazotisation,? the hydrolysis of alkyl nitrites, and the decomposition of 
nitrous acid by hydrazoic acid. These reactions are catalysed by nucleophilic anions, and 
hence by most buffers. Our present work is a study of oxygen exchange in presence of a 
buffer. Anbar and Taube ® already studied the exchange of oxygen atoms between water 
and nitrous acid in phosphate buffers, but they did not separate the buffer-catalysed and 
the buffer-independent components of the exchange: it would be very difficult to do this, 
because the various phosphate ions will have different nucleophilic powers. 


The rates of oxygen exchange between water and nitrous acid in acetate buffer at 0°. 


PT ARTO ON Pe RO 460 462 499 5:20 5-27 531 539 540 5-43 5:60 5-95 
ty TY eee 0-056 0-037 0-058 0-039 0-066 0-165 0-040 0-025 0-066 0-040 0-040 
 * ys Seen 0-75 0-67 0-25 0:33 0-167 0-167 0-093 0-083 0-330 0-200 0-050 
ow | * eRignen 0-25 0-33 025 0-67 0-333 0-333 0-167 0-167 0-670 0-800 0-450 


: obs. 26-7 10-5 = 2-59 —«:1-88-—«0-985 2-47 0-351 0-200 1-62 0-338 0-067 
10°(R mole 1. sec.) § corr 29-6 = 8G 1-98-24. 0-825 2-25 0-288 0-171 1-56 0-324 0-065 


We chose acetate buffers for our present work because earlier experiments had shown 
that the rate of oxygen exchange in acetate buffers had a first-order dependence upon the 
concentration of nitrous acid,!* and that hydrolysis of the intermediate nitrosyl acetate is 
by fission of the nitrogen-oxygen bond. The concentration of “nitrite” was 0-025— 
0-165m (by “ nitrite ’’ we mean the species which give nitrous acid when diluted with 
water). Because we desired the buffer-catalysed exchange to be much faster than the 
uncatalysed exchange, the concentration of acetate buffer was always appreciably greater 
than that of “ nitrite.” The results of the exchange experiments are given in the Table. 
Correction is made for the amount of uncatalysed exchange (cf. Part I and ref. 1b); for all 
runs this correction is small. 


* J., 1959, 568, is regarded as Part I. 


1 (a) Bunton, Llewellyn, and Stedman, Chem. Soc. Spec. Publ., 1957, No. 4, p. 113; (6) Bunton and 
Stedman, J., 1959, 3466. 
Hughes, Ingold, and Ridd, J., 1958, 77, and accompanying papers. 
Allen, J., 1954, 1968. 
Stedman, J., 1959, 2943; Seel, Wélfle, and Zwarg, Z. Naturforsch., 1958, 18b, 136. 
Anbar and Taube, J. Amer. Chem. Soc., 1955, 77, 2993. 
Stedman, Thesis, London, 1955. 
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- For a given pH and buffer concentration the rate of exchange is proportional to the 
concentration of “‘ nitrite ’’ (see, e.g., the experiments at pH 5-27 and 5-31, and at pH 5-39 
and 5-40). 

At a given pH the exchange is considerably faster than in the absence of acetate buffer. 
From the explanation given to the rates of diazotisation in acetate or phthalate buffers,” 
we would expect oxygen exchange to be by the reaction 


+HgNO, + OAcm === NO-OAc + H,O eae Se 


which is analogous to (2). 
This would give the kinetic form: 





Re P(E HNO OA) ) 2. wl tl kt ee we @® 
This expression can be rearranged in various approximate forms, ¢.g.: 
R ROAc— 
=z H*}*[(OAc™ oe ae oe 
R K 
ay == OAc — HOAC TH+] (HOAc ee ee 
or [NO] Kom, (H*}[ ] (Id) 
The equations (Ia and 6) are plotted in their logarithmic forms in the Figure 
(with the approximation pH = —log{H*]}). Equation (Ia) requires that a plot of 


Exchange between nitrous acid and water in acetate buffer at 0°. 


Numerical values on the basis of eqn. (1a) ave 5 +- log (R/[NO,~][OAc~]); and those on the basis of 
eqn. (1b) ave 5 + log (R/[NO,~}[HOAc)). 
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© Eqn. (Ia). x Eqn. (Ib). 


log (R/[NO,]-[OAc]-) against pH should have a slope of —2; and (Ib) requires that a plot 
of log (R/[NO,~][HOAc)) against pH should have a slope of —1. The respective lines have 
been drawn with these slopes. Therefore, from our results for the kinetic form (I), using 
the values 104Kyyo, = 3-2 mole 1.1,?7 and 10°Kyoac = 1-66 mole 1.1,8 we calculate 
10°%R04°- ~ 5 1.2 mole® sec.+ from (Ia), and 3 1.2 mol. sec.~? from (Ib). This calculation 
neglects the effect of ionic strength on the equilibria and reactions involved; and this 
effect may be appreciable, particularly because we are using thermodynamic dissociation 
constants. However, the aim of this work was to study the mechanism of this oxygen 
exchange in the presence of a nucleophilic buffer rather than to obtain a precise value for 
its rate constant. This could be obtained more conveniently by chemical experiments in 
more dilute solutions. It is likely that the value of k°4*- from equation (Ib) is the more 
reliable because of a cancellation of the salt effects on Kyyo,/Kuoac: 

Using the value of k°4*- from equation (Ib) we calculate that the acetate ion is less than 
twice as reactive as is nitrite ion ? towards the nitrous acidiumion. Thus it has a reactivity 


7 Klemenc and Hayek, Monatsh., 1929, 54, 407. } 
8 Harned and Ehlers, J. Amer. Chem. Soc., 1933, 55, 652. 
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similar to those of a large number of nucleophilic anions,®* in accord with the observation 
that the nitrous acidium ion discriminates little between reagents of similar charge. 

Our experiments, by themselves, do not prove that the exchange is by attack of acetate 
ions upon the nitrous acidium ion; either a bimolecular reaction between nitrous and 
acetic acids or a termolecular reaction between nitrous acid, acetate ion, and a proton 
would have the same kinetic form as reaction (3). We use the formulation of a nucleophilic 
substitution upon the nitrous acidium ion because of the similarity between this reaction 
and other reactions of nitrous acid which are so formulated. 

Other reactions in which formation of nitrosyl acetate seems to be of kinetic importance 
are the reaction between nitrous and hydrazoic acids 14 and the diazotisation of amines.29 
In these reactions the nitrosyl acetate is probably formed by reaction between nitrous 
acidium and acetate ions. There appears to be another route for its formation, which is 
important in the catalysis by nitrite ion of the hydrolysis of acetic anhydride, namely: 1° 


Ac,O + NO,~ ——t NO-OAc + OAc 
NO*OAc + H,O — H* + NO,~ + HOAc 
Our results do not agree with the interpretation which Edwards and his co-workers ® 


have given to the kinetics of diazotisation of aniline in acetate buffers. These authors 
suggest that the rate equation is made up of several terms of which the most important is: 


Rate = k°4°-[NO,-][OAc"][H*# . . . . . . (I) 


This term is thought to represent the kinetics of the following reactions: 


Slow ' 
HOAc + HO*NO === OAc™ + H,O + NOt ae a ee 
NO+* + Ph*NH, i og Products a ee ee 


If this interpretation is correct the rate of diazotisation of aniline should be greater than, 
or at least equal to, the rate of oxygen exchange in the same acetate buffer. We cannot 
make a precise comparison between the rates of diazotisation and oxygen exchange, 
because different concentrations of buffer were used. Edwards and his co-workers quote, 
for the diazotisation of aniline at 0°, a rate of 24-8 x 107 mole 1.+ sec. with [HOAc] + 
[OAc~] = 0-20M and [NaNO,] = 0-08m at pH 5. The rate of oxygen exchange at 0° is 
259 x 107 mole 1. sec.+, with [HOAc] + [OAc~] = 0-50m and [NaNO,] = 0-06m at 
pH 4-99 (see Table). Thus the rate of exchange, calculated for the conditions of the 
diazotisation experiment, is ca. 130 x 107 mole 1.+ sec.*, i.¢., five times that of diazotis- 
ation. It is improbable that such a small change in the concentrations could affect the 
rate so much. Reaction (4) which is supposed to form the nitrosonium ion ® requires that 
the rate of diazotisation should be not less than that of oxygen exchange; we therefore 
suggest that the kinetic scheme (4) and (5) be modified. 

Our experimental results are consistent with an alternative interpretation of the buffer- 
catalysed diazotisation of an aniline. In this work the order with respect to “‘ nitrite” 
was ca. 1-7 for the acetate-catalysed reaction. This was explained by the reactions: 


+H,NO, + OAc~ === NO*OAc + H,O » ie" 6 ak oy eae 
NO-OAc + NO.” === N,O,+ OAc . . - . - - » «© « & 
N,O,; + Ph*NH, —" Products i = hs © oe oO Oe 


together with a reaction which was of the first order with respect to “ nitrite”; this could 
perhaps be: 
NO*OAc + Ph'NH, ——B OAc> + Ph‘Ngt+HsO - . - - = - @) 


* Edwards, Abbott, Ellison, and Nyberg, J. Phys. Chem., 1959, 68, 359. 
© Lees and Saville, J., 1958, 2262. 
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This kinetic scheme requires that the rate of oxygen exchange, by reaction (3), is greater 
than that of diazotisation, in agreement with experiment. 

Because the nitrous acidium ion differentiates little between various nucleophilic 
reagents, it is possible to vary the mechanisms of nitrous acid reactions by varying the 
bulk reactivity of the nucleophilic reagents, usually by varying their concentrations. 
Similarly, the acetate-catalysed diazotisation will have the rate law (II) when the bulk 
reactivity of nitrite or aniline towards nitrosyl acetate is greater than that of water, where- 
as the rate law will approximate to Rate oc [HNO,]?[OAc™] when the bulk reactivity of 
nitrite ion towards nitrosyl acetate is less than that of water, but greater than that of 
aniline.2 It should be possible to satisfy either of these conditions by suitable variation 
of the relative concentrations of the nucleophilic reagents. 

A further point has been studied in this work. The observation of a diazotisation 
which is of second order in nitrous acid and of zero order with respect to the amine indicates 
that dinitrogen trioxide is formed slowly from two molecules of nitrous acid, and is 
captured by the amine as rapidly as it is formed,? #.e.: 


v 
2HNO, === N,O, + H,O 
Vas v2 | ArNH, 


Products 
1.€., Up > Uy. 

Thus aniline should suppress the exchange of oxygen atoms by formation and hydration 
of dinitrogen trioxide. An experiment on these lines was made by Anbar and Taube,® 
who found that this exchange was not suppressed by aniline in solutions containing acetate 
buffer. This is readily explicable,? because the reactions involved are 3, 6, and 7 (p. 306). 
Aniline (in low concentration) did not apparently react sufficiently rapidly with nitrosyl 
acetate to suppress the hydrolysis back to nitrous acid, so that oxygen exchange will occur 
by reaction (3) even when the rate of diazotisation is independent of amine concentration.” 

To avoid these complications we studied the oxygen exchange between nitrous acid 
and water in solutions which contained-only sodium nitrite, nitrous acid, aniline, and a 
small amount of sodium perchlorate. The pH was sufficiently high for oxygen exchange 
by direct attack of water to be insignificant. (This is a necessary precaution because 
aniline could not suppress the exchange if, as would be expected, the nitrous acidium ion 
is in equilibrium with nitrous acid.) We found that ~0-02m-aniline completely suppressed 
the oxygen exchange of a solution of sodium nitrite at pH ~6-3 at 0°; in the absence of 
aniline we calculate that the “ nitrite ’’ would have exchanged ca. 10% of its oxygen during 
the time of the experiment (96 hr.). Thus the results of experiments on the exchange of 
oxygen atoms between water and nitrous acid in the presence of aniline and in the presence 
and absence of buffers accord with the conclusions drawn from experiments on 
diazotisation.? 


EXPERIMENTAL 


Isotope Exchange.—Kinetic experiments were made with isotopically normal sodium nitrite 
with water enriched in #80. The pH was measured by a Doran G pH meter. Materials used 
were free from carbon dioxide, and the kinetic solution was covered with a layer of spectro- 
scopically pure hexane to decrease the decomposition of nitrous acid. Exchanges were at 0°, 
and portions of the solution were removed at definite times, the exchange was stopped by 
addition of alkali, and the nitrous acid decomposed in vacuo to nitrous oxide by addition of 
sodium azide in a phosphate buffer at pH 2. This is the method of Anbar and Taube, and we 
followed their procedure.’ During decomposition there is some exchange between nitrous acid 
and water (cf. refs. 1 and 5). This exchange is reduced by using a large excess of sodium azide, 
and its effect decreased by maintaining standard conditions for all, decompositions. The 
nitrous oxide was analysed mass spectrometrically. Using this method we found good agree- 
ment with the rate of the uncatalysed exchange determined earlier: with [NaNO,] = 0-66m, 
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[HNO,] = 0-0194m, R/[HNO,]? = 0-56 1. mole™ sec.4, the mean value of R/[HNO,]? was 0-5] 
(1. mole sec.) (cf. Part I). 
The rate of the oxygen exchange, R, is given by: 


R = 2[NaNO,] (2-3/1)[log Nn /(Ng — No] 


where N; and N,, are the isotopic abundances (above normal) of the “ nitrite’’ at times ¢ and » 
respectively. The results of an experiment with [‘‘ nitrite’’] 0-040m, [HOAc] 0-050m, and 
[OAc™] 0-450m at pH 5-95 and 0° were: 
BE GR) ceciccceicicissccccscees 1-5 224 360 540 1472 © 
N (atom % excess) .........ccceee 0-135 0-195 0-226 0-293 0-488 0-816 
10’°R = 6-7 mole 1.“ sec... 


Isotopic Exchange in Presence of Aniline.—Several preliminary experiments were made with 
the following results. The isotopic abundance of nitrous oxide quoted is relative to that of the 
gas evolved from sodium azide and isotopically normal nitrous acid. Temp. 0°; Ny o= 
0-95 atom % excess. 


pH {NaNO,] [HC10,]} [Ph-NH,] Time 
initial final (mM) (mM) (mM) (hr.) Nx,o 
22 — 0-003 
5-90 — 0-05 2-5 9 45 —0-002 
5-31 6-09 0-055 11-0 20 71 —0-002 
6°34 7-28 1-0 2-0 18 90 — 0-003 


The nitrous acid was analysed isotopically by Anbar and Taube’s method.® 

In the final experiment, at 0°, the initial concentrations were: [NaNO,] 1-0m, 10°[HCIO,) 
2-5m, 10?[Ph-NH,] 1-8m, at pH 6-30. This approximate pH was maintained by regular addition 
of perchloric acid in enriched water; after 60 hr. aniline sufficient to restore the original con- 
centration was added; after 96 hr. the isotopic abundance of the nitrous acid was —0-002 
atom % excess; we estimate that in the absence of aniline there would have been >10% 
exchange, 7.¢e., Ny,o >0-1 atom % excess. 


We thank Professors E. D. Hughes, F.R.S., and Sir Christopher Ingold, F.R.S., for their 
interest in this work, and Drs. G. Stedman and J. H. Ridd for many valuable discussions. We 
are grateful to the Ramsay Memorial Fellowships Trust for a Fellowship to M. M. 


WILLIAM RAMSAY AND RALPH FORSTER LABORATORIES, 
UNIVERSITY COLLEGE, Lonpon, W.C.1. [Received, July 16th, 1959.] 





58. The Reaction of o-Phenylenediamine with «8-Unsaturated 
Acids and with @-Keto-esters. 


By J. DAVoLtL. 


The seven-membered ring structures for the reaction products of acrylic 1 
and crotonic? acid with o-phenylenediamine have been confirmed. The 
reaction products of o-phenylenediamine with ethyl acetoacetate have been 
shown to have different structures from those previously assigned.? Some 
related reactions have been examined. 


0-Phenylenediamine and «$-Unsaturated Acids —Bachmann and Heisey! prepared 
4,5,6,7-tetrahydro-5-oxo-1H-2,3-benzo-1,4-diazepine (I; R= H) from o-phenylenedi- 
amine and acrylic acid in hydrochloric acid. We confirmed this structure by reduction 
with lithium aluminium hydride to the tetrahydro-2,3-benzo-1,4-diazepine (II; R = H), 


? Bachmann and Heisey, J. Amer. Chem. Soc., 1949, 71, 1985. 
2 Ried and Urlass, Chem. Ber., 1953, 86, 197. 
* Sexton, J., 1942, 303. 
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whose 1,4-di-p-toluenesulphonyl derivative was identical with one prepared from. NN’-di- 
p-toluenesulphonyl-o-phenylenediamine and 1,3-dibromopropane.* Similarly, o-phenyl- 
enediamine and crotonic acid yielded the diazepine (I; R = Me) whose structure was 
proved by analogous reactions. This compound was also obtained from o-phenylenedi- 
amine and crotonic acid at 165—170°; its preparation by this method has been described 
elsewhere * since this part of our work was completed. 


NH- “CHR NH- CHR NH- CMe NH, COMe 
hd mm Os Oe Os 
has Co NH-CH, NH, i NH- oy 
(11) (III) (IV) 


o-Phenylenediamine and Ethyl Acetoacetate—At room temperature in the presence 
of traces of acid the product from these reactants is ethyl $-o-aminoanilinocrotonate *5 
(III), though addition of the diamine to the ester in boiling xylene containing pyridine 
is said to yield o-aminoacetoacetanilide ® (IV). According to Sexton® addition of the 
ester to the diamine in boiling xylene under neutral conditions gives the diazepine (V, or a 
tautomeric form), m. p. 121°, yet if the ester is previously kept over potassium carbonate 
or if ethanolic potassium hydroxide is added to the reaction mixture the product is the 
isomeric 2-acetonylbenzimidazole (VI), m. p. 148°. 


CH,=CMe 


NH pw 
Oh! cx >-CH,-COMe en 0 
‘a & 


(VI) (VII) 


The imidazole was also prepared by reduction of o-nitroacetoacetanilide under acidic 
conditions. 

We found that the supposed diazepine (m. p. 121°) with phosphoryl chloride and 
dimethylaniline gave a chloro-compound in which the chlorine atom could be replaced by 
an amino-group by treatment with ethanolic ammonia. However, on catalytic reduction 
and dehalogenation, the chloro-compound absorbed only two mols. of hydrogen instead 
of the three to be expected for 7-chloro-5-methyl-2,3-benzo-1,4-diazepine, and both 
Sexton’s compounds were therefore re-examined. It was found that the compound of 
m. p. 148° absorbed one mol. of hydrogen over palladium, the product being the tetra- 
hydrodiazepine (I; R= Me). Hence, the compound of m. p. 148° is the dihydrodiazepine 
(V), which has recently been prepared’ from o-phenylenediamine and keten, without 
its identity with Sexton’s supposed 2-acetonylbenziminazole having been recognised. 

The compound of m. p. 121° also absorbed one mol. of hydrogen to give a product 
resembling the starting material in its ultraviolet absorption spectrum and solubility in 
alkali, but differing in not being hydrolysed to 2-oxobenzimidazoline and acetone by dilute 
acid. It was shown to be 1-isopropyl-2-oxobenziminazoline by synthesis from o-isopropyl- 
aminoaniline and carbonyl chloride, and the compound of m. p. 121° is thus 1-isopropenyl- 
2-oxobenzimidazoline (VII), whose eneamine structure is consistent with its ready 
hydrolysis by acid. The derived chloro-compound is then 2-chloro-l-isopropenylbenz- 
imidazole and its reduction product 1-isopropylbenzimidazole, confirmed by comparison 
of its picrate with an authentic sample. The 3-alkyl derivatives of compound (VII) were 


* Stetter, Chem. Ber., 1953, 86, 197. 

5 Hinsberg and Koller, Ber., 1896, 29, 1497. ) 
® Monti, Gazzetta, 1940, 70, 648. 

7 Ried and Stahlhofen, Chem. Ber., 1957, 90, 825. 
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readily prepared, and their hydrolysis by acid to 1-alkyl-2-oxobenzimidazolines affords 
a convenient Pra, is of the latter.® 


em < aa @ Mince 
NH, CO-NHR NH-CO-NHR NH-CQ:NHR 


(VIII) 
(R = o-NH-C,H,) (VII) + NHR 


The formation of the benzimidazoline (VII) can be explained by the above scheme, 
which is based on the reactions between aniline and ethyl acetoacetate,® and on the 
formation of 2-oxobenzimidazoline by heating N-2-aminophenyl-N’-phenylurea.” It is 
assumed that the first product is 0-aminoacetoacetanilide (IV), which in the presence of 
traces of acid will condense with more diamine to give the anilide anil (VIII), from which 
the benzimidazole (VII) can be formed by intramolecular fission followed by cyclisation, 
as shown. If all traces of acid are removed or potassium hydroxide is added? 
formation of the anil (VIII) is prevented, and the acetoacetanilide (IV) then cyclises to 
the diazepine (V). [The compound described® as o-aminoacetoacetanilide resembles 


+ROH NH- _ NH- CMe: CH, 
(Vv) =a a CX. ¢ ~- CF — (vil 
NH, fo, 


NH-CO,R 


1-isopropenyl-2-oxobenzimidazoline in its hydrolysis by acid, but the melting point is 
slightly different and the analytical figures do not agree. Only compound (V) or (VII) 
could be isolated under the conditions described °.] 

Ethyl o-aminoanilinocrotonate cannot be postulated as an intermediate in the reaction, 
since when heated in xylene it gives 2-methylbenzimidazole *° if traces of acid are present, 
while if a little ethanolic potassium hydroxide was added no reaction occurred. However, 
we found that treatment of the anilinocrotonate with one equivalent of sodium ethoxide 
in boiling ethanol gave the diazepine (V) in 84% yield, while with sodium 2-ethoxyethoxide 
(one equivalent) in boiling 2-ethoxyethanol an 89% yield of 1-isopropenyl-2-oxobenz- 
imidazoline (VII) was obtained, and this could also be prepared in high yield from the 
dihydrodiazepine (V) in boiling 2-ethoxyethanol containing a catalytic amount of sodium 
2-ethoxyethoxide. These are the best routes to both compounds (V) and (VII), since 
Sexton’s procedure ® gives variable yields, particularly of the former. The conversion of the 
diazepine (V) into the benzimidazoline (VII) probably occurs as illustrated; alternatively, 
an anilide anil similar to (VIII), formed by reaction of the ester group of one molecule of 
aminoanilinocrotonate with the amino-group of another, may be an intermediate. 

The diazepine (V) was soluble in acids and alkalis, and on hydrolysis with boiling dilute 
sulphuric acid gave acetone and a little 2-methylbenzimidazole. With alkaline hypoiodite 
solution an 80%, yield of iodoform was obtained. As described by Sexton * the compound 
reacts with diazotised aniline, the product separating as the hydrochloride. With nitrous 
acid an unstable compound C,,H,,ON,,N,0, was obtained. Attempts to prepare a 
chloro-compound from the diazepine (V) and phosphoryl chloride were unsuccessful. As 
the compound does not react with methyl iodide in boiling acetone, the structure (V) is 
preferred to that with a double bond in the 4-position, and a strong amide-carbonyl band 
in the infrared spectrum (Nujol mull) at 1695 cm.~! indicates the absence of lactim forms. 

Ried and Héhne ™ recently described the preparation of two isomeric compounds from 

* Davoll and Laney, following paper. 

* Roberts and Edwards, J. Amer. Chem. Soc., 1950, 72, 5537. 


1 Lellman and Wiirthner, Annalen, 1885, 228, 199. 
1 Ried and Héhne, Chem. Ber., 1954, 87, 1801. 
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1,2-naphthylenediamine and ethyl acetoacetate, to which structures analogous. to those 
given by Sexton * were assigned; in view of the above evidence these may require revision. 

o-Phenylenediamine and Ethyl Benzoylacetate—As reported * the reactants give the 
phenyl analogue of the methyldiazepine (V). On acid hydrolysis this product yielded 
acetophenone and 2-phenylbenzimidazole, but unlike the methyl compound it did not 
react with diazotised aniline and was insoluble in dilute acid and alkali. It did not react 
with methy] iodide in boiling acetone, or with sodium 2-ethoxyethoxide in boiling 2-ethoxy- 
ethanol, and was decomposed by hot phosphoryl chloride. The infrared spectrum in 
Nujol mull showed a strong amide-carbonyl band at 1680 cm.*. 

With N-methyl-o-phenylenediamine the reaction followed a different course, yielding 
21% of 1-methyl-2-phenacylbenzimidazole, whose structure was established by reduction 
to a hydroxy-compound, followed by treatment with thionyl chloride and reductive 
dehalogenation of the product to 1-methyl-2-phenethylbenzimidazole, identical with a 
sample prepared from N-methyl-o-phenylenediamine and $-phenylpropionic acid. 


EXPERIMENTAL 

4,5,6,7-Tetrahydro-7-methyl-5-0x0-1H-2,3-benzo-1,4-diazepine.—o-Phenylenediamine (5-4 g.), 
crotonic acid (6-45 g.), and 5-5n-hydrochloric acid (7-5 c.c.) were heated together at 100° for 
4hr. Basification with concentrated aqueous ammonia then gave the product (4:3 g., 49%); 
it formed colourless rods (from ethanol), m. p. 184—185° (Ried e¢ al.? give m. p. 186°) (Found: 
C, 67:9; H, 6-8; H, 16-2. Calc. for C,,H,,ON,: C, 68:2; H, 6-9; N, 15:9%), Amex 222, 255, 
296 my (c 31,600, 5600, 3000) in EtOH. 

4,5,6,7-Tetrahydro-1H-2,3-benzo-1,4-diazepine.—A slurry of 4,5,6,7-tetrahydro-5-oxo-1H- 
2,3-benzo-1,4-diazepine } (2 g.) in dry ether was added in 14 hr. to a refluxing solution of lithium 
aluminium hydride (0-5 g.) in dry ether (60 c.c.). The mixture was boiled under reflux for 
5 hr., cooled, and decomposed with 2N-sodium hydroxide. Evaporation of the dried ethereal 
layer left a crystalline residue from which boiling light petroleum (60 c.c.; b. p. 60—80°) 
extracted the diazepine (0-31 g.),m. p. 99—101° (from light petroleum, b. p. 80—100°) (lit.,1* m. p. 
102°) (Found: C, 73-3; H, 8-0; N, 19-0. Calc. for C,H,,N,: C, 72-9; H, 8:2; N, 18-9%). 
The material (0-54 g.) insoluble in light petroleum was identified as unchanged starting material. 

Treatment of tetrahydro-2,3-benzo-1,4-diazepine with toluene-p-sulphony] chloride (2-1 mol.) 
in pyridine afforded the 1,4-ditoluene-p-sulphonyl derivative, m. p. 194—196° alone or in 
admixture with an authentic sample * (Found: N, 6-2. Calc. for C,,H,,O,N,S,: N, 6-1%). 

4,5,6,7-Tetrahydro-5-methyl-1H-2,3-benzo-1,4-diazepine.—Similarly prepared by lithium 
aluminium hydride reduction of tetrahydro-7-methyl-5-oxo-2,3-benzo-1,4-diazepine (2 g.), 
this compound (0-6 g.) formed prisms, m. p. 97—98° (Found: C, 74-2; H, 87; N, 16-9. 
Cio9H,,N. requires C, 74:0; H, 8:7; N, 17-3%). The 1,4-ditoluene-p-sulphonyl derivative, pale 
yellow prisms (from acetic acid), had m. p. 202—204° alone or in admixture with material 
prepared as described below (Found: C, 61-7; H, 5-7; N, 5-9. C,,H,,0,N,S requires C, 61-3; 
H, 5-6; N, 6-0%). 

4,5,6,7-Tetrahydro-5-methyl-1 ,4-ditoluene-p-sulphonyl-1H-2,3 -benzo - 1,4-diazepine.—Prepared 
by Stetter’s procedure ‘ from 1,3-dibromobutane in 54% yield, this had m. p. 202—204° (Found: 
C, 61-8; H, 5-8; N, 6-0%). 

1-Isopropenyl-2-oxobenzimidazoline.—(a) Prepared from o-phenylenediamine and ethyl 
acetoacetate, this compound, m. p. 121—122°, was described * as 6,7-dihydro-5-methyl-7-oxo- 
1H-2,3-benzo-1,4-diazepine, a tautomer of (V) [Found: C, 69-2; H, 6-0; N, 16-3%; M (Rast), 
176. Calc. for CypH,,ON,: C, 69-0; H, 5-8; N, 16-1%; M, 174]; it had Aggy 206, 282 my 
(e 47,500, 6800) in EtOH. The compound was rapidly hydrolysed by cold dilute aqueous- 
ethanolic sulphuric acid to 2-oxobenzimidazoline, and gave a positive iodoform reaction. 

(b) Ethyl 2-amimoanilinocrotonate (2-2 g.) was boiled under reflux for 2 hr. with a solution 
of sodium 2-ethoxyethoxide prepared from sodium (0-23 g., 1 atom-equiv.) and 2-ethoxy- 
ethanol (10 c.c.). Evaporation under reduced pressure, followed by treatment of a solution of 
the residue in water (20 c.c.) with glacial acetic acid (0-6 c.c.), gave the isopropenyl compound 

12 Ried and Stahlhofen, Chem. Ber., 1957, 90, 828. : 

18 Hinsberg and Strupler, Annalen, 1895, 287, 220. 
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(1-54 g., 89%), m. p. 120—121°, unchanged by recrystallisation from aqueous ethanol (Found: 
N, 16-2%). 

(c) 4,7-Dihydro-5-methyl-7-oxo-1H-2,3-benzo-1,4-diazepine (0-87 g.) was boiled under 
reflux for 2 hr. with a solution prepared from sodium (ca. 10 mg.) and 2-ethoxyethanol (10 c.c.). 
Evaporation under reduced pressure and addition of water gave the isopropenyl compound 
(0-69 g., 79%), m. p. 120—121°, unchanged by recrystallisation and undepressed by admixture 
with the foregoing products. 

1-Isopropyl-2-oxobenzimidazoline.—(a) Hydrogenation of the above compound -in ethanol 
at atmosphetic pressure, with palladium oxide, gave the isopropyl compound (85% yield) as 
rectangular crystals (from aqueous ethanol or benzene-light petroleum), m. p. 127—128° 
(Found: C, 68-6; H, 6-9; N, 15-5. C, 9H,,ON, requires C, 68-2; H, 6-9; N, 15-9%), dmg 
208, 231, 283 my (e 53,200, 6100, 7000) in EtOH. 

(b) o-Chloronitrobenzene (15-8 g.), isopropylamine (11-8 g.), and ethanol (15 c.c.) were 
heated together in a sealed tube at 140° for 18 hr. Evaporation and addition of water gave 
crude N-isopropyl-o-nitroaniline (18-5 g.), isolated with ether as a red syrup. This (5 g.) was 
hydrogenated in ethanol with palladised charcoal, and the product, after removal of solvent, 
was boiled under reflux for 5 hr. with a 12% solution of carbonyl chloride in toluene (35 c.c.). 
Extraction with 10% sodium hydroxide solution (75 c.c.) and acidification of the aqueous layer 
afforded the isopropyl compound (1-8 g.), m. p. 127—128° alone or in admixture with material 
from (a) (Found: C, 68-1; H, 6-9; N, 15-7%). 

2-Chloro-1-isopropenylbenzimidazole.—1-Isopropenyl-2-oxobenzimidazoline (9-6 g.),  re- 
distilled phosphoryl chloride (48 c.c.), and dimethylaniline (13-3 g.) were boiled together under 
reflux for 6 hr. Evaporation of the mixture to ca. 20 c.c. and addition of ice-water (100 c.c.) 
followed by extraction with ether gave the chloro-compound (5-5 g., 51%) as a nearly colourless 
liquid, b. p. 95°/0-4 mm., »,° 15853 (Found: C, 61-9; H, 4-9; N, 14-6; Cl, 18-5. C,)H,N,Cl 
requires C, 62-3; H, 4-7; N, 14-6; Cl, 184%), Amax 205, 247, 275, 282 my (e 33,400, 8100, 
6000, 5700) in EtOH. The picrate formed pale yellow parallelograms (from ethanol), m. p. 
130—131° (Found: C, 45-6; H, 3-2; N, 17-2; Cl, 8-3. C,,H,N,Cl,C,H,O,N, requires C, 45:6; 
H, 2:9; N, 16-6; Cl, 8-4%). 

1-Isopropylbenzimidazole Picrate-——(a) The above chloro-compound (1-93 g.) on hydro- 
genation in ethanol with palladium oxide (0-3 g.) absorbed 1-93 mols. of hydrogen in 2 hr. with 
liberation of 1 mol. of acid. The neutralised solution was filtered, evaporated, and treated with 
water. The product, isolated with ether, gave the picrate (3-1 g., 73%) as rods (from ethanol), 
m. p. 199—200° (Found: C, 49-7; H, 3-7; N, 18-4. C,9H,.N,,C,H,O,N, requires C, 49-4; 
H, 3-9; N, 18-0). 

(b) To a solution of benzimidazole (3-5 g.) and potassium hydroxide (1-7 g.) in hot ethanol 
(25 c.c.) was added isopropyl bromide (3-6 g.). The mixture was boiled under reflux for 4 hr. 
then evaporated and treated with 10% sodium hydroxide solution. 1-Isopropylbenzimidazole 
(1-3 g.), isolated with ether, had b. p. 140°/1 mm. (lit.,14 98°/0-1 mm.) and gave a picrate (2-53 g.), 
m. p. 197—199° alone or in admixture with the material from (a) (Found: C, 49-0; H, 4-0; 
N, 17-9%). 

2-Amino-1-isopropenylbenzimidazole.—2-Chloro-1l-isopropenylbenzimidazole (6 g.) and 
ethanolic ammonia (4N, 20 c.c.) were heated together in a sealed tube at 165—170° for 12 hr. 
The contents of the tube were evaporated to dryness, the residue was extracted with boiling 
chloroform (3 x 25 c.c.), and the extracted material was converted into the picrate (7-2 g.) in 
ethanolic solution. A solution of this picrate in hot 75% ethanol (750 c.c.) was percolated 
through a column of Dowex No. 1 anion-exchange resin (OH™~ form), and the filtrate evaporated 
to give the amino-compound (2-18 g., 41%) as needles (from aqueous ethanol), m. p. 148—150° 
(Found: C, 69-0; H, 6-5; N, 24-5. C, 9H,,N, requires C, 69-3; H, 6-4; N, 24:3%), Amax 210, 
243, 284 my (ce 44,300, 9400, 7400). The picrate formed leaflets (from ethanol), m. p. 237—238° 
(Found: N, 20-5. CC, H,,N;,C,H,O,N; requires N, 20-9%). 

1-Methyl-2-oxobenzimidazoline.—A solution of sodium ethoxide prepared from sodium 
(0-69 g.) and absolute ethanol (15 c.c.) was added to a solution of 1-isopropenyl-2-oxobenz- 
imidazoline (5 g.) in the same solvent (25 c.c.). Methyl iodide (2 c.c.) was added, the mixture 
was boiled under reflux for 3 hr., then evaporated, and the residue heated to boiling with 
N-sulphuric acid (50 c.c.). Ethanol was added to give a clear solution, which on cooling 
afforded 1-methyl-2-oxobenzimidazoline (3-6 g., 84%), m. p. 190—192° (from ethanol) (lit., 


4 Davies, Mamalis, Petrow, and Sturgeon, ]. Pharm. Pharmacol., 1951, 3, 420. 








ound: 


under 
) c.c.), 
pound 
ixture 


-hanol 
—128° 


a oe 


were 
’ Gave 
.) was 
lvent, 
C.C.). 
layer 
terial 


Te- 
under 
) c.c.) 
urless 
oN,Cl 
8100, 
m. p. 
45-6; 


ydro- 


| with 
anol), 
49-4; 


hanol 
4 hr. 
azole 
3 g.), 
, 40; 


and 
2 hr. 
iling 
g.) in 
lated 
rated 
-150° 
210, 
-238° 


dium 
penz- 
xture 
with 
oling 
(lit., 





[1960] a8-Unsaturated Acids and with 8-Keto-esters. 313 


m. p. 191—192°) (Found: C, 64:5; H, 5-5; N, 19-1. Calc. for C,H,ON,: C, 64-9; H, 5-4; 
N, 18-9%). 

4,7-Dihydro-5-methyl-7-0x0-1H-2,3-benzo-1,4-diazepine.—(a) This compound was described 
by Sexton * as 2-acetonylbenzimidazole. Prepared by either of Sexton’s methods, it had 
m. p. 148° (from ethanol) (Found: C, 69-3; H, 6-0; N, 16-1. Calc. for C,jH,,ON,: C, 69-0; 
H, 5°8; N, 16-1%), Amax, 213, 280, 289 my (c 32,200, 3400, 3400) in EtOH. The reported’ 
m. p. for material prepared from o-phenylenediamine and diketen is 151°. 

(b) Ethyl o-aminoanilinocrotonate (6-6 g.) was boiled under reflux for 2 hr. with a solution 
of sodium ethoxide prepared from sodium (0-69 g.) and absolute ethanol (30 c.c.). Evaporation 
and addition of acetic acid (1-8 c.c.) to a solution of the residue in water (50 c.c.) gave the 
diazepine (4-37 g., 84%) as needles, m. p. 139—141°. Recrystallisation from ethanol (9 c.c.) 
gave colourless prisms (2-8 g.), m. p. 147—149° alone or in admixture with the material from 
(a) (Found: C, 68-9; H, 5-8; N, 165%). 

Reactions of 4,7-Dihydvo-5-methyl-7-0x0-1H-2,3-benzo-1,4-diazepine.—Hydrogenation. On 
hydrogenation in ethanolic solution at room temperature and pressure, with palladium oxide 
catalyst, the compound absorbed one mol. of hydrogen and gave 80% of tetrahydro-7-methy]l- 
§-oxo-2,3-benzo-1,4-diazepine, m. p. 183—184° alone or in admixture with the material described 
above (Found: N, 15-6%). 

Hydrolysis. The diazepine (1-74 g.) and 2N-sulphuric acid (20 c.c.) were boiled under reflux 
for 1 hr. Evaporation to 15 c.c. and basification gave 2-methylbenzimidazole (0-15 g.), m. p. 
and mixed m. p. 174—176°, while the distillate afforded acetone p-nitrophenylhydrazone 
(0-4 g.), m. p. and mixed m. p. 147°. 

With benzenediazonium chloride. To a solution of the diazepine (1-74 g.) in 2N-hydrochloric 
acid (15 c.c.) was added a diazonium solution from aniline (0-93 g.). After 3 days x-benzeneazo- 
4,7-dihydvo-5-methyl-7-0x0-1H-2,3-benzo-1,4-diazepine hydrochloride (2-14 g., 68%) was collected; 
it formed red needles, m. p. 252° (decomp.) (from 70% acetic acid) (Found: C, 61-3; H, 5-0; 
H, 17-7. C,.H,,ON,,HCl requires C, 61-1; H, 4-8; N, 17-8%). 

With nitrous acid. To a solution of the diazepine (3-48 g.) in 2N-hydrochloric acid (40 c.c.) 
at 0° was added dropwise with stirring a solution of sodium nitrite (2-8 g., 2 mol.) in water 
(25 c.c.). The gum which separated crystallised when rubbed with ethanol, giving the 
product (3-45 g., 69%) as a white powder, m. p. 118—120°, falling to ca. 80° on storage. 
Crystallisation from aqueous ethanol gave colourless prisms, m. p. 104—106° (decomp.) (Found: 
C, 48-5; H, 4:1; N, 22-6. C,9H,,O,N, requires C, 48-0; H, 4:0; N, 22-4%). 

Hydrolysis of 4,7-Dihydro-7-ox0-5-phenyl-1H-2,3-benzo-1,4-diazepine.—The diazepine !* 
(2:36 g.) and 2N-sulphuric acid (20 c.c.) were boiled under reflux for 4 hr. Extraction of the 
cooled solution with ether gave acetophenone, identified as the semicarbazone (0-95 g.); 
basification of the aqueous portion yielded 2-phenylbenzimidazole (0-25 g.), m. p. 288—291° 
(lit., 291°) (Found: C, 79-8; H, 5-2; N, 14-8. Calc. for C,,H,,ON,: C, 80-4; H, 5-2; N, 14-4%). 

1-Methyl-2-phenacylbenzimidazole.—Ethyl benzoylacetate (11 g.) in xylene (10 c.c.) was 
added in 30 min. to N-methyl-o-phenylenediamine (6-1 g.) in boiling xylene (50 c.c.). The 
mixture was boiled for 1 hr., ca. 20 c.c. being distilled off. Cooling gave 1-methyl-2-phenacyl- 
benzimidazole (2-62 g., 21%) as pale yellow leaflets, m. p. 148—150°, raised to 150—152° by 
recrystallisation from ethanol (Found: C, 76-5; H, 5-8; N, 10-8. C,,H,,ON, requires C, 76-8; 
H, 5-6; N, 11:2%), Amax, 245, 276, 283, 362 my (e 19,000, 6200, 6000, 20,500) in EtOH. 

2-8-Hydroxyphenethyl-1-methylbenzimidazole-—On hydrogenation in ethanolic solution 
at room temperatures and pressure, with palladium oxide as catalyst, 1-methyl-2-phenacyl- 
benzimidazole (1-25 g.) afforded the hydroxy-compound (1 g., 79%) as hexagonal prisms (from 
ethanol), m. p. 184° (Found: C, 75-9; H, 6-4; N, 11-5. C,,H,,ON, requires C, 76-2; H, 6-4; 
N, 11-:1%), Amax, 255, 276, 284 my (e 7500, 8100, 8400) in EtOH. 

2-8-Chlorophenethyl-1-methylbenzimidazole.—The above hydroxy-compound (0:8 g.), thionyl 
chloride (1 c.c.), and dry chloroform (3 c.c.) were boiled together under reflux for 2 hr., then 
diluted with more chloroform and washed with ice-cold sodium hydrogen carbonate solution. 
Evaporation of the dried (Na,SO,) organic layer yielded the chloro-compound (0-56 g., 65%) as 
rectangular prisms [from benzene-light petroleum (b. p. 40—60°)], which partially melted 
at 115°, resolidified, and melted completely at 243—-245° (Found: C, 72-1; H, 5-7; N, 10-4. 
C,,H,,N,Cl requires C, 71-0; H, 5-6; N, 10-4%). 

1-Methyl-2-phenethylbenzimidazole—(a) On hydrogenation in ethatolic solution at room 
temperature and pressure, with palladium oxide as catalyst, the above chloro-compound (0-27 g.) 
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absorbed 31 c.c. of hydrogen. Removal of catalyst and addition of sodium picrate (0-25 g.) in 
hot aqueous solution afforded 1-methyl-2-phenethylbenzimidazole picrate (0-36 g., 77%) as leaflets 
(from aqueous ethanol), m. p. 196—198° (Found: C, 57-0; H, 3-7; N, 14-6. C,gH,gN,C,H,0,N, 
requires C, 56-8; H, 4-1; N, 15-1%). 

(b) N-Methyl-o-phenylenediamine (3-7 g.) and $-phenylpropionic acid (4-5 g.) were boiled 
together under reflux for 30 min. A solution of the cooled product in ether was washed with 
dilute hydroxide solution, dried (Na,SO,), and evaporated, giving the benzimidazole (2-0 g., 
31%), b. p. 218°/2 mm., m. p. 37° (Found: N, 12-4. C,,H,,N, requires N, 11-9%). The 
picrate had m. p. 196—198° alone or in admixture with the material described above (Found: 
C, 57-4; H, 4:5; N, 15-2%). 


The author thanks Dr. R. E. Bowman for many helpful discussions, and Miss Tanner, Dr. 
J. M. Vandenbelt, and Mr. R. B. Scott for determination of spectra and advice on their inter- 
pretation. Thanks are also offered to Mr. F. Oliver for the microanalyses. 
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59. Some N-Substituted 2-Oxobenzimidazolines. 
By J. DAvott and D. H. LAney. 


N-Substituted 2-oxobenzimidazolines are accessible by alkylation of 1-iso- 
propenyl-2-oxobenzimidazoline followed by acid hydrolysis, and from N- 
alkyl-2-nitroanilines. 


THE preparation of 1-methyl-2-oxobenzimidazoline from the readily available 1-iso- 
propenyl-2-oxobenzimidazoline by alkylation followed by acid hydrolysis! has been 
extended to a series of 1-substituted 2-oxobenzimidazolines. These are listed, together 
with some derived compounds, in Table 1. 3-Acetyl- and 3-diethylcarbamoy]l-1-iso- 
propenyl-2-oxobenzimidazoline were also prepared, but could not be hydrolysed to 1-acyl-2- 
oxobenzimidazolines. 

N-Substituted 2-oxobenzimidazolines with substituents in the benzene ring were 
prepared from appropriate N-alkyl-o-nitroanilines by treatment with alkyl chloroformates 
followed by reduction to N-alkoxycarbonyl-N-alkyl-o-phenylenediamines, which were 
then cyclised by sodium alkoxides to the required compounds. Alternatively, the nitro- 
analines were reduced to N-alkyl-o-phenylenediamines, which were cyclised with urea in 
boiling 2-butoxyethanol or with ethyl carbonate in the presence of sodium methoxide. 
6-Chloro-1-3’-hydroxypropyl-2-oxobenzimidazoline was converted, via the 3’-bromo- 
propyl derivative, into 6-chloro-1-3’-dimethylaminopropyl-2-oxobenzimidazoline, an 
analogue of chlorpromazine. The properties of the 2-oxobenzimidazolines are given in 
Table 2. 

Pharmocological properties of these compounds will be reported elsewhere, but, in brief, 
the simple 1-alkyl-2-oxobenzimidazolines showed activity as spinal reflex depressants, the 
duration of action being increased by halogen-substitution in the benzene ring. 6-Chloro- 
1-ethyl-2-oxobenzimidazoline is now under clinical trial. The chlorpromazine analogue 
(compound 30) showed virtually no anti-excitant activity. 


EXPERIMENTAL 


1-Substituted 2-oxobenzimidazolines. 
1-Alkyl-2-oxobenzimidazolines.—Standard procedure. To a solution of sodium ethoxide 
prepared from sodium (2-3 g.) and absolute ethanol (80 c.c.) was added 1-isopropenyl-2-oxo- 
benzimidazoline (17-4 g.) followed by the halide (1-1—1-4 mol. of chloride for compounds 6 and 
11, of bromide for 4, 5, and 9, and of iodide for 1 and 3, and 0-5 mol. of iodide for 7). The 
halide was added cautiously in cases 5 and 9. The mixture was boiled under reflux for 2—4 hr. 
1 Davoll, preceding paper. 
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(20 hr. for compound 4), cooled, and treated with 20n-sulphuric acid (10 c.c.). After 2 hr. at 
20° an equal volume of water was added and the mixture was evaporated to about half-bulk, 
The crude product, usually contaminated with a little 2-oxobenzimidazoline, was collected and 
recrystallised (see Table 1). 

1-2’-Diethylaminoethyl-2-oxobenzimidazoline.—To a solution of sodium ethoxide prepared 
from sodium (1-38 g., 2 atom-equiv.) and absolute ethanol (60 c.c.) were added successively 
l-isopropenyl-2-oxobenzimidazoline (5-22 g., 1 mol.) and a solution of 2-diethylaminoethy] 
chloride hydrochloride (5-16 g., 1 mol.) in hot absolute ethanol (20 c.c.). The mixture was 
boiled under reflux for 6 hr., cooled, and filtered, and the filtrate was treated with 20N-sulphuric 
acid (4 c.c.). After 2 hr. at 20°, the mixture was evaporated, the residue treated with excess 
of aqueous potassium carbonate, and the product isolated with chloroform and distilled. 

1-Hydroxymethyl-2-oxobenzimidazoline.—1-Isopropenyl-2-oxobenzimidazoline (20-9 g.), 40% 
aqueous formaldehyde (30 c.c.), and water (180 c.c.) were boiled together under reflux for 45 
min. A little ethanol was added to give a clear solution, which was refluxed for a further 15 min. 
and cooled. 1-Hydroxymethyl-3-isopropenyl-2-oxobenzimidazoline (20-5 g., 84%) separated 
as a lower liquid layer which crystallised on washing with water and had m. p. 78—86°. A 
solution of this (20-5 g.) in hot ethanol (60 c.c.) was cooled rapidly, treated with 10N-hydro- 
chloric acid (4 c.c.), and, after 2 hr. at 20°, evaporated below 40° to half-volume, diluted with 
water, and evaporated again. The product (9-5 g.) was pure after being washed with ethanol, 
but could be recrystallised rapidly from water. 

1-2’-Hydroxyethyl-2-oxobenzimidazoline—To a solution of 1-isopropenyl-2-oxobenzimid- 
azoline (5-22 g., 1 mol.) in cold absolute ethanol (60 c.c.) containing sodium ethoxide (50 mg.) 
was added ethylene oxide (3-71 c.c., 2-5 mol.). After 18 hr. at 20° the mixture was boiled under 
reflux for 2 hr., one-third of the ethanol distilled off, and concentrated hydrochloric acid (3 c.c.) 
added. After 2 hr. at 20°, the mixture was evaporated to dryness and the residue crystallised 
from water (yield, 4-0 g.). 

1-(2,3-Dihydroxypropyl)-2-oxobenzimidazoline.—A mixture of 1-isopropenyl-2-oxobenzimid- 
azoline (20-9 g., 1 mol.) and glycide (9-8 g., 1-1 mol.) was heated cautiously to 115—120° 
(internal temperature), the temperature rising spontaneously to 225°. After cooling, the 
product was hydrolysed as in the previous example. 

1-Propyl-2-oxobenzimidazoline.—This was prepared by hydrogenation of the l-allyl deriv- 
ative in ethanol, with palladium oxide as catalyst. 

2-Oxobenzimidazolin-l-ylacetic Acid.—This separated when a solution of the ethyl ester 
(10-4 g.) in 2n-sodium hydroxide (71 c.c.) was kept for 3 days at 20° and then acidified with 
concentrated hydrochloric acid. 

1-2’-Chloroethyl-2-oxobenzimidazoline.—To a solution of the hydroxyethy] compound (1:8 g.) 
in dry benzene (4 c.c.) and pyridine (0-8 c.c.) was added thionyl chloride (1 c.c.). After 3 hr. 
benzene and 0-5n-hydrochloric acid were added, and the chloroethyl compound (0-86 g.) was 
isolated by evaporation of the dried (Na,SO,) organic layer. 

3-A cetyl-1-isopropenyl-2-oxobenzimidazoline.—Acetylation of the isopropenyl compound 
with acetic anhydride—pyridine at the b. p. and addition to water gave the acetyl derivative 
(97%) as needles (from 50% ethanol), m. p. 109° (Found: C, 66-3; H, 5-9; N, 13-1. C,.H,,0O,N, 
requires C, 66-7; H, 5-6; N, 13-0%). The compound was unaffected by ethanolic 2N-sulphuric 
acid at 20°, and was hydrolysed to 2-oxobenzimidazoline at the b. p. 

3-A cetyl-1-ethyl-2-oxobenzimidazoline.—Prepared by using boiling acetic anhydride, the 
acetyl derivative (91%) formed needles (from ethanol), m. p. 110—112° (Found: C, 65-1; H, 
6-2; N, 13-9. C,,H,,0O,N, requires C, 64-7; H, 5-9; N, 13-7%). 

1-Ethyl-3-hydroxymethyl-2-oxobenzimidazoline.—1-Ethyl-2-oxobenzimidazoline (6-48 g.), 40% 
aqueous formaldehyde (10 c.c.), and water (60 c.c.) were boiled under reflux for 1 hr. The 
hydroxymethyl compound (6-74 g., 88%) separated on cooling; it formed plates (on rapid 
crystallisation from water), m. p. 132—135° (Found: 62-6; H, 6-3; N, 14:8. C,)H,,0,N, 
requires C, 62-5; H, 6-3; N, 146%). 

3-Diethylcarbamoyl-1-ethyl-2-oxobenzimidazoline.—To a solution of sodium ethoxide prepared 
from sodium (0-92 g., 1 mol.) and absolute ethanol (40 c.c.) was added 1-ethyl-2-oxobenzimid- 
azoline (6-48 g., 1 mol.) followed by benzene (300 c.c.). Ethanol was removed by azeotropic 
distillation through a short column (170 c.c. of distillate), and the residual pasty mass was 
treated with diethylcarbamoy] chloride (5-96 g., 1-1 mol.). The mixture was boiled under reflux 
with stirring for 4 hr., then cooled, and the clear solution was washed with water and dried 
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(Na,SO,). Evaporation and distillation gave the diethylcarbamoyl compound (8-62. g., 83%), 
b. p. 158—162°/0-4 mm. (Found: C, 64-5; H, 7-5; N, 16-7. C,,H,,0,N, requires C, 64:3; H, 
7-3; N, 161%). 

Similarly, 1-isopropenyl-2-oxobenzimidazoline gave 3-diethylcarbamoyl-1-isopropenyl-2-oxo- 
benzimidazoline, b. p. 156—164°/0-2—0-3 mm. (Found: C, 65-7; H, 6-9; N, 16-1. C,;H,,O,N, 
requires C, 65-9; H, 7:0; N, 15-4%), which was unaffected by 2N-sulphuric acid in aqueous 
ethanol at room temperature. 


Bz-Substituted 1-alkyl-2-oxobenzimidazolines. 


N-Alkyl-o-nitroanilines.—With the exception of 4,4’-methylenedi-(N-ethyl-o-nitroaniline), 
these were prepared as follows. 1,4-Dichloro-2-nitrobenzene, 1,2-dichloro-3-nitrobenzene, 
4-bromo-3-nitroanisole, 4-bromo-3-nitrophenetole, 4-bromo-3-nitrotoluene, and 4-bromo-3- 
nitrobenzoic acid were heated with ethanolic ethylamine (2 mol.) at 150° for 15 hr., non- 
crystalline products being isolated with ether and used directly. 2,4-Dichloro-1-nitrobenzene 
in 2-ethoxyethanol (5 vol.) was heated under reflux on the steam-bath for 12 hr. with 4 mol. of 
70% aqueous ethylamine or boiled under reflux for 5 hr. with 2 mol. of allylamine or 3-amino- 
propanol. In the first case the product separated on cooling, and in the others was isolated 
with chloroform after evaporation and addition of water. 1,2,4-Trichloro-5-nitrobenzene ? and 
the amine (2 mol.) were boiled under reflux for 7 hr. in ethanol. 

4,4’-Methylenedi-(N-ethyl-o-nitroaniline).—A mixture of crude N-ethyl-o-nitroaniline (17-5 g.), 
concentrated hydrochloric acid (13 c.c.), and 30% aqueous formaldehyde (3-8 c.c.) was kept 
overnight, then boiled for 5 hr. under reflux. Collected after cooling, the methylene derivative 
(14-4 g., 79%) formed needles (from ethanol), m. p. 120—122° (Found: C, 59-7; H, 6-1; N, 
16-3. C,,H,9O,N, requires C, 59-3; H, 5-9; N, 16-3%). 

N-Alkyl-o-phenylenediamines.—2-Amino-6-chloro-N-methylaniline was prepared by catalytic 
hydrogenation in ethanol with platinum oxide. For the other compounds, the following 
procedure was typical. A mixture of N-alkyl-5-chloro-2-nitroaniline (174 g.), iron powder 
(110 g.), water (170 c.c.), and ethanol (170 c.c.) was stirred on the steam-bath under reflux 
while a mixture of concentrated hydrochloric acid (8-3 c.c.), water (37 c.c.), and ethanol (37 c.c.) 
was cautiously added. The mixture was then boiled under reflux with stirring for 45 min., 
basified with sodium hydrogen carbonate solution, and filtered, and the solid was washed with 
ethanol. The filtrate was diluted with water, and the product isolated with chloroform; it was 
sufficiently pure for further use. Distillation gave 80—90% of pure product, but distillation 
of large quantities of the halogeno-derivatives occasionally led to explosive decomposition. 
Prepared in this way were 2-amino-5-chloro-N-ethyl-, b. p. 122—123°/1 mm., N-allyl-2-amino- 
5-chloro-, b. p. 185—136°/1-5 mm., N-allyl-2-amino-4,5-dichloro-, b. p. 145°/0-3 mm. (Found: 
C, 49-6; H, 4:5. C,H,)N,Cl, requires C, 49-6; H, 4:5%), and 2-amino-4,5-dichloro-N-ethyl- 
aniline, b. p. 138—140°/0-2 mm., m. p. 43—45° (Found: C, 47-6; H, 5-0. C,H, )N,Cl, requires 
C, 46-8; H, 49%). All darkened rapidly in air. 

Bz-Substituted 1-Alkyl-2-oxobenzimidazolines.—(A) The crude diamine and urea (3 mol.) were 
heated for 1 hr. at 180—190°. After cooling, the product was dissolved in sodium hydroxide 
solution, treated with charcoal, and precipitated with acid. 

(B) The crude diamine, urea (2 mol.), and 2-butoxyethanol (4 c.c./g. of diamine) were boiled 
under reflux for 3 hr. and added to water (5 volumes), and the crude product was washed with 
light petroleum (b. p. 40—60°). 

(C) The N-alkyl-o-nitroaniline was boiled under reflux for 3 hr. with an excess of ethyl 
chloroformate (compounds 16, 20, 22—25) or butyl chloroformate (compounds 19, 28). The 
cooled mixture was treated with ethanol, kept overnight, and evaporated to a syrup, which was 
hydrogenated in ethanol with platinum oxide. After removal of catalyst and solvent, the 
residue was boiled under reflux for 2 hr. with a solution prepared from sodium (1 atom-equiv.) 
and ethanol (compounds 16, 22, 23) or 2-ethoxyethanol (compounds 19, 20, 24, 25, 28). The 
cooled solution was concentrated, diluted with water, and acidified. 

In the preparation of compound 20, 4-ethylamino-3-nitrobenzoic acid was first converted 
into the ethyl ester. After cyclisation to the 2-oxobenzimidazoline the mixture was refluxed 
with excess of sodium hydroxide to hydrolyse the ester group. 

(D) The crude diamine, toluene (4 c.c./g.), ethyl carbonate (1-25 mol.), and sodium meth- 
oxide (1-1 mol.) were stirred together under a column while the temperature was raised 
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cautiously to 100°. When the distillation of azeotropes slackened the bath temperature was 
raised during 5 hr., finally to 170°. After cooling, water and acetic acid were added and the 
product was collected and washed with light petroleum (b. p. 40—60°). 

5-A cetamido-1-ethyl-2-oxobenzimidazoline.—1-Ethyl-5-nitro-2-oxobenzimidazoline* (1g), 
suspended in glacial acetic acid (20 c.c.), was hydrogenated, with platinum oxide as catalyst. 
After removal of catalyst and solvent the residue was dissolved in water (15 c.c.) and treated 
with acetic anhydride (5 c.c.). After 1 hr., the acetamido-compound was isolated by partial 
evaporation and addition of water. 

6-Chloro - 1-3’ -dimethylaminopropyl - 2 - oxobenzimidazoline.—Crude 5-chloro- N -3’-hydroxy- 
propyl-2-nitroaniline (22-6 g.) in dry benzene (60 c.c.) and pyridine (8 c.c.) was treated with 
benzoyl chloride (11-6 c.c.). After 2 hr. the mixture was filtered and the filtrate washed with 
dilute hydrochloric acid and aqueous sodium carbonate. Evaporation gave N-3’-benzoyloxy- 
propyl-5-chloro-2-nitroaniline (23-5 g., 72%) as orange needles, m. p. 105° (Found: C, 57-3; H, 
4-6; N, 8-7. C,,H,;O,N,Cl requires C, 57-4; H, 4-5; N, 8-4%). Conversion of this compound 
into a 2-oxobenzimidazoline by method C (with 2 mol. of sodium 2-ethoxyethoxide) simul- 
taneously removed the benzoyl group, giving 6-chloro-1-3’-hydroxypropyl-2-oxobenzimid- 
azoline. This (2 g.) and 48% hydrobromic acid (10 c.c.) were boiled under reflux for 1 hr. 
After cooling, the 3’-bromopropyl compound (2-3 g., 90%) was isolated with chloroform. The 
bromo-compound (14-4 g.) and ethanolic dimethylamine (90 c.c. of 33%) were boiled together 
under reflux for 4 hr. The mixture was evaporated and treated with aqueous potassium 
carbonate, and the 3’-dimethylaminopropyl compound isolated with chloroform. 


The authors thank Dr. R. E. Bowman for many helpful discussions, and Mr. F. Oliver for the 
microanalyses. 
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60. Thiocyanogen Chloride. Part III.1_ Preparation of Solutions in 
Acetic Acid and Their Application in the Thiocyanation of Aryl 
Ethers and Anilides. 


By R. G. R. Bacon and R. G. Guy. 


Reactions between metal thiocyanates and halogens are discussed. A 
rapid reaction in acetic acid between lead thiocyanate (1 mol.) and chlorine 
(2 mol.) gives a solution of thiocyanogen chloride, which is converted into 
thiocyanogen if more lead thiocyanate is added. Thiocyanogen chloride 
solutions were also obtained from potassium thiocyanate and chlorine in 
acetic acid, and from lead thiocyanate and phenyl iododichloride, but not 
from thiocyanates and dichloramine Tt. Aryl ethers and anilides, which are 
unreactive towards thiocyanogen, give thiocyanato-derivatives in high yield 
when treated with thiocyanogen chloride in acetic acid: PhX + Cl‘SCN —» 
p-C,H,X*SCN + HCl. These nuclear aromatic thiocyanations resemble 
corresponding substitutions by molecular halogen in that the rate of reaction 
is affected by the polarity of the solvent and by the nature of the substituent 
X: rate for (X =)NMe, > OH > OMe > NHBz > NHAc > OPh > 
NMeAc. Available rate data suggest a total reaction order of 2. 


A PROCEDURE previously reported +? for obtaining a solution of thiocyanogen chloride 
consists in preparing thiocyanogen solution from a metal thiocyanate by a conventional 
method and treating it with one molecular proportion of chlorine: 
(SCN). -++ Cl, ——t> 2CI*SCN 
1 Part II, Bacon and Irwin, /J., 1958, 778. 
? Angus and Bacon, J., 1958, 774. 
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We have since examined some variations on this procedure and particularly the production 
of thiocyanogen chloride solutions from lead thiocyanate and chlorine in one operation. 

Little has been added to knowledge of reactions between metal thiocyanates and 
halogens since Séderbick’s investigations. He examined many examples of the reaction: 
2MSCN + Hal, (solution) —» 2MHal + (SCN), (solution). He reported that bromine 
reacted with several thiocyanates, the ease of reaction being influenced by the nature of 
the metal and possibly by the dryness of the solvent; that chlorine (studied only in carbon 
tetrachloride) reacted with silver or mercuric thiocyanate but not with the lead salt; that 
reaction with iodine was confined to silver and mercuric thiocyanate and was reversible. 
Treatment of a suspension of excess of lead thiocyanate with bromine in a suitable solvent 
has subsequently been the customary method for preparing thiocyanogen solutions.* 

We were particularly interested in using thiocyanogen chloride in acetic acid. It was 
expected that this solvent, as in the case of nuclear aromatic halogenation, would be a 
better medium for nuclear aromatic thiocyanation than the carbon tetrachloride which 
we had previously used.?_ A suspension of excess of lead thiocyanate was found to react 
rapidly with chlorine in acetic acid to give thiocyanogen : 


PRC Rs + Chante FRC + OI, cn ts ee oe 


When however the reagents were used exactly in the ratio required by equation (3), a 
solution of thiocyanogen chloride resulted: 


Pb(SCN), + 2Cl, ——B> PLCI, + 2CISCN . . . ~~... Q) 
This reaction is written more simply as: 
-Pb-SCN + Cl, ——te ~Pb-CIG- CISCN . «ww we ee Ga) 


If more lead thiocyanate was added to the solution of thiocyanogen chloride, the latter 
was converted into thiocyanogen: 


Pb(SCN)_ ++ 2CISSCN ——p> PbCI, + 2(SCN)p - - - - se es (4) 
Again, this reaction is written more simply as: 
—Pb-SCN + ClkSCN——t—Pb-Cl+ (SCN)g © ss + + + + + (40) 


To ascertain whether reaction (3) occurred quantitatively, the loss in weight of the lead 
salt was accurately measured after the mixture had been stirred for a few minutes at room 
temperature. In acetic acid there was exact agreement with the theoretical figure. The 
resulting solution exhibited the expected properties }? of thiocyanogen chloride; ¢.g., it 
instantly converted cyclohexene into 2-chlorocyclohexyl thiocyanate. The account given 
below, and data to be presented in later papers, show that solutions thus prepared are 
suitable for nuclear thiocyanation of numerous aromatic compounds which are unaffected 
by thiocyanogen. The products have usually been obtained in good yield and have 
consistently proved to be thiocyanates and not chlorides. The nature of the solvent 
affects the ease with which reaction (3) occurs. For example, whereas it was quantitative 
in acetic acid, under similar conditions of time and temperature (15 min.; 20°) it occurred 
to the extent of 93% in chloroform and 35% in carbon tetrachloride; for the last solvent 
Séderbick * reported no reaction. 

Reaction (4) was demonstrated by experiments of the kind illustrated in Fig.1. The first 
section of the curve shows the slow decline in concentration of a thiocyanogen chloride solution 
(~0-05M), as measured iodometrically, which is observed at room temperature. Addition 
(A) of cyclohexene (<1 mol.) immediately removes some of the thiocyanogen chloride. 
Subsequent addition (B) of lead thiocyanate converts the rest of the reagent into thio- 
cyanogen. The latter does’not react when more cyclohexene is added (C), but it im- 
mediately reacts ? when dimethylaniline is added (D), giving NN-dimethyl-p-thiocyanato- 
aniline. 

* Séderbick, Annalen, 1919, 419, 217. / 

* Wood, “‘ Organic Reactions,” Wiley and Sons, New York, 1946, Vol. III, p. 240. 
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The production of thiocyanogen chloride may be attributed to reactions (2) and (1) 
occurring consecutively or to the single bimolecular reaction (3a). According to the 
latter view, thiocyanogen chloride is an intermediate in preparations of thiocyanogen from 
excess of thiocyanate and chlorine, when reaction (4a) follows (3a). The relative propor- 
tions of thiocyanate and chlorine determine the product, since, if local concentrations of 
thiocyanate give thiocyanogen, its chloride will be re-formed by reaction (1) as long as 
chlorine is also present in the solution. When thiocyanogen is prepared from a thio- 
cyanate and bromine, there may likewise be intermediate formation of thiocyanogen 
bromide, BreSCN, but the very ready dissociation of this compound complicates the 
situation. For bromine, the reaction corresponding with equation (1) is an equilibrium} 
quantitative aspects of which have recently been examined with the aid of infrared 
spectroscopy by our colleagues Dr. A. D. E. Pullin and Mrs. M. J. Nelson.® The difficulty 
of demonstrating the existence of thiocyanogen bromide at ordinary temperatures by 
chemical tests is presumably due to the greater reactivity of the bromine with which it is 


Fic. 1. Reactions of Cl‘SCN. 























“~~ Fic. 2. Reaction of 2-methoxynaphthalene with Cl-SCN 
= A (O-1N., 2 mol.), at 20° in darkness, in acetic acid 
= | (A), chloroform (B), and carbon tetrachloride (C). 
Sor A aes 

G 75+ 

~ 

g ij ? ® 

§ ‘ = 

3 SOF = 
= ; 

y = 

= : 

™~ gor > 

x “” 

x 

& 1 A. 1 

iS 20 40 60 

s oe a ‘ ~ Time(min.) 

° /8 23 28 

~ 


Time (hr. trom prepn. of ClLSCN) 


in equilibrium. The reactions of iodine bromide, which, unlike thiocyanogen bromide, 
can be handled in the solid state at room temperature, are likewise complicated by its 
dissociation in organic solvents.® 

Successive bimolecular steps, such as (3a) and (4a), may be general for reactions of 
halides (or pseudohalides) with halogens (or pseudohalogens). There is kinetic evidence 
for this in reactions of hydrogen iodide with chlorine and with cyanogen halides.’ For 
some pairs of reagents, reaction ceases or becomes difficult after the first step. Thus, 
metal cyanides and halogens give cyanogen halides rather than cyanogen.® Similarly, 
metal cyanates and halogens give dimeric or trimeric forms of OCN-Hal ® and solutions 
of the compound (OCN), appear to be either unobtainable or obtainable only with great 
difficulty.!° 

Assuming that the solubility of heavy-metal thiocyanates in organic solvents is too 

5 Nelson and Pullin, J., in the press. 

* Bennett and Sharpe, J., 1950, 1383; Sharpe, J., 1953, 3713. 

7 Mooney and Reid, /., 1933, 1315. 

§ Williams, “‘ Cyanogen Compounds,” Arnold and Co., London, 1948. 

® Birckenbach and Linhard, Ber., 1929, 62, 2261; 1930, 68, 2528, 2544. 


© Birckenbach and Kellermann, Ber., 1925, 58, 786; Hunt, J. Amer. Chem. Soc., 1931, 58, 2111; 
1932, 54, 907. 
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slight to be a significant factor, we envisage reactions (3a) and (4a) as heterogeneous, 
involving solvent-influenced attack of the halogen on the crystal surface, followed by 
disruption and penetration of the crystal lattice. Contemporary investigations with 
thiocyanates show that the metal-thiocyanate bond may vary in character. No inform- 
ation appears to be available concerning the bonds in lead thiocyanate, but Lindqvist ™ 
has reported an examination, by X-ray crystallography, of silver thiocyanate, which 
Séderbick used in some of his experiments.? For this salt the lattice consists of zig-zag 
chains, in which silver atoms are linked through covalent bonds to the sulphur atom of 
one thiocyanate group and also to the nitrogen atom of the next. 

The following variations on the preparation of thiocyanogen chloride by reaction (3) 
were briefly examined, mainly for their theoretical interest: 

(a) Potassium thiocyanate and chlorine in equimolecular proportions rapidly reacted 
in acetic acid: KSCN + Cl, —» KCl + CISCN. The resulting solution of thiocyanogen 
chloride gave a good yield of 2-chlorocyclohexyl thiocyanate with cyclohexene. Potassium 
thiocyanate is substantially soluble in acetic acid. Its hygroscopicity is a disadvantage, 
since water decomposes both thiocyanogen and its chloride. 

(b) Phenyl iododichloride contains labile chlorine and it has been used as an alternative 
to bromine in preparing thiocyanogen from lead thiocyanate.!* When these reagents 
were mixed in chloroform, in the proportions shown by equation (5), the product proved 
to be thiocyanogen chloride: 


2PhICI, +- Pb(SCN); ——# 2Phl +- PbCl, + 2CI*SCN ta ans « « @ 


Solutions thus obtained were employed in preparations of 2-chlorocyclohexyl thiocyanate 
and #-thiocyanatoacetanilide. Phenyl iododichloride offers no practical advantage over 
chlorine. It gives thiocyanogen chloride with thiocyanogen also, though the reaction 
appears to be more difficult than its reaction with lead thiocyanate: PhICl, + (SCN), —» 
PhI + 2Cl-SCN. 

(c) Dichloramine T likewise contains labile chlorine, and was examined with sodium iodide ; 
in acetic acid it acts as a source of iodine chloride: 4 £-CgH,Me*SO,°NCl, + 2Nal + 
2AcOH —» £-C,H,Me’SO,°NH, + 2NaOAc + 2ICl. We found no evidence for an 
analogous reaction with potassium, ammonium, or lead thiocyanates. 

Nuclear Aromatic Thiocyanation with Thiocyanogen Chloride.—The thiocyanation of 
mononuclear aromatic compounds with thiocyanogen is normally restricted to amines and 
phenols,* though it may be applied even to benzene ™ if carried out in the presence of 
Friedel-Crafts catalysts, which presumably act by polarising the S-S bond of thiocyanogen. 
Similarly, the polar character of the S—Cl bond in thiocyanogen chloride makes this a more 
powerful reagent than thiocyanogen for such electrophilic substitutions.% As with 
halogenations, the rate of these thiocyanations is affected by the polarity of the solvent. 
This is illustrated in Fig. 2 for the thiocyanation of 2-methoxynaphthalene. The presence 
of the naphthalene nucleus makes this a more reactive aryl ether than anisole and it is 
slowly substituted even by thiocyanogen (92° in 10 days in ether).4® Its reaction with 
thiocyanogen chloride at 20° was too fast for measurement in acetic acid, was fast in 
chloroform, and required about 20 hr. for completion in carbon tetrachloride. A practically 
quantitative yield of 2-methoxy-1-thiocyanatonaphthalene was obtained in all cases. 

For thiocyanations in acetic acid we have used ~0-3N-Cl‘SCN, usually at 20°, and 
occasionally at 40°. The reactions have been followed by iodometric titration, but this does 
not give a highly accurate measure of the rate of thiocyanation because the decomposition 
of thiocyanogen chloride (probably involving polymerisation) contributes, to a minor 

1 Lindqvist, Acta Cryst., 1957, 10, 29. 

1 Neu, Ber., 1939, 72, 1505. 

18 Bradfield, Orton, and Roberts, /J., 1928, 782. 

1 Séderback, Acta Chem. Scand., 1954, 8, 1851. 

18 Angus, Bacon, and Guy, Chem. and Ind., 1955, 564. j 

16 Kaufmann and Liepe, Ber. deut. pharm. Ges., 1923, 38, 139. 

M 





322 Bacon and Guy: 


degree, to the fall in titre. In the absence of other compounds, the rate of decomposition 
of thiocyanogen chloride in acetic acid solution at 20° is of the order of 0-5—1% per hr, 
If this spontaneous decomposition accompanies aromatic thiocyanation, and if the aromatic 
product can be isolated more or less quantitatively, then comparison of yield with titre 
should reveal the extent of spontaneous decomposition. The typical data shown in the 
Table indicate a rate of 0-5—3% per hr. for decomposition of the reagent and thus suggest 
that the process is not greatly affected by the simultaneous substitution. This small 
correction has been applied in drawing thiocyanation curves (Fig. 2 and 3);-it has been 


Fic. 3. Reaction of PhOMe (A), Ph-NHBz (B), Ph-NHAc (C), and PhOPh (D) with Cl‘SCN 
(0-3N, 2 mol.) in acetic acid at 20° in darkness. 
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assumed that decomposition is linear with respect to time. Our usual procedure in 
preparative work was to employ the reagent in 100% excess and to follow the course of 
the reaction by titration of aliquot parts. 

Fig. 3 and the data in the Table illustrate the thiocyanation of ethers and anilides, 
The products were obtained in good yield and required little purification. Anisole, 


Preparation of aromatic thiocyanates, with thiocyanogen chloride in acetic acid (500 mi.) 
at 20°. 
Approx. time Total 
for 50% thio- Duration of Thiocyanate Cl‘SCN 
Aryl ether or Cl‘SCN cyanation 3 isolated consumed ® 
anilide (10-? mole) (10-* mole) (hr.) ¢ ‘ (10-? mole) (10-? mole) 
2-C,sHyOMe ... 4-00 8-00 4-00 (100%) 4-24 
PhOMe - 4-00 3-28 (82%) 3-48 
i a 8-00 4-00 (100%) 4 4-24 
PhOPh - 24 3-60 (90%) 4-88 
10 (at 40°) 3-76 (94%) 5-84 
” , 8 3°84 (96% 4:24 
4-00 27 2-60 (65%) 3-36 
8-00 t S 3-52 (88%) 4-08 
- 5-24 18 (in CHCI,)* 1-83 (70%) 4:77 
Ph-NMeAc . 8-00 168 Nil 4-88 
* From rate curves (Fig. 3). ° By iodometric titration at the end of the preparation. ¢ See also 
Fig. 2. 4 Yield based on titration data in this case, since the compound was too soluble for quantit- 
ative isolation under the conditions used. * Comparative experiment with Cl‘SCN prepared from 
PhICI, in CHCI,. 
diphenyl ether, and acetanilide gave the para-thiocyanates, which were known from other 
methods of preparation. The product from benzanilide was likewise the para-derivative, 
since it could also be made by benzoylation of f-thiocyanatoaniline. No chloro-derivatives 
were detected. N-Methylacetanilide failed to react under the conditions examined. 
These results, together with earlier observations,” give the following order of reactivity 
of PhX in the thiocyanation, PhX + Cl‘SCN —» #-C,H,X:SCN + HCl: (X =)NMe, > 
OH > OMe > NHBz > NHAc > OPh > NMeAc. This is identical with the order of 
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reactivities of these benzene derivatives in nuclear substitutions by molecular halogen 
in acetic acid.?” 

An indication of the kinetics of the thiocyanations was obtained by applying a 
“ fractional life ’’ formula ?® to some of the data. For acetanilide and thiocyanogen 
chloride, in darkness in acetic acid at 20°, this gave values of 2-1—2-2 (at 30—60% 
reaction) for the total reaction order. For 2-methoxynaphthalene the values were 1-8— 
2-3 (at 40—80% reaction) in chloroform and 1-7—1-9 (at 20—60% reaction) in carbon 
tetrachloride. These results suggest a total reaction order of 2. Reaction is presumed 


8— 8+ 
to involve electrophilic substitution by CI-SCN. This appears to be a simpler process 
than the corresponding iodination by iodine chloride, which, with acetanilide or anisole, 
shows a total reaction order of 3 and is accompanied by some chlorination.’® The thio- 
cyanation of aromatic hydrocarbons by thiocyanogen chloride shows special features 
which will be discussed in later papers. 


EXPERIMENTAL 

Preparation of Thiocyanogen Chloride from Lead Thiocyanate in Acetic Acid.— AnalaR”’ 
acetic acid was dried by refluxing it for 4 hr. with 5% of acetic anhydride; the dried acid was 
used without removal of the anhydride for all the experiments described in this paper. Dry 
chlorine was passed into this solvent to give a ~0-3nN(~0-15m)-solution, 500 ml. of which were 
placed in the reaction flask and analysed by addition of aliquot parts to 10% methanolic 
potassium iodide (~200% excess), followed by iodometric titration with 0-1n-thiosulphate. 
Lead thiocyanate was prepared by precipitation from ‘‘ AnalaR ”’ lead nitrate and ‘‘ AnalaR ” 
ammonium thiocyanate and was recrystallised from water, dried in a vacuum, ground, and 
stored in a dark bottle.2° Lead thiocyanate was added to the chlorine solution in the exact 
ratio, Pb(SCN), 1 mol. : Cl, 2 mol., and the mixture was stirred for 15 min. at 20°. The green- 
yellow colour due to the chlorine was replaced by the orange-yellow of thiocyanogen chloride 
and there was a slight rise in temperature (3—-5°) during the first 2—3 min. 

After 15 minutes’ stirring, the iodometric titre of the resulting thiocyanogen chloride was 
consistently about 97% of that of the chlorine solution. The following results illustrate 
subsequent rates of decomposition of the reagent, as assessed by iodometric titration: 


Time, from end of stirring (hr.) . 1 2 4 ll 24 50 
Initially 0-331N-Cl-SCN, kept in dark at 20° (decomp. %) 1 3 7 9 ll 12 
Initially 0-325N-Cl-SCN, kept in dark at 40° (decomp. %) 4 5 7 9 15 31 78 * 
Initially 0-346N-CI-SCN, under ultraviolet irradiation f 
at ~48° (decomp. %) 7 13 19 30 
* Orange amorphous precipitate now present. f 250 watt ‘“‘ Mazda’’ ME/D mercury-vapour 
lamp. 


The reaction between lead thiocyanate and chlorine in organic solvents was examined by 
stirring the mixture for 15 min. in darkness at 20°, filtering off the lead salt, and determining 
its change in weight. The following are typical results: 


Solvent AcOH CHC1, ¢ CCl, 

Chlorine concentration 0-3501N 0-3161N 0-3542N 
Pb(SCN), added (g. per 480 ml. of solution) . 12-270 13-746 
IE SONI TIED nas cicsccenssss0gesarcusqionnscebidiaseeesbarsecnecngens ° 10-664 ° 13-077 ° 
Theor. wt. of isolated salt for complete conversion into PbCl, 

10-552 11-820 

93-5 34-7 

* Ethanol-free. ° Gave no thiocyanate reaction with aqueous FeCl,. * Gave strong thiocyanate 
reaction. 


Preparation of Thiocyanogen Chloride from Potassium Thiocyanate in Acetic Acid.—Finely 
ground ‘‘ AnalaR’”’ potassium thiocyanate was dried over phosphoric oxide for 1 week in a 
vacuum and was added to 590 ml. of 0-4N-chlorine in dry acetic acid, in 1: 1 molecular ratio, 
and the mixture was stirred for 15 min. at 20°. An exothermic reaction was apparent (4° rise) 

17 Robertson, de la Mare, and Swedlund, /., 1953, 782. 

18 Frost and Pearson, ‘‘ Kinetics and Mechanism,” Wiley and Sons, New York, 1953, p. 42. 

Lambourne and Robertson, J., 1947, 1167. i] 
Lambou and Dollear, Oil and Soap, 1946, 23, 97. 
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during the first 3 min. The titre of the resulting thiocyanogen chloride solution was 94% of 
that of the chlorine solution. Addition of cyclohexene (1 mol.) resulted in a rapid reaction, 
giving 1-chloro-2-thiocyanatocyclohexane (78%), b. p. 152—153°/20 mm., ,*5 1-5250, after 
redistillation. 

Preparation of Thiocyanogen Chloride with Phenyl Iododichloride.—(a) 500 ml. of a chloroform 
solution of freshly prepared phenyl iododichloride * (0-25N; checked by iodometric titration) 
were stirred for 30 min. at 24° with the calculated quantity of lead thiocyanate (1 mol. per 2 
mol. of PhICl,). The titre of the resulting thiocyanogen chloride solution was 89% of that 
of the phenyl iododichloride solution. It reacted rapidly with cyclohexene (1 mol.) at room 
temperature and the solution gave, on fractional distillation, iodobenzene and 1-chloro-2- 
thiocyanatocyclohexane (47%), b. p. 77—79°/0-03 mm., n,,*5 1-5267, but no dichlorocyclohexane 
fraction. A solution of thiocyanogen chloride similarly prepared gave a 70% yield of 4-thio- 
cyanatoacetanilide (see Table). 

(b) 0-1114N-Thiocyanogen in chloroform was prepared from lead thiocyanate and bromine 
and was treated with phenyl iododichloride (1 mol.) at 0°. There was no change in titre on 
mixing and after 90 min. the titre was lower by 2-7%. After 2 hr. acetanilide was added, the 
reagent (reckoned as Cl‘SCN) being in 100% excess. JIodometric titration indicated that 
49%, of the reagent had disappeared after 20 hr. at 0°, but the yield of 4-thiocyanatoacetanilide 
was only 10% after chromatographic separation from unchanged acetanilide (75% recovery). 
Thiocyanogen in carbon tetrachloride had no apparent effect at 0° on phenyl iododichloride, 
which is virtually insoluble in this solvent. 

Thiocyanation of Ethers and Anilides.—Typical preparations were carried out under condi- 
tions summarised in the Table. The purified ether or anilide was added to the flask containing 
500 ml. of ~0-3n(~0-15m)-thiocyanogen chloride in acetic acid, prepared as described above, 
and the mixture was gently stirred at constant temperature with the lead chloride still present. 
The disappearance of thiocyanogen chloride was followed by iodometric titration of aliquot 
parts. There appeared to be no significant difference between reactions carried out in daylight 
or darkness. 

The thiocyanates were isolated as crystalline precipitates by filtering off the lead chloride, 
diluting the acetic acid solution with ice and water (3-5 1.), and keeping the mixture overnight 
at about 0°. The products were fairly pure; recrystallisation raised their m. p. by 1—3°. 
1-Methoxy-4-thiocyanatobenzene was slightly soluble in cold dilute acetic acid, and the yield 
could be augmented by neutralising the filtrate from the main crop with ammonia and again 
chilling the solution. 

1-Methoxy-4-thiocyanatobenzene crystallised from ethanol in needles, m. p. 33—34°, in 
agreement with the literature 2? (Found: C, 58-0; H, 4:4; N, 8-2; S, 19-15. Calc. for 
C,H,ONS: C, 58-2; H, 4:3; N, 8-5; S, 19-4%). 2-Methoxy-1-thiocyanatonaphthalene 
crystallised from ethanol in cream-coloured prisms, m. p. 132—134°; Kaufmann and Liepe * 
give 134° (Found: C, 66-6; H, 4-25; N, 6-2; S, 15-25. Calc. for C,,H,ONS: C, 66-95; H, 4-2; 
N, 6-5; S, 14:9%). 1-Phenoxy-4-thiocyanatobenzene distilled at 144—146°/0-1 mm. and 
crystallised from light petroleum in prisms, m. p. 49—50°; Hester and Craig 7° give 45—48° 
(Found: C, 69-1; H, 3-7; N, 6-25; S, 14-05. Calc. for C,,H,ONS: C, 68-7; H, 4-0; N, 6-15; 
S, 14:1%). 4-Thiocyanatoacetanilide crystallised from ethanol in needles, m. p. 189—190°; 
Dienske * gives 189° (Found: C, 55-9; H, 4-15; N, 14:5; S, 16-85. Calc. for C,H,ON,S: 
C, 56-25; H, 4-2; N, 14-6; S, 16-7%). 4-Thiocyanatobenzanilide crystallised from ethanol 
in leaflets, m. p. 158—160° (Found: C, 66-2; H, 3-9; N, 10-85; S, 12-6. C,,H,,ON,S requires 
C, 66-15; H, 3-95; N, 11-0; S, 12-6%). It was also prepared by thiocyanating aniline by a 
procedure described for dimethylaniline ** and treating the resulting 4-thiocyanatoaniline 
(82% yield), in cooled pyridine solution, with benzoyl chloride; the m. p. was 160—161°, not 
depressed by the sample made from benzanilide. 


We gratefully acknowledge a maintenance grant (to R.G.G.) from Imperial Chemical 
Industries Limited, Dyestuffs Division. 


THE QUEEN’S UNIVERSITY, BELFAST, N. IRELAND. [Received, August 13th, 1959.] 
21 Org. Synth., Coll. Vol. ITI, p. 482. 

22 Riemschneider, Wojan, and Orlick, J. Amer. Chem. Soc., 1951, 78, 5905. 

23 Hester and Craig, U.S.P. 2,281,692. 

24 Dienske, Rec. Trav. chim., 1927, 46, 154. 

23 Org. Synth., Coll. Vol. II, p. 574. 
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61. Condensation of Chlorotriphenylmethane with ortho-Disubstituted 
Benzenes. Further Evidence on the Systematic Difference of Activation 
of ortho- and para-Directing Groups. 

By GABRIEL CHUCHANI. 


Chlorotriphenylmethane (trityl chloride; triphenylmethyl chloride) is 
known to condense with aromatic compounds by a plausible direct attack of 
the triphenylmethyl carbonium ion on the benzene ring without the use of 
solvents or catalysts. Results now obtained for the difference of directive 
influence of strong activating substituents in ortho-disubstituted benzenes are 
in agreement with those obtained on tritylation (triphenylmethylation) of the 
same compounds with triphenylmethanol in acidic media, and thus support 
the sequence as follows: OH > NH, > NHAc > OMe > Me. 


Kinetic data! and various evidence ®* suggest that chlorotriphenylmethane alone 
condenses with the aromatic ring by direct attack of the triphenylmethyl carbonium ion, 
and that there was no formation of an ether or N-substituted aniline as an intermediate 
when free OH and NH, groups are present as activators. In another view,‘ a pair of 
activating groups in ortho-disubstituted benzenes were suggested to compete for the orient- 
ation control: 


' Y 
PhaC-Cl === Ph,ct + Ci” 5; Ph,ct + sili aw. 
z phacy Jz 


If Y and Z are different substituents, then in the annexed scheme Y has a more powerful 
influence on orientation than has Z. 

The Table shows that the only compound which was not tritylated was o-methyl- 
anisole, probably owing to the lack of dissociation of chlorotriphenylmethane. However, 
it was shown that o-methylanisole reacts with triphenylmethanol as recently reported.* 


Condensation of chlorotriphenylmethane with o-disubstituted benzenes. 


Diff. in 
Compound Posn. of CPh, orientation control 

OU videnisieccnsnpcnccmehncensbiaeistuachnacnsnenatens 4(OH = 1) OH > Me 
I ania onsaeccescheussecetessedisniecennaiosetan 4(NH, = 1) NH, > Me 
Sn POIID 5vccweivccoservecctsscesccsiestinccesieses 4(NHAc = 1) NHAc > Me 
O-MetyIMMIONS  «..0...0.0005.cccccccsccccesssoscsocessoeses N.R.¢ _- 
PIE Sonic cirse cen catdcteccseniasaenitemsiniooes 4(NHAc = 1) NHAc > OMe 
I eiptincesnnsd eas sncanmecesdneensegateesaperenniel 4(NH, = 1) NH, > OMe 
SEE dik tcetawesuntininsswerencvindewiecieitenbinelssoeones’ 4(OH = 1) OH > OMe 
O-RING . oiciisccssecsesdidiscecccessensseees 4(NH, = 1) NH, > NHAc 
o-Hydroxyacetanilide ®  ........c..cccocscseceseoscece 4(OH = 1) OH > NHAc 
OnE so nsccdéccncscvcnecceccavesocsesesecnsostess 4(OH = 1) OH > NH, 


# No reaction below reflux temp. for several days. *® The NHAc was hydrolysed to NHg. 


Therefore, the general arrangement of the activating groups in order of strength of directive 
power for tritylation with chlorotriphenylmethane is OH > NH, > NHAc > OMe > Me. 
This sequence supports the one obtained from tritylation with triphenylmethanol in 
acidic media # and therefore the apparent anomaly reported in the latter work with regard 
to the absence of free NH, groups does not hold, especially since various aniline hydro- 
chlorides have been tritylated in the absence of a catalyst. These facts lead us to consider 
that OH > NHg. 
Inorganic electrophilic substitution in aromatic compounds has suggested that NH, 
Hart and Cassis, J. Amer. Chem. Soc., 1954, '76, 1634. 
Hickinbottom, J., 1934, 1700. 


1 

2 

3 MacKenzie and Chuchani, J. Org. Chem., 1955, 20, 338. } 
* Chuchani, J., 1959, 1753. 
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is the most powerful activating group; nevertheless, there is much evidence *” supporting 
our view, and Holleman’s earlier one,§ that OH > NH,. However, these results 
produced no definite conclusion about control of the orientation of these two groups and 
more data are required to determine which is the stronger activator. 


EXPERIMENTAL 


General Procedure.—Chlorotriphenylmethane and the o-disubstituted benzene were mixed in 
an approximately 1:1 molar ratio with the latter in very slight excess, without solvent or 
catalyst, in a two-necked flask, fitted with a thermometer, air condense1, and drying tube. 

4-Trityl-o-cresol. This was prepared as described by van Alphen.® 

4-Trityl-o-toluidine. Chlorotriphenylmethane (0-01 mole) and o-toluidine (0-01 mole) were 
heated at 115—120° for 3hr. The solid mass was treated with 10 ml. of 20% sodium hydroxide 
solution and crystallised from ethanol; it had m. p. 215—216° (74%), undepressed on admixture 
with a previous specimen * (Found: C, 89-0; H, 6-5; N, 4-1. Calc. for C,,H,,N: C, 89-4; H, 
6-6; N, 4-0%). 

4-Trityl-o-acetotoluidide. Chlorotriphenylmethane (0-01 mole) and o-acetotoluidide (0-01 
mole) were heated at 135—145° for 4 hr. The solid, crystallised from xylene, had m. p. 261— 
262° (69%) alone or mixed with 4-trityl-o-acetotoluidide * (Found: C, 86-1; H, 6-3; N, 3-4. 
Calc. for C,,H,,ON: C, 85-9; H, 6-4; N, 3-6%). 

4-Trityl-o-acetanisidide and 5-trityl-o-aminoacetanilide. ‘These were prepared as before. 

4-Trityl-o-anisidine. Chlorotriphenylmethane (0-01 mole) was heated with o-anisidine 
(0-01 mole) at 135—140° for 18 hr. The solid was treated with 10 ml. of 20% sodium hydroxide 
solution and crystallised from benzene; it had m. p. 184—185° (44%) alone or mixed with the 
product from tritylation of o-anisidine with triphenylmethanol in acid * (Found: C, 85-3; H, 
6-2; N,3-9. Calc. forC,,H,,ON: C, 85:5; H, 6-3; N, 3-8%). 

4-Tritylguaiacol. Chlorotriphenylmethane (0-01 mole) and guaiacol (0-01 mole) were 
heated at 120—125° for 30 hr. The product, crystallised from small amounts of glacial acetic 
acid, had m. p. and mixed 4 m. p. 188—189° (56%) (Found: C, 85-0; H, 6-0. Calc. for 
C,,H,,0,: C, 85-2; H, 6-1%). 

2-Amino-4-tritylphenol. (a) Chlorotriphenylmethane (0-01 mole) was heated with o-hydroxy- 
acetanilide at 120—125° for 20 hr. The solid, treated with 10 ml. of 20% sodium hydrogen 
carbonate solution and crystallised from boiling toluene, had m. p. 286—288° (83%) alone or 
mixed with the product of tritylation of o-aminophenol;‘4 therefore the acetyl group was 
cleaved (Found: C, 84-8; H, 6-6; N, 3-9. Calc. for C,,H,,ON: C, 85-5; H, 6-0; N, 40%). 
(b) Chlorotriphenylmethane (0-01 mole) and o-aminophenol (0-01 mole) were heated at 135— 
140° for 18 hr. The product, treated with 10 ml. of 20% sodium hydrogen carbonate solution 
and crystallised from boiling toluene, had m. p. and mixed * m. p. 286—288° (79%) (Found: C, 
84:0; H, 6-4; N, 40%). 
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62. Potential Anti-purines. Part III.1 Some 9-Dialkylamino- 
alkyl-purines and -8-azapurines. 


By J. H. Lister and G. M. Timais. 


The synthesis is described of purines and 8-azapurines substituted at the 
9-position with w-dialkylaminoalkyl groups. Some related w-hydroxy- and w- 
amino-alkylpurines are included. Absorption spectra are recorded and 
discussed. 


ANTIMALARIAL compounds of the mepacrine and chloroquine types, which are derivatives 
of acridine and quinoline respectively, have been shown? readily to penetrate the cell 
and to be localised on the nucleic acid. An essential feature of the structure of these anti- 
malarials is a basic side chain, and since interference at some stage of the biosynthesis of 
nucleic acid may be an essential requisite in the chemotherapy of the malignant cell, we 
have prepared purines and 8-azapurines bearing such side chains in the hope that these 
derivatives would be readily assimilated into the cell. By analogy with the naturally 
occurring nucleosides we have also attached 2-hydroxyethyl and 3-hydroxypropyl groups 
at the 9-position of the purine. 

Two series of purines were prepared, both having a two- or three-carbon chain at the 
9-position terminating in a basic or a hydroxyl group. 

In the first series, based upon 6-methylpyrimidine, the purines were usually liquids or 
low-melting solids and the intermediates were unstable. The other series, being derivatives 
of adenine, had higher melting points, and the intermediates were more stable; in this 
series the corresponding 8-azapurines were also prepared. 

6-Methylpurines.—Condensing 2 equivalents of 3-diethylaminopropylamine with 2,4- 
dichloro-6-methyl-5-nitropyrimidine in ether gave a solution containing 2-chloro-4-3'-di- 
ethylaminopropylamino-6-methyl-5-nitropyrimidine (I; X= Cl). This compound was 
not isolated but was caused to react at the 2-position with an excess of an amine, yielding 


Me Me e 
N7 NO, : NZ A 
xk, | NH-[CH)] NEt. ‘Oe, 
i] 
(I) qu) [CHa], NEta 


the nitropyrimidines (I; X = NH-[CH,],"NEt, and X = NH,). On catalytic reduction 
over Raney nickel these gave gums: the 5-amino-2-diethylaminopropylaminopyrimidine 
was isolated as the tripicrate, and the 2,5-diamino-derivative was purified by distillation. 
Ring closure with formamide in the presence of hydrochloric acid gave the purines (II; 
X = NH-[CH,],*NEt,) as a viscous oil and (II; X = NH,) as a low-melting solid, both 
somewhat hydrated. 

Adenine Derivatives.—These were prepared similarly, from 4-amino-6-chloro-5-nitro- 
pyrimidine in ethanol (see Table 1). In the case of compound (III; » = 2, X = NH,) the 
addition procedure was reversed, the chloropyrimidine being added to an ethanolic solution 
of ethylenediamine. Reduction was smoothly accomplished in ethanol with hydrogen and 
Raney nickel to the 4,5,6-triaminopyrimidines (Table 2), which were light-sensitive and 
unstable. These gave the corresponding purines (IV) (Table 3) on treatment with 
formamide and hydrochloric acid. 

A few derivatives of 6-dimethylaminopurine were also made, these being analogues 
of the base of Puromiycin. By starting with 4-chloro-6-dimethylamino-5-nitro- 
pyrimidine * and using the above conditions 9-diethylaminopropyl-6-dimethylaminopurine 

? Part II, Leese and Timmis, J., 1958, 4107. 


? Parker and Irvin, J. Biol. Chem., 1952, 199, 897. } 
5 Rose, J., 1954, 4116. 
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(V; »=3, X = NEt,) was obtained as a distillable oil. The hydroxyethylpurine (vy; 
n = 2, X = OH) was formed as its acetate after ring closure with an ethyl orthoformate- 
acetic anhydride mixture and recovered therefrom by treatment with aqueous alkali, 
Attempts to prepare the aminoethylpurine (V; » = 2, X = NH,) were not successful a 
the initial condensation of ethylenediamine with the nitropyrimidine gave only the 
ethylenediamine derivative (VII). The alkali-treatment used during the isolation of the 
majority of the purines removed the risk of contamination by the isomeric 6-(substituted 
amino)purines (VI) which could have been formed by the alternative ring closure across the 
two primary amino-groups. 





NH-[CH,] x 


NH: NH, NMe, A 
mn OO OS 
Cie TD Ly UO 
[cH,],-x [cx], °x 4 

(IIT) (IV) (V) (VI) 


The action of thionyl chloride on the hydroxyethyl- and hydroxpropyl-purine (IV; 
nm = 2 and 3 respectively, X = OH) gave the chloroalkyl derivatives (IV; m = 2 and 3, 
X = Cl) which were of interest as possible cytotoxic agents in view of their relation to the 
“nitrogen mustards.” 

From the above 4,5-diaminopyrimidine intermediates 8-azapurines (Table 4) were 
obtained by the action of cold nitrous acid, namely, (VIII; » = 3, X = NMe, and NEt,; 
n = 2 and 3, X = OH) and (IX; » = 3, X = NEt,; » = 2, X = OH). 


NMe, Nh , NMe 
Qo Sn NZ 
Se NH-CH,~| ie . | oe 

N 
. fers] ox [cr,],-x 
(Vil) (VIII) (IX) 


The ultraviolet absorption spectra of aqueous solutions confirmed the structures of the 
above adenine derivatives. There was no change in the curves between pH 7 and 12, a 
single peak in the region 260—261 my being exhibited, but at lower pH a slight shift to 
shorter wavelengths was observed. This indication of the lack of an anionic centre is 
reminiscent of the behaviour of 9-methyladenine * under the same conditions. On the 
other hand, the isomeric 6-dialkylaminoalkylaminopurines have been reported 5 and show 
similar spectra to those of 6-methylaminopurine ® which absorbs at higher wavelengths 
than the 9-substituted isomers. The anionic centre is apparent in the similar spectra at 
pH 2 and 7 and in the shift to longer wavelengths in alkaline solution. 

The spectra of the 8-aza-adenines are likewise unaltered curves between pH 7 and 
pH 12, but the maxima are at much longer wavelengths (278 my) than those of the corre- 
sponding adenines. At lower pH the region of maximum absorption is at shorter wave- 
lengths (262—263 my) and is close to that of the above adenines. 

For both the purines and the azapurines replacement of the 6-amino- by a dimethyl- 
amino-group generally moves the peaks to longer wavelengths. 


EXPERIMENTAL 


Analyses are by Mr. P. R. W. Baker, Beckenham. 
2,4-Bis-3’-diethylaminopropylamino-6-methyl-5-nitropyrimidine (I; X = NH-[CH,],°NEt,). 
—To a solution of 2,4-dichloro-6-methyl-5-nitropyrimidine (10 g.) in ether (150 ml.) was added 
* Robins and Lin, J. Amer. Chem. Soc., 1957, '79, 490. 


5 Skinner, Shive, Ham, Fitzgerald, and Eakin, ibid., 1956, 78, 5097. 
® Mason, J., 1954, 2071. 








Pyrimidines, as (111) but with NH, varied. 
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3-diethylaminopropylamine (30 g.) with stirring. Next morning the ether layer was shaken 
with water and dried (Na,SO,). Removal of the ether left a mobile orange oil which crystalliseg 
(18 g.). It was dissolved in ether, filtered through charcoal and Filtercel, and recovered, 
affording the product as pale yellow prisms, m. p. 37—39° (Found: C, 57-4; H, 9-3; N, 25:0, 
C,,H;,0,N, requires C, 57-7; H, 9-4; N, 24-8%). 

5-A mino-2,4-bis-3’-diethylaminopropylamino-6-methylpyrimidine.—The above product (18 g.) 
in ethanol was hydrogenated over Raney nickel until the uptake was completed. Removal of 
the catalyst and solvent left a low-melting wax (14-5 g.). It did not crystallise but with saturated 
ethanolic picric acid gave the tripicrate, m. p. 142° (from ethanol) (Found: C, 42-75; H, 4-9; 
N, 20-7. CygH 39N7,3C,H,O,N, requires C, 42-2; H, 4-6; N, 21-3%). 

9 - 3’ - Diethylaminopropyl - 2 - 3’ - diethylaminopropylamino -6-methylpurine (II; X= 
NH-[(CH,],*NEt,).—The preceding pyrimidine (14 g.) was heated in formamide (20 ml.) and 
hydrochloric acid (d 1-16; 5 ml.) at 175—180° for 30 min. After cooling, the solution was 
treated with 10N-sodium hydroxide and ether extracted, the extracts, after drying (MgSO,), 
were evaporated, and the residual dark oil was distilled at reduced pressure. Redistillation gave 
the purine (5 g.), b. p. 216—218°/0-5 mm. (Found: C, 62-6; H, 9-7; N, 26-1. C,9H3,N,,4H,0 
requires C, 62-5; H, 10-0; N, 25-5%). 

Analogous compounds were similarly prepared. The purines (IV; n = 3, X = NMe, and 
NEt,) were recovered by adding concentrated sodium hydroxide solution to the reaction 


TABLE 4. Azapurines (VIII) and (IX). 


Found (%) Required (%) Yield 
6-Subst. X M. p. Solvent C H N Formula Cc HR SR & 
H NMe, 172—173° COMe, 48-6 44-3 C,H,,N, 48-8 68 443 67 
H NEt, 161—162 COMe, 53-3 39-7 C,,HieN; 53-0 7-7 39:3 99 
55-4 84 348 65 
0-1 mm.) 

H OH 253—254 H,O 40-0 0- 
Me OH 139—140 C,H, 46-2 
H OH 214—215 H,O 43-5 


46-2 C,H,ON, 4 
40-0 C,H,,ON, 4 
42-9 C,H,,ON, 4 


46-6 74 
6- ‘8 40-4 54 
3- P 69 


9 
4 
Me  NEt, (167—168°/ — 553 80 344 C,,H,,N,,tH,O 
5 
8 
1 


TABLE 5. pH and absorption maximum (my). 

Substance pH Amex. 10*e Substance 

Adenine derivatives Purine derivatives 
9-Methyl ¢ 261 9-3’-Diethylaminopropyl-6- 268 16-4 
262 dimethylamino 277 —s 16-1 
9-3’-Dimethylaminopropyl 259 9-2’-Hydroxyethyl-6-di- 2 268 142 
7-1 261 methylamino 277 14:7 
9-3’-Diethylaminopropyl 258 6-Methylamino * 266— ~16-0 

261 267 

9-2’-Aminoethyl 257 273 ~16-0 
261 
9-3’-Hydroxypropyl 259 
261 
9-2’-Hydroxyethyl 258 
260 
9-3’-Chloropropyl 259 
261 
9-2’-Chloroethyl 258 
261 


8-A za-adenine derivatives 

9-3’-Dimethylaminopropyl 263147 

278 ~=s-113 
9-3’-Diethylaminopropyl 263 

278 
9-3’-Hydroxypropyl 263 

278 
9-2’-Hydroxyethyl 262 

278 
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8-Azapurine derivatives 
9-3’-Diethylaminopropyl-6- 2 274 

dimethylamino 7—12 297 
9-2’-Hydroxyethyl-6-di- 2 273 

methylamino 7—12 295 


mixture; and (IV; » = 2, X = NH,) by similar addition after evaporation and treatment 
with a little water; but (IV; m = 2 and 3, X = OH) crystallised from the reaction mixture. 
These products are in Table 3. 


2,5-Diamino-4-3'-diethylaminopropylamino-6-methylpyrimidine.—To a cooled, stirred solution 
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of 2,4-dichloro-6-methyl1-5-nitropyrimidine (9-6 g.) in ether was added dropwise 3-diethylamino- 
propylamine (12 g.). After 1 hr. the solution was evaporated to small bulk and an excess of 
ethanol saturated with ammonia added, after which the solution was heated under reflux for 
lhr. Removal of the ethanol left a red oil which was hydrogenated in ethanol to completion 
over Raney nickel. After removal of the solvent the residual oil was distilled under reduced 
pressure (b. p. 214—220°/2-5 mm.) ; recrystallisation of the distillate (1-2 g.) from ether gave the 
triaminopyrimidine as needles, m. p. 123—125° (Found: C, 56-9; H, 9-8; N, 33-8. C,,H,,N, 
requires C, 57-1; H, 9-6; N, 33-3%). 

2-Amino-9-3’-diethylaminopropyl-6-methylpurine (II; X = NH,).—The triaminopyrimidine 
(1 g.) was heated in formamide (5 ml.) with hydrochloric acid (@ 1:16; 0-5 ml.) at 
175° for 30 min., then cooled. An excess of saturated ethanolic picric acid was added, 
giving the dipicrate (2-15 g.), m. p. 208—210° (from water) (Found: C, 41-5; H, 3-8; N, 23-2. 
Cy3H2Ng,2CgH3O,N;, requires C, 41-7; H, 3-9; N, 23-2%). 

The free base was obtained by treating the picrate with cold, concentrated sodium hydroxide 
solution and extracting the whole with ether. It had m. p. 53—54° (Found, on material dried 
at 40°: C, 58-6; H, 8-7; N, 32-1. C,,H,.N,,JH,O requires C, 58-5; H, 8-5; N, 31-5%). 

6-Dimethylamino-9-2'-hydroxyethylpurine (V; mn = 2, X = OH) (see Table 3).—The ap- 
propriate triamine (1 g.) in ethyl orthoformate (14 g.) and acetic anhydride (10 g.) was heated 
under reflux for 1 hr. After evaporation, the residue was dissolved in hot benzene and 
reprecipitated with light petroleum (b. p. 40—60°), then recrystallised from cyclohexane, giving 
9-2’-acetoxyethyl-6-dimethylaminopurine (0-73 g., 85%) as needles, m. p. 93—94°. 

This derivative (0-25 g.) was heated in ethanol (4 ml.) and 2N-sodium hydroxide (5 ml.) at 
40° for 25 min. and the whole was evaporated. The residue was extracted with hot ethyl 
acetate, the combined extracts were evaporated, and the residual oil was rubbed with ether, 
giving an off-white solid. Crystallisation from ethanol-ether gave 6-dimethylamino-9-2’- 
hydroxyethylpurine as prisms, m. p. 135—136°. 

9-2’-Chloroethyladenine (IV; n=2, X =Cl) (see Table 3).—9-2’-Hydroxyethyladenine 
(0-85 g.) and thionyl chloride (10 ml.) were heated on a water-bath for 30 min. Removal of the 
thionyl chloride and crystailisation of the residue from the minimum of ethanol gave 9-2’-chloro- 
ethyladenine hydrochloride as yellow laths (0-85 g., 77%), m. p. 221—223° (Found: C, 35-6; H, 
4:1; N, 29-9. C,H,N,Cl,HCl requires C, 35-9; H, 3-9; N, 29-9%). 

The base was obtained as a crystalline precipitate on treatment of an aqueous solution of the 
hydrochloride with sodium carbonate solution. Recrystallisation from ethanol gave colourless 
prisms of 9-2’-chloroethyladenine, m. p. 203—205°. 

8-Azapurines (see Table 4).—The preparation of 9-3’-dimethylaminopropyl-8-aza-adenine 
(VIII; » = 3, X = NMe,) is given as an example of the general method. 

Sodium nitrite (2-6 g.) in water (15 ml.) was added dropwise to a stirred solution of 4,5-di- 
amino-6-3’-dimethylaminopropylaminopyrimidine (5-5 g.) in acetic acid (50 ml.). The solution 
was then brought to pH 7 by means of ammonia solution, and the precipitate was filtered off and 
dried. Crystallisation from acetone gave 9-3’-dimethylaminopropyl-8-aza-adenine (3-9 g., 67%) 
m. p. 172—173° 


We are indebted to Dr. E. M. F. Roe for light-absorption data and to Mr. J. M. Johnson for 
technical assistance. This work was supported by grants to this Institute from the British 
Empire Cancer Campaign, the Jane Coffin Childs Memorial Fund for Medical Research, the 
Anna Fuller Fund, and the National Cancer Institute of the National Institutes of Health, 
U.S. Public Health Service. 
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63. The Desorption of Alcohols from Metal Oxides. Part I. 
Ethanol and Propan-2-ol. 


By D. J. WHEELER, P. W. Darsy, and C. KEMBALL. 


Ethanol and propan-2-ol were adsorbed on cupric, nickel, zinc, alumin- 
ium, and titanium oxides at room temperature. In each case, the products 
desorbed over a series of ranges of temperature were collected and analysed 
by gas chromatography. The extent and the nature of the decomposition 
vary widely from one oxide to another. Similar types of product are formed 
from both alcohols desorbed from a given oxide, although propan-2-ol is 
always the more readily decomposed. 

Some combustion of the alcohols together with partial reduction of the 
oxides occurs over cupric and nickel oxides. Thermodynamic calculations 
confirm that such combustion is feasible. Products containing one more 
carbon atom than the adsorbed alcohol are formed over nickel oxide and 
zinc oxide. 


CATALYTIC decomposition of alcohols over metal oxides at high temperatures has been the 
subject of considerable investigation, and the adsorption of alcohols on oxides at lower 
temperatures has also been studied. However, little information is available about the 
nature of the products which are formed when alcohols are desorbed from oxides at temper- 
atures intermediate between room temperature and the temperature required for genuine 
catalytic decomposition of the alcohol. Schreiner and Kemball! reported that consider- 
able decomposition of ethanol occurred when attempts were made to desorb it from a 
number of metal oxides. In view of the variety, of products which Schreiner 2 observed, 
a detailed study has been made of the desorption products from a series of alcohols over a 
number of oxides. Schreiner’s observations were mainly qualitative as the products were 
too numerous to be analysed efficiently by the mass-spectrometric technique which he used. 
Gas chromatography now provides a means of accurate and rapid analysis. This paper 
describes results obtained for the desorption of ethanol and propan-2-ol from a number of 
oxides, and also one set of observations on the desorption of acetaldehyde from zinc oxide. 
Results for higher alcohols will be given in Part II. 


EXPERIMENTAL 


“* AnalaR ”’ ethanol and propan-2-ol, and a B.D.H. sample (99% pure) of acetaldehyde were 
used. Nickel oxide was prepared by heating nickel carbonate (B.D.H.) at 860° for 2 days and 
the product was washed with dilute hydrochloric acid and then distilled water. The titania 
samples “‘ Anatase HR” and “ Rutile 272”’ were supplied by British Titan Products. 
** AnalaR ”’ oxides of zinc, copper, and aluminium were used and a second sample of alumina, 
7-Al,0,, prepared from the alcoholate was supplied by Imperial Chemical Industries Limited, 
Billingham. 

The apparatus consisted of a conventional high-vacuum train with provision for measuring 
the adsorption of alcohol by means of a mercury manometer and for the collection, estimation, 
and handling of the desorption products. After a weighed sample of the oxide had been heated 
in vacuo at a temperature consistent with its stability (CuO at 200°; other oxides at 400°), the 
oxide was cooled, sufficient alcohol vapour was admitted to saturate the surface at room temper- 
ature, and the amount adsorbed was determined. Desorption was then started at room temper- 
ature, to a trap cooled in liquid nitrogen. Any non-condensable products were removed by a 
Toepler pump. After 20—30 hr., when the rate of desorption of products had fallen below 
about 0-1 ml. (N.T.P.)/hr., the products were removed for analysis. The temperature of the 
oxide was raised by about 50° and a second range of desorption products collected in a similar 
manner. This procedure was repeated up to a final temperature identical with that used for 


1 Schreiner and Kemball, Tvans. Faraday Soc., 1953, 49, 292. 
2 Schreiner, Ph.D. Thesis, Cambridge, 1951. 
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outgassing the oxide. The total amounts of both condensable and non-condensable products 
collected at each temperature were measured and samples of each were analysed by gas 
chromatography. 

The detectors in the gas-chromatographic units were thermal-conductivity cells containing 
48 S.W.G. platinum wire. These were heated by either alternating or direct current. The 
off-balance potential was either amplified and recorded on an Evershed and Vignoles A.C. 


were used in the analyses. 


TABLE 1. Calibrations for dinonyl phthalate—Celite columns.* 


milliammeter or recorded directly on a Sunvic D.C. millivoltmeter. 
A 6 ft. charcoal (44—60 mesh B.S.S.) column gave good resolution 
of the non-condensable gases, hydrogen, carbon monoxide, and methane. 
column was used for separating carbon dioxide, ethylene, and ethane. 
operation and the performance of both these columns have been described by Darby and 


Several types of column 


An 8 in. charcoal 
The conditions of 





Elution Limit of 
Operating time Response detection 
Column conditions Substance (min.) (uv/mm.) (mm.) 
A N,; 35 ml./min. H,O 5-50 7-4 1-61 
35°; 6 ft. C,H,-OH 11-50 17-1 0-63 
AP = 280 mm. 
S = 5 ml. 
B H,; 118 ml./min. H,O 2-70 3-7 0-68 
40°; 6 ft. (CH;),CO 3-01 26-5 0-09 
AP = 670 mm. (iso-C,H,),O 5-10 10-0 0-25 
S = 5 ml. iso-C,H,-OH 5-67 11-5 0-22 
Cc H,; 85 ml./min. CH,°CHO 1-27 54-1 0-05 
33°; 4 ft. (C,H,),O0 2-07 38-8 0-06 
AP = 692 mm. H,O 2-4—2-6 2-9 0-86 
S=5ml. C,H,-OH 3-40 16-9 0-14 
(CH,).CO 3-60 17-9 0-14 
(iso-C,H,),O 4:5 20-2 0-12 
iso-C,H,-OH 4-9 16-1 0-15 
D H,; 57 ml./min. C,H,, C,H, 2-6 176 0-014 
20°; 30 ft. C3H,, C,H, 3-3—3-4 111 0-022 
AP = 684 mm. iso-C,H,, 4:8 90 0-03 
S=14nl. n-CyHy 6-4 95 0-03 
1-C,H, 7-9 90 0-03 
2-C,H, 8-8 90 0-03 


* The operating conditions given include carrier gas, flow rate, temperature, and length of column, 
pressure difference across column, and size of sample admitted. In each case, gas entered the columns 
at atmospheric pressure. 


Kemball.* Greater accuracy in the estimation of carbon dioxide and ethylene was obtained 
later by using a 16 in. charcoal column at 63° with hydrogen as carrier at a flow rate of 168 
ml./min. Columns containing commercial dinonyl phthalate (D.N.P.) on Celite (1 : 2-2 by wt.) 
were used for analysing all other products. The operating conditions and the sensitivities for the 
various substances resolved on the phthalate—Celite columns are shown in Table 1. Column A 
was only used in the early stages of the work because more accurate results were obtained by 
using column C with hydrogen as carrier gas. Peak heights were used for estimating com- 
pounds which gave sharp peaks, and peak areas were used for estimating compounds giving 
more diffuse peaks. 

A small peak corresponding to water was always found when samples of ethanol were passed 
through the chromatographic units even when the alcohol had been treated with anhydrous 
potassium carbonate. It was thought that these peaks resulted from water displaced from the 
glass walls of the apparatus by the vapour of alcohol. Corrections were made to allow for this 
when analysing samples. No peaks corresponding to water were observed when propan-2-ol 
or acetaldehyde was passed through the columns. 


‘ RESULTS 

Approximate surface areas for each oxide were calculated by assuming that the cross- 
sectional area for both alcohol molecules is 20 A * and that the amount adsorbed at room temper- 
ature corresponded to coverage of the surface by a monolayer. The sufface areas are shown in 
% Darby and Kemball, Trans. Faraday Soc., 1957, 58, 832. 
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TABLE 2. Approximate surface areas of the oxides (m?./g.). 











TiO, TiO, 
Adsorbate ZnO CuO NiO a-Al,O, (anatase) (rutile) 

| RGR RE 4:1 9-9 0-6 0-7 6-6 4-4 

oe | eee 3-9 11-3 0-5 0-4 5-0 3-5 

TABLE 3. Recovery of ethanol from the oxides. 
Alcohol recovered Temp. 
_ ——, Lowest to which Total recovery (%) 

at room total temp. for alcohol ot eeeeing clei tmminnll 

Oxide temp. (%) (%) decomp. persists Cc H oO 
a 44:6 48-8 i 128° 90 106 393 
SUP seeconsns 43-9 82-0 19 216 105 103 157 
EP sercttecs 16-2 26-5 42 102 125 122 91 
a-Al,O, ... 46-6 80-0 65 300 100 98 121 
9-Al,O, ... 19-2 51-8 48 205 100 100 100 
Anatase ... 42-9 95-0 103 300 100 99 104 
EE acceces 58-1 95-0 98 305 99 98 101 


TABLE 4. Recovery of propan-2-ol from the oxides. 





Alcohol recovered Temp. 
gieennacamnaaieamgeseinancaettaanstate Lowest to which Total recovery (%) 
at room total temp. for alcohol r ——_* <, 
Oxide temp. (%) % decomp. persists Cc H O 

CD ccusecane 49-8 54-3 19° 95° 99 102 257 
52-7 66-9 23 169 100 99 161 
NEF ccrsdsess 3-2 4-5 21 92 92 90 87 
a-Al,O, 25-4 70-5 20 220 86 90 lll 
Anatase 38-7 89-7 51 198 101 101 113 
Rutile ...... 57-1 92-7 52 148 99 98 107 


TABLE 5. Decomposition products formed from adsorbed ethanol (molecules/100 
molecules of ethanol adsorbed). 


Oxide H,O C,H, (C,H;),0 H, CH,CHO CH, co co, Cs C, 
CP xcuecs 168 —= —- — ~- —- — 90-6 — 1-0 
Sa -~abises 35-4 — -= — ws —- ~- 19-8 9-1 — 
oe 7-6 52-2 _ 101 — 13-0 12-1 22-5 11-7 3-0 
a-Al,O, 9-5 — — 17°5 — 1-5 — 15-6 5-94 
7-Al,O, 40-2 32-5 7:8 0-4 — 0-02 — 0-1 — — 
Anatase 2-4 0-7 _- 0-2 3-1 -- — 1-7 = 0-1 
Rutile 1-5 — — 0-3 1-4 — - 1-4 = 0-6 


* Mixture of C, to C; hydrocarbons 


TABLE 6. Decomposition products formed from adsorbed propan-2-ol (molecules/100 
molecules of propan-2-ol adsorbed). 


Oxide H,O C,H,  (iso-C,H,),0 H, (CH,;),CO CH, co, C, Cy 
95-1 — — —_ 31-8 — 37°8 — -— 
cae 43-6 4-4 4-8 os 6-5 --- 19-9 -= 43 
PE iebikennn 26-0 28-0 5-4 62-8 1-3 6-4 25-0 — 27-9 
a-Al,O, ... 27-7 1-9 — 5-6 10-0 _ 5-3 2-8 — 
Anatase ... 12-1 1-5 — — 9-3 -- 1-1 -— — 
Rutile ...... 3-6 — — 2-8 4:8 — 3-1 — -- 


TABLE 7. The desorption of ethanol from zinc oxide (molecules/100 molecules of 
ethanol adsorbed). 


Temp. range C,H,;OH 4H,O C,H, H, CH, co co, CG Cy 
17° 16-20 ass soe ane _ — —s ms com 
17—42 6-66 _ -_ _ ape a _ - _ 
42—67 3-46 _ 0-98 — _ —_ — — _ 
67—102 0-18 0-29 5-28 17-29 _ _ _ _ _ 
102—148 --- 1-20 39-87 47-30 - a= -— = -— 
148—198 — 0-62 6-04 10-01 = = -- — — 
198—245 -_ = o- 0-95 _ one - ate _ 
245—300 — 1-82 — 0-51 —- -- 1-82 2-48 0-62 
300—405 — 3-71 —_— 25-08 13-03 12-05 20-71 9-21 2-33 
Total ... 26-50 7-64 52-17 101-14 13-03 12-05 22-53 11-69 2-95 








pasrt 
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fable 2. The sample of y-Al,O, had a surface area of 158 m.*/g., and the amount of acetaldehyde 
adsorbed on zinc oxide corresponded to an area of 12-1 m.2/g. 

X-Ray diffraction showed that the ‘“‘ AnalaR”’ sample of alumina had the «-structure 
(corundum). A sample of cupric oxide from which ethanol had been desorbed was examined by 
X-ray diffraction but no evidence was obtained for the existence of cuprous oxide in the sample. 


TABLE 8. The desorption of acetaldehyde from zinc oxide (molecules/100 molecules of 
acetaldehyde adsorbed). 


18° 24-14 445 0-67 — 
18—85 1-85 9-87 0:38 0-86 — -- 


Temp. 
range CH,°CHO H,O (CH;),CO H, CO CO, CH, C,H, C,H, C,; 1-C,H, n-C,H,, 


85—140 0-06 2:76 0-06 0-69 — — —_ — — 0-11 — 
140—195 _ 4-51 —_ 595 — 159 — _ — O11 0-55 —_ 
195—295 _— 4-41 0-33 0-07 — 3-22 0-15 0-27 0-27 0-45 0-72 0-27 
295—405 —_ 7-48 _ 8-60 3-65 14:98 9-51 0-39 0-39 1-41 0-17 0-39 

Total: 26-05 33-48 1-44 16°17 3-65 19-79 9-66 0-66 0-66 1:97 1-55 0-66 


The results of the desorption experiments are summarised in Tables 3—8. Tables 3 and 4 
give data about the percentages of the alcohol adsorbed which were recovered as alcohol, the 
lowest temperatures at which other products were formed, the highest temperature at which the 


Fic. 1. The formation of decomposition products 
from ethanol adsorbed on the oxides. (Per- 




















centage decomposition refers to the carbon Fic. 2. The formation of decomposition products 
content of the products formed up to each from propan-2-ol adsorbed on the oxides. 
temperature relative to the carbon content of For meaning of symbols, etc., see caption to 
the total decomposition products.) Fig. 1. 
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recovery of alcohol was observed, and the total recovery in terms of carbon, hydrogen, and 
oxygen atoms. The experimental errors in these last figures for the total percentage recovery 
depended on the cumulative errors in the analyses of all the products collected. No significance 
should be attached to deviations of less than 10% from the expected recovery of 100%; and for 
the desorptions from zinc oxide which gave a wide range of products and from «-Al,O, which 
had a low surface area, deviations of 20% are probably not significant. Tables 5 and 6 show 
the relative amounts of the various decomposition products formed from each alcohol-oxide 
system. It was not possible to resolve propane and propene on the 30 ft. phthalate—Celite 
column used in the early part of the work. However, the C, hydrocarbon observed was 
probably the olefin since no saturated hydrocarbons were formed in the C, or C, range. 











336 Wheeler, Darby, and Kemball: 


The data in Tables 3—6 do not indicate the temperature ranges in which the various products 
were desorbed. With ethanol, the low-temperature fractions contained ethylene, hydrogen, 
and water; higher hydrocarbons were desorbed next; carbon monoxide, carbon dioxide, and 
methane were usually only produced at the higher temperatures. A corresponding pattern 
of behaviour was observed for the products from propan-2-ol except that substantial quantities 
of acetone were frequently obtained at moderate temperatures whereas acetaldehyde was not 
observed to any great extent in the products from ethanol. The variation in the extent of the 
decomposition with temperature for each oxide may be seen from the curves in Figs. 1 and 2, 
where the extent of the decomposition is given in terms of the carbon atoms in the products 
expressed as a percentage of the total amount of alcohol decomposed. As an extensive range 
of products was formed when ethanol was desorbed from zinc oxide, the complete data for this 
system are given in Table 7. An experiment on the desorption of acetaldehyde from zinc oxide 
was also carried out and the results of this are shown in Table 8. The percentage recovery of 
the acetaldehyde was C, 53; H, 73; and O, 103%. In addition to the products shown in 
Table 8, acetaldehyde over zinc oxide gave rise to two unidentified substances in relatively 
small amounts at room temperature. The elution times for the peaks corresponding to these 
substances were 15-1 and 17-6 min. on column C. 


DISCUSSION 


Nature of the Adsorption.—The surface areas given in Table 2 can only be approximate 
values because of the assumptions which were made in determining them. Nevertheless, 
there is agreement between the two sets of values derived from the adsorption of ethanol 
and propan-2-ol respectively and also the values for the surface area of zinc oxide are in 
accord with the area of 4-12 m.?/g. determined by the adsorption of n-heptane on a sample 
of this oxide prepared in a similar manner.!’ The substantial adsorption shown by 
acetaldehyde on zinc oxide may be due to some polymerisation of the adsorbate or toa 
greater tendency of acetaldehyde to form multilayers. 

The degree of reversibility of the adsorption varies considerably from one oxide to 
another, as also does the ease of recovery of the alcohol. It is not easy to distinguish 
between physical adsorption, which will, in part, be due to strong ion—dipole interactions, 
and chemisorption. Kipling and Peakall* have attempted to distinguish between the 
two types of adsorption on the basis that recovery of the original adsorbate is a feature of 
physical adsorption. This assumption is unsatisfactory because it ignores the existence of 
reversible chemisorption which must be occurring to some extent, particularly on a- 
alumina, anatase, and rutile from which ethanol is recovered unchanged at temperatures 
as high as 300° (Table 3). It is unlikely that alcohol which remains adsorbed to such high 
temperature has been only physically adsorbed. Consequently, the correlation of the 
results with the two types of chemisorption distinguished by Garner ® is preferable. 
Alcohol recoverable as such at elevated temperatures is assumed to have undergone 
reversible chemisorption whereas material only recoverable as decomposition products has 
been irreversibly chemisorbed, the two types of adsorption probably occurring on different 
centres. When this distinction is used, it is clear from Tables 3 and 4 that the greatest 
extent of irreversible chemisorption of the alcohols occurs on zinc oxide and the least extent 
on anatase and rutile. On each oxide, with the possible exception of cupric oxide, the 
extent of irreversible chemisorption is slightly greater for propan-2-ol than for ethanol and 
this may be correlated with the fact that decomposition products from propan-2-ol were 
formed at lower temperatures than the decomposition products from ethanol on many of 
the oxides. 

The Desorption Products.—The range of decomposition products suggests that the 
reactions occurring on the oxides are considerably more complex than those which are 
normally observed in the catalytic decomposition of alcohols at higher temperatures. 


* Kipling and Peakall, J., 1957, 834. 
5 Garner, J., 1947, 1239. 
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The chief reactions in the catalytic decomposition of alcohols at higher temperature are 
dehydrogenation and dehydration. Consequently, the formation of ethylene, diethyl 
ether, water, acetaldehyde, and hydrogen from adsorbed ethanol would not be surprising. 
Similarly, the normal products from adsorbed propan-2-ol would include propene, di-iso- 
propyl ether, water, acetone, and hydrogen. All of these products were, in fact, observed 
although any given oxide did not yield the complete range of products. More acetone was 
formed from propan-2-ol than acetaldehyde was formed from ethanol on each oxide. This 
may be partly the result of a greater ease of dehydrogenation of propan-2-ol compared with 
ethanol, but it also suggests that acetaldehyde is adsorbed more strongly than acetone and 
that it is retained on the surface until higher temperatures at which it breaks down to 
smaller molecules. 

The abnormal decomposition products fall into two categories. First, there are the 
products such as methane and carbon dioxide which must result from the breaking of 
carbon-carbon bonds in the adsorbed molecules. Secondly, there are the products contain- 
ing more carbon atoms than the starting material. The presence of a C, hydrocarbon 
amongst the decomposition products from ethanol adsorbed on cupric oxide and zinc oxide 
is perhaps not surprising as it may result from dimerisation, but the formation of propene 
from ethanol on nickel oxide and zinc oxide is interesting. These two oxides appear to 
bring about the formation as well as the rupture of carbon-carbon bonds because they also 
produced a C, hydrocarbon from propan-2-ol. 

The high figures for the recovery of oxygen atoms from both alcohols adsorbed on cupric 
oxide and, to a smaller extént, from the alcohols on nickel oxide indicate one of the reasons 
why the range of products is more complex than is normally observed in the catalytic 


TABLE 9. Free energy changes for the combustion of ethanol over the oxides. 


AG ° 298 AG*o73 
Equation (kcal. mole!) (kcal. mole) 
12CuO(s) + C,H,OH(g) == 6Cu,O(s) + 2CO,(g) + 3H,O(g) —159 — 
6ZnO(s) + C,H,OH(g) === 6Zn(s) + 2CO,(g) + 3H,O(g) 145 83 
6NiO(s) + C,H,OH(g) === 6Ni(s) + 2CO,(g) + 3H,O(g) —43 —63 
2A1,0,(s) + C,H,OH(g) =—™ 4Al(s) +-2CO,(g) + 3H,O(g) 444 383 
18TiO,(s) + C,H;OH(g) === 6Ti,O, + 2CO,(g) + 3H,O(g) 193 140 


decomposition of alcohols. The oxides are behaving as reactants and not merely as 
adsorbents or catalysts. The excess of oxygen recovered from ethanol adsorbed on cupric 
oxide corresponds to a reduction of 6°, of the oxide to cuprous oxide. Consequently, 
before considering the decomposition products in detail, it is necessary to examine certain 
thermodynamic data. 

Thermodynamic Considerations.—Little information is available about the thermo- 
dynamic quantities for surfaces and so it is necessary to make use of thermodynamic data 
for bulk solids. Consequently, the conclusions reached in this section will apply only to 
reactions involving extensive participation of the oxides as reactants. Two kinds of 
reaction will be considered—the combustion of the alcohols with reduction of the oxides 
and the conversion of hydrogen into water with reduction of the oxides. 

The combustion of ethanol over the oxides. Free-energy changes for the thermal 
decompositions of the oxides at 298° kK and 673° k were calculated from the data given by 
Randall e¢ al. for cupric oxide and by Brewer’ for the other oxides. The necessary 
information on the combustion of ethanol to carbon dioxide and water was obtained from 
the National Bureau of Standards data. The standard free energies derived for the 
combustion of ethanol over the oxides are shown in Table 9. The reactions involve an 


* Randall, Nielson, and West, Ind. Eng. Chem., 1931, 28, 388. 

7 Brewer, Chem. Rev., 1953, 52, 1. 

8 National Bureau of Standards, ‘‘ Selected Values of Thermodynamid Properties,’’ Series I, 1948; 
Series III, 1949. . 
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increase of four in the number of gaseous molecules, and so the free energies for reactions 
at low pressures are somewhat lower than the standard free energies given in Table 9, 
However, this effect is not sufficiently great to alter the conclusion that combustion of 
ethanol is thermodynamically possible over cupric oxide and nickel oxide, but not over the 
other oxides in the relevant range of temperature. 

Similar calculations for the combustion of acetaldehyde over zinc oxide gave values of 
AG® for 298° k and 673° k of 115 and 68 kcal. mole™ respectively. Thus, although the 
values are less than the corresponding figures for ethanol the combustion of acetaldehyde 
over zinc oxide is not thermodynamically possible. 

The reduction of the oxides by hydrogen. The standard free energies for the reduction of 
the oxides by hydrogen are shown in Table 10. These free energies will not be affected 
by a reduction in pressure from the standard value of 1 atm. since the same number of 
gaseous molecules appear on both sides of each equation. It is clear that cupric oxide and 
nickel oxide are the only oxides which can be reduced by hydrogen below 400° c. How- 
ever, the reverse reaction, #.e., the reduction of water to form hydrogen, is possible over the 
other oxides if there is any of the metal or lower oxide present. 

Detailed Discussion of the Products from the Oxides.—Cupric oxide. The main reaction 
occurring with both alcohols was combustion to carbon dioxide and water, and these 
results are in good agreement with the thermodynamic data presented in Table 9. Some 
dehydrogenation to form acetone occurred with adsorbed propan-2-ol, but no hydrogen 
was observed. The hydrogen resulting from this dehydrogenation must have been oxidised 
to water in accordance with the data in Table 10. The failure to detect the presence of 
cuprous oxide by X-ray diffraction in the sample of cupric oxide from which ethanol had 
been desorbed may have been due to the fact that only a small amount of the reduced form 
was present 


TABLE 10. Free energy changes for the reduction of the oxides by hydrogen. 


298 AG ers 
Equation (kcal. mole“) (kcal. mole“) 
2CuO(s) + H,(g) === Cu,O(s) + H,O(g) — 29-0 — 
ZnO(s) + H,(g) === Zn(s) + H,O(g) 21-5 16-6 
NiO(s) + H,4(g) === Ni(s) + H,O(g) —3-3 —7:8 
Al,O,(s) + 3H,(g) === 2Al(s) + 3H,O(g) 214 200 
3TiO,(s) + H,(g) === Ti,O,(s) + H,O(g) 29-6 27-8 


Nickel oxide. The behaviour of both alcohols over nickel oxide was similar to that 
over cupric oxide. The occurrence of combustion, although it was less marked over 
nickel oxide, and the complete absence of hydrogen from the desorption products are in 
agreement with the thermodynamic data in Tables 9 and 10. The results differ from those 
over cupric oxide in two respects. First, partial and complete dehydration to form di-iso- 
propyl ether and propene respectively were observed in the desorption of propan-2-ol. 
Secondly, there was evidence of a synthetic reaction, producing propene from ethanol anda 
C, hydrocarbon from propan-2-ol. This reaction will be discussed in the next section. 

Zinc oxide. Only 26*5% of the ethanol adsorbed was recoverable unchanged. This is 
in marked contrast to the observations of Kipling and Peakall * who claimed that ethanol 
adsorbed on zinc oxide at room temperature was removed at 60°. Substantial dehydration 
of ethanol to ethylene occurred below 150° and some ethylene was observed below 67°. 
However, very much less than the equivalent amount of water was recovered and the only 
other product in this temperature range was hydrogen. The reaction Zn + H,O —» 
ZnO + H, is thermodynamically feasible, provided that zinc metal is available. Zinc 
oxide normally contains excess of zinc, held interstitially,? but only to a limited extent. 
However, the fact that zinc metal was observed as a condensed film on the cool parts of the 


* Bevan and Anderson, Discuss. Faraday Soc., 1950, 8, 238. 
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reaction vessel during desorptions from zinc oxide, showed that, in spite of the supposed 
thermodynamic stability of the oxide, some decomposition to metal was occurring. A 
similar contradiction of thermodynamic principles has been reported by Player !° who 
found that a thin film of zinc oxide on glass could be distilled off at 200° c. 

Dehydration, both partial and complete, occurred with propan-2-ol over zinc oxide and 
a small amount of acetone from a dehydrogenation reaction was observed. More hydrogen 
and less water were formed than were expected from the relative extents of dehydration 
and dehydrogenation. This suggests that, as with ethanol, some water was being con- 
verted into hydrogen over zinc oxide. The recovery of water from zinc oxide always 
occurred at substantially higher temperatures than the recovery of the other dehydration 
products of the alcohols. This is undoubtedly further evidence of the strong adsorption of 
water on zinc oxide which has been observed previously." 

At high temperatures zinc oxide normally acts as a dehydrogenating catalyst.™™ 
However, variable but small extents of dehydration have been associated with differences 
in the method of preparation of the oxide.4*4 In the present study, about 50% of the 
decomposition of ethanol involved dehydration. This is not surprising because, in our 
work, the oxide was behaving as a reactant and not as a catalyst and, in these circum- 
stances, the strong affinity of the oxide for water would automatically lead to the formation 
of dehydration products. 

The absence of acetaldehyde from the products from adsorbed ethanol on zinc oxide 
indicates that acetaldehyde was retained very strongly and broken down at higher temper- 
atures to give the observed methane and carbon monoxide and possibly other products as 
well. Combustion of the alcohols with reduction of the oxides was not expected, nor did 
the amount of oxygen recovered indicate that the oxide was acting as a source of oxygen. 
Consequently, the formation of carbon dioxide, observed from alcohols, must have resulted 
from the decomposition of adsorbed complexes. 

The occurrence of a synthetic reaction producing propene from ethanol and a C, hydro- 
carbon from propan-2-ol was marked. Two modes of formation of a C, compound from 
ethanol may be envisaged: (a) union of a C, complex with a C, complex or (b) dimerisation 
of the ethanol with elimination of one carbon atom, perhaps as carbon dioxide. Similar 
possibilities might account for the formation of a C, hydrocarbon from propan-2-ol except 
that the elimination of two carbon atoms from the dimer would be required. The difficulty 
about process (a) is the nature of the C, complex. This might be an adsorbed ethylene 
residue or an adsorbed acetaldehyde residue. However, ethylene has been shown by 
Garner and Veal* to be reversibly adsorbed on zinc oxide at low temperatures, and 
ethylene was rapidly desorbed in the present work; so it appears unlikely that sufficient 
ethylene residue remained on the surface to account for the substantial production of 
propene which occurred between 300° and 400° (Table 7). Again, smaller amounts of 
propene were formed from adsorbed acetaldehyde than from ethanol and, consequently, it 
seems unlikely that an acetaldehyde residue was taking part in the formation of the C, 
compound. Some of the evidence seems to favour the alternative process (5) as the source 
of the C, compound. The figures in Table 7 show that C, hydrocarbon, C, hydrocarbon, 
and carbon dioxide were formed in the same temperature range and that the production of 
each increased by roughly the same amount between the ranges 245—300° and 300— 
405° c. 

The variety of products from adsorbed acetaldehyde on zinc oxide shows clearly that 
this molecule formed a strongly adsorbed complex which tended to decompose in a number 
of ways at high temperatures. The extent of the desorption of water was in marked 

Player, B.Sc. Thesis, Bristol, 1950. 

Taylor and Sickman, J. Amer. Chem. Soc., 1932, 54, 602. 

Zhabrova, Kutseva, and Roginskii, Doklady Akad. Nauk S.S.S.R., 1953, 92, 569. 
Lazier and Adkins, J. Amer. Chem. Soc., 1925, 47, 1719. 


Schwab and Schwab-Agallidis, J. Amer. Chem. Soc., 1949, 71, 1806. / 
Garner and Veal, J., 1935, 1487. 
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contrast to the results with adsorbed ethanol. This may be connected with the fact that 
the adsorption of the aldehyde was three times as great as that of the alcohol. The produc. 
tion of small amounts of acetone, especially at low temperatures, was interesting. The 
aldehyde gave rise to smaller quantities of C, and C, hydrocarbons than the alcohol, and, 
not unexpectedly, to substantially smaller amounts of ethylene and hydrogen. 

Aluminium oxide. The results on 7-Al,O, indicated extensive dehydration without 
any side-reactions and are in good agreement with the usual behaviour of alumina as a 
dehydrating catalyst. A different range of products was obtained from the alcohols 
on «-Al,O;, which showed some capacity to bring about dehydrogenation as well as 
decomposition of the alcohols to smaller molecules, and, in the case of adsorbed ethanol, 
some dimerisation. However, the total extent of the breakdown of ethanol was less over 
«-Al,O, than over 7-Al,Og. 

Titanium dioxide. Both rutile and anatase showed little tendency to decompose the 
alcohols. Such reaction as occurred appeared to be mainly dehydrogenation, and it is 
interesting that acetaldehyde was one of the products from ethanol over both these oxides 
whereas this compound was always decomposed over the other oxides. 

The Effect of Temperature on the Decompositions of the Alcohols.—The curves in Figs. 1 
and 2 summarise the way in which the decomposition products are built up as the temper- 
ature of desorption is increased. With cupric oxide, combustion of ethanol proceeded so 
smoothly and readily that no other reaction was possible and a well-defined curve was 
obtained. A similar curve was also found for the decomposition of ethanol over 7-Al,0, 
which corresponds to the single mode of decomposition by dehydration. However, a 
definite plateau was present in the plot of the decomposition of ethanol over zinc oxide, 
suggesting that two distinct processes were occurring on the surface. Reference to Table 7 
shows that the first stage corresponds to the formation of ethylene and its co-product, 
hydrogen, and that this reaction has finished at 200°. Above 250°, the second stage of the 
decomposition began, showing that a second more stable type of complex was then break- 
ing down. Similar, though less marked, plateaux were found with ethanol and the other 
oxides. : 

For propan-2-ol, the graphs are less easy to interpret. Analyses of the products 
generally indicated a two-stage process, but the different reactions overlapped to such an 
extent that no plateau was apparent except perhaps for decomposition over rutile. The 
curves for each alcohol on a particular oxide are similar except that the propan-2-ol 
decomposed at lower temperatures than did ethanol in most cases. This suggests that 
more stable surface complexes were formed from ethanol than from propan-2-ol, ¢.g., 
acetaldehyde was readily removed only from titania but acetone was desorbed at moderate 
temperatures from all the oxides. 

Further comparison between the behaviour of the alcohols will be made in Part II, in 
which data relating to the decomposition of higher alcohols will be presented. 
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64. Researches on Acetylenic Compounds. Part LXII.* The Prepar- 
ation and Some Synthetical Applications of Penta-1,2,4-triene and Penta- 
1,2-dien-4-yne. 

By E. R. H. Jones, H. H. Leg, and M. C. WuitTINe. 


Penta-1,2,4-triene and penta-1,2-dien-4-yne, the first simple ethylenic 
and acetylenic derivatives of allene, have been prepared by convenient and 
apparently general methods. Some of their reactions, especially Diels—Alder 
reactions of the triene, have been investigated. 


ALTHOUGH several fungal metabolites! contain the systems R'C=C-CH=C=CHR? and 
R°3CH=C=CH-CH=CHR*’, the parent hydrocarbons, penta-1,2-dien-4-yne (II) and penta- 
1,2,4-triene (IV), are unknown. This paper describes their syntheses and some of their 
reactions. 

Penta-1,4-diyn-3-ol, now readily available from the reaction of ethynylmagnesium 
bromide and ethyl formate,? was converted in 35—45% yield into 3-chloropenta-1,4-diyne 
(I) with thionyl chloride and pyridine. Treatment of the chloro-compound (I) with a zinc— 
copper couple * in butanol at 5—10° gave 60% of a mixture of three hydrocarbons, with 
the major component constituting about 95%. This, isolated by gas-liquid chromato- 
graphy, had b. p. 57° (slight decomp.) and had ultraviolet and infrared spectra in accord 
with the structure (II). The minor components were the triene (IV) and an acetylenic 
hydrocarbon, possibly a pentenyne. When the reaction with the zinc-copper couple was 
carried out at a higher temperature (ca. 35°), a lower yield (40%) of a mixture of hydro- 
carbons was obtained. Gas—liquid chromatography indicated that this mixture consisted 
of about 71% of (II), 27% of (IV), and 2% of an unknown hydrocarbon. Attempts to 
convert the mixture into pentatriene (IV) by further reduction at 60—65° with an excess 
of the zinc-copper couple were unsuccessful, no appreciable change in composition being 
detected. 

The pentadienyne (II) readily underwent oxidative coupling to give an unstable solid, 
m. p. 35—36°, which showed the expected ultraviolet and infrared spectra for deca- 
1,2,8,9-tetraene-4,6-diyne (III), and this was further supported by its ready isomerization 
with base to the known deca-2,4,6,8-tetrayne. 

A more convenient preparation of penta-1,2,4-triene (IV) was found in the reaction of 
a mixture of chloropentenynes, obtained * from pent-l-en-4-yn-3-ol, with the zinc-copper 
couple, which gave in 75% yield a mixture of hydrocarbons from which the triene (IV) 
(~94%) could be readily separated by fractional distillation. Alternatively, and 
preferably, pure ¢rans-5-chloropent-3-en-l-yne, from trans-pent-2-en-4-yn-l-ol,* gave 
under similar conditions a 70% yield of pentatriene of ~97°% purity. The triene (IV), 
b. p. 47-5—48°, had the expected spectral properties and was fairly stable at 20° under 
nitrogen or in the presence of quinol. When heated to 110° in a sealed tube with quinol 
it exploded violently. 

It seemed probable that penta-1,2,4-triene would undergo Diels-Alder reactions under 
milder conditions than are needed for the isomeric vinylacetylenes. This proved to be 
the case and, as was expected, the products were much more easily aromatized than those 
derived from simple dienes. It is thus clear that pentatriene (and related alkenylallenes— 
the method of preparation now described is in principle very flexible) may have synthetical 
value for the preparation of aromatic derivatives (e.g., 1,5-dimethylanthraquinone), apart, 


* Part LXI, J., 1958, 131.. 


1 Celmer and Solomons, J. Amer. Chem. Soc., 1953, 75, 1372; Bu’Lock, Jones, and Leeming, /., 
1955, 4270; 1957, 1097. 
2 Jones, Skattebél, and Whiting, J., 1956, 4765. 
® Hennion and Sheehan, J. Amer. Chem. Soc., 1949, 71, 1964. } 
* Bell, Jones, and Whiting, J., 1957, 2597. 
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of course, from giving directly some otherwise inaccessible derivatives of methylenecyclo- 
hexene. With the acetylenic dienophiles examined the interesting methylenecyclo- 
hexadiene derivatives sought were not obtained, either aromatic or polymeric products 
being formed. 

Pentatriene (IV) reacted with #-phenylazomaleinanil > and tetracyanoethylene ® under 
mild conditions to give crystalline adducts, which on ultraviolet and infrared evidence were 
assigned the structures (V) and (VI), respectively. From the reaction of the triene (IV) 
with dimethyl acetylenedicarboxylate only dimethyl 3-methylphthalate was isolated, 
identified as 3-methylphthalic acid and its anhydride. When pentatriene was heated 
with 1,4-naphthaquinone in ethanol a crystalline adduct (VII) was formed, which was 
stable to 0-01N-hydrochloric acid (ultraviolet spectrum unchanged after 16 hr.) but was 
converted immediately in the presence of charcoal (pH ~8) into 1-methylanthraquinone, 
Equimolar quantities of pentatriene and p-benzoquinone after 3 days at room temperature 
gave a rather unstable adduct, m. p. 33—34°. The ultraviolet and infrared absorption 
spectra agreed with structure (VIII), which was confirmed by conversion under alkaline 


HC=C-CHCI-C=CH ——= HC=C-CH=C=CH, —> [;c=c-CH=C=CH,], 
(I) (II) 


CH;-[C=C] 4-CH, 


(III) 


CICH,-CH=CH-C=CH penny =CH-CH=C=CH, x 





cy 


66 CH, O ru CH, O Cc 
cQ 
DN: CoH NGPh 
cé 
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(VII) sti (IX) 
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conditions, by aerial oxidation, to 5-methyl-1:4-naphthaquinone. The monoadduct 
(VIII) underwent further addition of pentatriene to give a stable compound which is 
assigned structure (IX) since it was converted quantitatively into the known, but not 
readily accessible, 1,5-dimethylanthraquinone, further identified as dimethyl anthra- 
quinone-1,5-dicarboxylate. 

The infrared spectra of the products discussed require little comment; the two allenes 
showed strong bands at 840 (pentadienyne) and 845 cm." (pentatriene), while the decatetra- 
enediyne (III) absorbed at 840 and 848 cm.*. All are in the usual range for the ~C=C=CH, 
out-of-plane deformation.’? In the Diels-Alder adducts this band appeared near to the 
usual position of 890 cm.+. The ultraviolet spectra showed, in addition to absorption 





5 Nayler and Whiting, J., 1955, 2970. 

® Cairns, Carboni, Coffman, Engelhardt, Heckert, Little, McGeer, McKusick, Middleton, Scribner, 
Theobald, and Winberg, J. Amer. Chem. Soc., 1958, 80, 2775. 

7 Jones, Whitham, and Whiting, J., 1957, 4628. 
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attributed to other chromophores, a conjugated diene band at ca. 2250 A (e ca. 10,000), 
reduced in intensity (to « 2900) but not changed in position, in the tetracyano-derivative, 
presumably through the strong electrostatic effect of these substituents. The -benzo- 
quinone adduct showed a long-wavelength band at 3100 A (e 215) (with signs of a shoulder, 
< ca. 50, at ca. 3600 A), as compared with Amax. 3600 A (c 71) for the corresponding butadiene 
adduct,* and similar values for typical cisoid O=C-C=C-C=O compounds without other 
unsaturated linkages. These differences clearly concern intra-annular effects of the type 
first described by Bowden and Jones,® and clarified in Part LII.1° 


EXPERIMENTAL 


M. p.s were determined on a Kofler block and are corrected; b. p.s are uncorrected. ‘“‘ Light 
petroleum ” refers to the fraction of b. p. 40—60°. ‘‘ Deactivated alumina ’’ was Peter Spence 
“Grade H ’’ alumina neutralized and deactivated with 5% of 10% acetic acid. 

3-Chloropenta-1,4-diyne (I).—Purified thionyl chloride (57 g.) was added, dropwise with 
stirring, during 1-5 hr. to a solution of penta-1,4-diyn-3-ol ? (36 g.) in dry pyridine (38 g.) at 
25—30°. When addition was complete, the dark viscous mixture was warmed cautiously to 
45—50°, whereupon vigorous effervescence occurred. The mixture was kept at 45—50° for 1 hr., 
then cooled and treated with ice-water (200 c.c.). The chloride was separated from the poly- 
meric material by distillation at 40—50° (bath temp.)/10 mm. into two receivers connected in 
series and cooled to —75°. The distillate was poured into a mixture of ether (100 c.c.) and 
water, and the ethereal layer was separated, washed successively with saturated hydrogen 
carbonate solution and water, and dried (CaCl,). Ether was removed under partial reflux 
(—10°) at 200 mm. in nitrogen. Distillation of the residue afforded the acetylenic chloride 
(18-2 g.; 41%), b. p. 43—44°/90 mm., ,,! 1-4640 (Found: C, 61-2; H, 3:3. C;H,Cl requires 
C, 60-95; H, 3-05%). The chloride coloured rapidly at room temperature, but solidified at 
—40°, and could be stored at that temperature for several months; it showed vag, (CS,) 3300 
(=CH) and 710 cm.+ (C-Cl), negligible absorption at 1950 cm.1. Its ultraviolet spectrum 
showed only weak end absorption. 

Penta-1,2-dien-4-yne (I1).—A solution of 3-chloropenta-1,4-diyne (6 g.) in butanol (10 c.c.) 
was added, dropwise, under nitrogen to a rapidly stirred mixture of zinc—copper couple ® (5 g.) 
in butanol (30 c.c.), the temperature of the mixture being kept at 5—10°. After 5 hours’ 
stirring the hydrocarbon was distilled directly from the mixture at 25—40° (bath temp.)/10 mm. 
into two receivers connected in series and cooled to —75°. Redistillation of the product after 
drying (CaCl,) gave an almost colourless liquid (2-4 g.; 61%) which turned yellow rapidly at 
room temperature, b. p. 35—37°/250 mm., n,”° 1-4790. Gas-liquid chromatography (dibutyl 
phthalate on firebrick, 65°, nitrogen) showed a major peak (~95%) well separated from two 
other lower-boiling components (4% and 1%, respectively, judged by peak heights). The 
major component, collected in a receiver cooled with liquid air, was pure penta-1,2-dien-4-yne, 
b. p. 57° (slight decomp.), ,'* 1-4850 (Found: C, 93-3; H, 6-3. C,H, requires C, 93-75; 
H, 6:25%); %max. (in ethanol) 2115 A (e 11,000), inflexion 2220 A (e 8,900); vmx, (carbon di- 
sulphide and tetrachloride) included bands at 3300, 2120 (-C=CH), 1975, 1950(>C=C=C), 938, 
and 840 (=CH,) cm.. The two minor components, collected together, similarly were found 
to be a mixture containing mainly penta-1,2,4-triene (see below) and a small amount of another 
acetylene responsible for a band at 3300 cm.*}. 

In another experiment, the reaction mixture was kept at 25—35° during addition of the 
chloride and then at 35—50° for a further 3hr. The product, isolated in 41% yield, was shown 
by gas-liquid chromatography to consist of 71% of penta-1,4-dien-4-yne, 27% of penta-1,2,4- 
triene, and 2% of an unknown hydrocarbon. Stirring and heating the mixture in butanol 
with excess of zinc-copper couple at 60—65° for 6 hr. did not change the composition appreciably. 

Penta-1,2,4-triene (IV).—(a) A solution of pure tvans-5-chloropent-3-en-l-yne ‘* (freshly 
redistilled; 3-1 g.) in butanol (5 c.c.) was added dropwise to a rapidly stirred mixture of zinc- 
copper couple ? (3 g.), the temperature being kept at 35—40°. The mixture was stirred for a 
further 2-5 hr. and the product was distilled from the mixture into two receivers, connected in 


§ Barltrop and Topliss, unpublished work. 
® Bowden and Jones, J., 1946, 52. 
10 Jones, Mansfield, and Whiting, J., 1956, 4073. 





344 Jones, Lee, and Whiting: 


series and cooled to —75°, at 20—40° (bath temp.)/100—10 mm. On redistillation the penta- 
1,2,4-triene (1-42 g.; 72%) had b. p. 46-5—47-5°, n, 1-4710—1-4715. Gas—liquid chromato- 
graphy showed two peaks, the major one being of ~97% quantity, although agreement in 
refractive index with the analysed sample (below) is only moderately good. 

(b) A solution of mixed chloropentenynes (56 g.) in butanol (60 c.c.) was added dropwise 
during 1-5 hr. to a rapidly stirred mixture of zinc—copper couple * (65 g.), the temperature being 
kept at 35—40° by occasional cooling with ice. After a further 2 hours’ stirring the product 
was distilled at 20—40° (bath temp.)/100—10 mm. into two receivers cooled to —75°. Drying 
(CaCl,) and distillation gave the hydrocarbon, b. p. 45—47°, n,!” 1-4620—1-4740 (27 g.; 73%). 
Gas-chromatographic analysis of a sample showed the presence of three peaks with the major 
component constituting 94%. Redistillation of the appropriate fractions furnished a sample 
of ~98% purity, b. p. 47-5—48°, n," 1-4750 (Found: C, 90-85; H, 9-35. C,H, requires 
C, 90-85; H, 915%); %Amax, (in ethanol) 2165 A (e 15,600); vmsx. (in carbon disulphide and 
tetrachloride) 1940, 990, 900, and 845 cm.7}. 

Penta-1,2,4-triene decomposed comparatively slowly at room temperature (15—17°) as 
shown by the change in refractive index (from 1-4750 to 1-4780) of a sample after 6 hr. in the 
presence of air. A sample was stored at —40° for several months without evident decom- 
position. The hydrocarbon exploded violently when heated to 110° in a sealed tube in the 
presence of quinol. 

Deca-1,2,8,9-tetrvaene-4,6-diyne (I11).—Penta-1,2-dien-4-yne (1-0 g.), cuprous chloride (4 g,), 
and ammonium chloride (6 g.) in water (50 c.c.) were shaken in the dark with oxygen for 4:5 hr. 
Isolation with ether and removal of the solvent under reduced pressure afforded a mixture of 
oil and amorphous solid, which was dissolved in light petroleum (50 c.c.) and filtered to remove 
insoluble polymer. The filtrate was concentrated (~ 20 c.c.) and cooled to —75° in the dark, 
whereupon cream-coloured needles separated. Three recrystallizations at —70° in the dark 
afforded the pure hydrocarbon (210 mg., 21%), m. p. 35—36° (Found: C, 93-6; H, 4-9. C,H, 
requires C, 95-2; H, 4-8%); Amax, 2165 (c¢ 47,000), 2560 (c 84,000), 2710 (c 14,700), 2875 (e 21,000), 
and 3055 (e 17,000), infl. 2420 A (¢ 21,300); vmax (in carbon disulphide and tetrachloride) 2250, 
2100, 1960, 1930, 848, and 840 cm.-!. The hydrocarbon darkened slightly after exposure to 
light and air for 1 hr.; overnight at room temperature it became dark brown and completely 
insoluble in light petroleum. 

Deca-2,4,6,8-tetrayne.—A solution of the hydrocarbon (IV) (270 mg.) in methanol (10 c.c.) 
was treated with 5% methanolic potassium hydroxide (10 c.c.) at 0° and then set aside in the 
dark at —8° for 10 hr. Dilution with water and isolation with ether yielded a brown solid 
(131 mg.) which crystallized from light petroleum to give pale yellow needles of the tetrayne, 
turning pink after 5 min. in light, and decomposing above 85° without melting. Its light- 
absorption properties (in ethanol) were in agreement with earlier values; ™ A,,, 2140 (e 72,000), 
2240 (c 190,000) and 2340 A (e 266,000). 

3-Methylenecyclohex-4-ene-1,2-dicarboxylic p-Phenylazoanil (V).—A mixture of -phenyl- 
azomaleinanil ® (330 mg.), penta-1,2,4-triene (160 mg.), and dimethylformamide (2 c.c.) was set 
aside at 20° in the dark for 26hr. The resulting solution was poured into water, and the adduct 
was isolated by extraction with ether and chromatography on neutral deactivated alumina 
(120 g.). From the benzene-light petroleum (1:1) eluate the adduct (224 mg.; 58%) was 
obtained; it formed orange-red needles, m. p. 155—157°, from light petroleum (Found: C, 73-45; 
H, 5-3; N, 12-1. C,,H,,O,N, requires C, 73-45; H, 5-0; N, 12-25%); Amax (in ethanol) 2260 
(e 24,600), and 3240 A (¢ 22,000) [p-phenylazosuccinanil has Apa, (in ethanol) 2260 (e 15,000) and 
3240 A (e 22,900)]; vinax (Nujol) 895 cm.*? (C=CH,), not shown by the succinanil.§ 

4,4,5,5-Tetracyano-3-methylenecyclohexene (V1).—Tetracyanoethylene * (470 mg.) was added 
to penta-1,2,4-triene (400 mg.) in acetonitrile (10 c.c.) at 0°, and the solution was kept at 0° for 
afurther 3hr. Removal of the solvent under reduced pressure and crystallization from benzene- 
light petroleum afforded the adduct (650 mg.; 88%), m. p. 131—132° (Found: C, 68-25; H, 3-2; 
N, 28-65. (C,,H,N, requires C, 68-05; H, 3-1; N, 28-85%); ~Amax. (in ethanol) 2290 A (e 2880); 
Vmax. (in chloroform) 2240 and 850 cm.*}. 

Dimethyl 3-Methylphthalate—A mixture of penta-1,2,4-triene (1-2 g.) and dimethyl acetyl- 
enedicarboxylate (1-5 g.) was heated at 90—100° for 3hr. Distillation of the resulting mixture 
gave a viscous oil (750 mg.), b. p. 105—115°/0-03 mm., and a polymeric residue (1-09 g.). 


1! Armitage, Jones, and Whiting, J., 1952, 2014. 
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Hydrolysis (10% methanolic potassium hydroxide) of the distillate (250 mg.) gave a pale 

low amorphous powder (164 mg.) which was difficult to crystallize. Sublimation at 120— 
150° (bath temp.)/12 mm. gave needles (86 mg.), which were recrystallized from light petroleum 
and had m. p. 117—118° (for 3-methylphthalic anhydride Parker and Goldblatt give m. p. 
118—119°); Vmax, (Nujol) 1835, 1770, and 730 cm.-1. The anhydride was hydrolysed to the 
dicarboxylic acid, which crystallized readily from ethyl acetate-light petroleum as needles, 
m. p. 154—156° (decomp.) [lit.,1* m. p. 158° (decomp.)]. Treatment of the acid with diazo- 
methane furnished pure dimethyl 3-methylphthalate, m. p. 40—41°, as rods from aqueous 
methanol (lit.,12 m. p. 42-5—44°); vmax (in carbon disulphide) 1730 and 755 cm... Comparison 
of infrared spectra showed that the distillate from the Diels-Alder reaction was a mixture of 
dimethyl 3-methylphthalate and some unidentified aromatic material. 

1,4,11,12-Tetrahydro-1-methylene-9,10-dioxoanthvacene (VII).—A solution of penta-1,2,4- 
triene (1-0 g.) and 1,4-naphthaquinone (1-5 g.) in ethanol (15 c.c.) was heated under reflux for 
5 hr. and then cooled in an ice-bath. The adduct (1-60 g.) after crystallization from methanol 
had m. p. 77—78° (Found: C, 80-05; H, 5-35. ©,,H,,O, requires C, 80-35; H, 54%); Amax. (in 
ethanol) 2230 (c 51,000), 2500 (c¢ 10,000), 2960 (ec 2000), and 3050 (c 2000); vmx (in carbon 
disulphide) 1700 and 890 cm.*7. 

1-Methylanthraquinone.—The adduct (VII) (500 mg.) in ethanol (30 c.c.) was treated with 
“Norite’’ and boiled for 10min. More ethanol (100c.c.) had to be added to the mixture to dissolve 
the yellow solid which precipitated suddenly. The filtrate, on cooling, deposited 1-methyl- 
anthraquinone (320 mg.; 64%) as yellow needles, m. p. 172—173° (Ullmann and Minajeff * 
give m. p. 171—172°). 

1,4,5,8,9, 10-Hexahydro-5-methylene-1,4-dioxonaphthalene (VIII).—A mixture of p-benzo- 
quinone (2-0 g.) and penta-1,2,4-triene (1-4 g.) in ethanol (25 c.c.) was set aside in the dark for 
3days at 20°. Removal of solvent under reduced pressure yielded an oil, which was redissolved 
in ether-light petroleum, cooled to —75°, and seeded with some crystals obtained from 
sublimation of a small amount of the oil at 80—100° (bath temp.)/0-03 mm. Three recrystal- 
lizations at low temperature afforded the pure adduct (2-25 g.; 68%) as pale yellow needles, 
m. p. 33—34° (Found: C, 75-8; H, 5-95. C,,H,O, requires C, 75°85; H, 58%); Amax (in 
ethanol), 2200 (c 26,600) and 3100 (ec 215); vg,x (in carbon disulphide) 1690 and 892cm.7. The 
crystalline adduct partially resinified at room temperature overnight. 

5-Methyl-1,4-naphthaquinone.—A solution of the above adduct (250 mg.) in methanol 
(20 c.c.) was treated with 0-1n-sodium hydroxide (5 c.c.) under nitrogen at 20° for 5 min. The 
resulting dark green solution was poured into acetic acid (20 c.c.), and the acidic solution 
concentrated under reduced pressure. A saturated solution (5 c.c.) of potassium dichromate 
was then added, followed by a drop of concentrated sulphuric acid, and the yellow-green 
solution was set aside at room temperature for 15 min. Dilution with water and extraction 
with ether gave material which was chromatographed on deactivated alumina. From the 
benzene-light petroleum (1: 5) eluate 5-methylnaphthaquinone (145 mg.; 58%) was obtained 
as yellow needles, m. p. 121—123° (from light petroleum) (Cooke, Dowd, and Segal ™ give 
m. p. 122—123°) (Found: C, 76-75; H, 4:75. Calc. for C,,H,O,: C, 76-75; H, 4-65%). 

1,4,5,8,9,10,11,12,13,14-Decahydro-1,5-dimethylene-9,10-dioxoanthracene (IX).—A _ solution 
of the monoadduct (VIII) (500 mg.) and penta-1,2,4-triene (600 mg.) in ethanol (5 c.c.) was 
heated under reflux for 10 hr. The solid residue, after removal of solvent under reduced 
pressure, was washed with ice-cold methanol (2 c.c.) and filtered, giving the adduct (400 mg.; 
60%). An analytical sample, rods from methanol, had m. p. 153—157° (decomp.) (Found: 
C, 79-8; H, 6-75. C,,H,,O, requires C, 79-95; H, 6-7%); Amax, (in ethanol) 2250 (e 29,000), 
infl. 2960 (¢ 165); vmax. (Nujol) 1705, 1630, 1590, 912, and 775 cm.*1. 

1,5-Dimethylanthraquinone.—A solution of the diadduct (IX) (50 mg.) in methanol (40 c.c.) 
was treated with 0-1N-sodium hydroxide (5 c.c.). A dark red colour appeared, which gradually 
turned brown and finally pale yellow, with the deposition of fine yellow needles (40 mg.; 80%), 
m. p. 191—193° (Haworth and Sheldrick 1° give m. p. 190°). 

Dimethyl Anthraquinone-1,5-dicarboxylate——A mixture of 1,5-dimethylanthraquinone (140 
mg.; prepared as above) and fiitric acid (d 1-1; 3 .c.c.) was heated in a sealed tube at 160—180° 


% Parker and Goldblatt, J. Amer. Chem. Soc., 1950, 72, 2151. 
#8 Ullmann and Minajeff, Ber., 1912, 45, 687. 

™ Cooke, Dowd, and Segal, Austral. J. Chem., 1953, 6, 38. 

%® Haworth and Sheldrick, J., 1934, 1950. 
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for 6 hr. The dicarboxylic acid was collected by filtration, washed with ice-cold water and 








" 
dried (157 mg.; 93%), m. p. >340°. It was converted into the diacyl chloride, and then into 2, 
the dimethyl ester which from methanol formed pale yellow leaflets, m. p. and mixed m. p, 
238—239° (cf. Sholl, Hass, and Meyer '* who give m. p. 236°). The infrared spectra were ; 
identical. 
af 
This work was carried out during the tenure by H. H. Lee of an I.C.I. Fellowship. We al 
thank Dr. T. L. Cairns for a sample of tetracyanoethylene. 
THE Dyson PERRINS LABORATORY, OXFORD UNIVERSITY. [Received, July 14th, 1959.} i 
16 Sholl, Hass, and Meyer, Ber., 1929, 62, 109. 2. 
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65. The Structure of Sorbicillin: Hydrogen Bonding in al 
o-Hydroxyaryl Alkenyl Ketones. ‘ 
By J. SmitH and R. H. THomson. 
Examination of the absorption spectra of sorbicillin and related com- 
pounds leads to the conclusion that it has a benzenoid, and not a quinonoid, 
structure. 
The solid-state infrared spectra of 2-hydroxy-4-methoxycrotonophenone, 
2-hydroxy-4-methoxysorbophenone, and  2’-hydroxy-4’-methoxychalkone 
show sharply defined hydroxyl absorption at 2650 + 30 cm.*. 
MANY aromatic o- and p-hydroxy-carbonyl compounds are coloured: ¢.g., atranol (I), 
3-hydroxyphthalic anhydride (II), and 2,5-dihydroxyacetophenone (III) are yellow; 
more striking are the mould metabolites sorbicillin + (IV), which is orange-yellow, and the ; 
bright red phenylglyoxylic acid? (V). The colour of these compounds has been associated ‘ 
with their tautomeric quinonoid structures (e.g., [Va* and Va**), but no supporting st 
evidence has been put forward and many analogous substances are devoid of colour, ¢.g., 4 
hydroxyphthalic anhydride and 2,4-dihydroxyacetophenone. We have attempted to 
<mee : : ‘ Te 
define the structure of sorbicillin by spectroscopic comparison with related compounds. “ 
HO, _[CH:CH].,-Me F 
¢0-[CH: CH] ,-Me G in 
‘on NCotte HO ° dl 
Me Me Me 2 
OH OH st 
. ) (II) (IV) (IVa) : 
ion cont Cc" 
€O:CO;H CO-[CH:CH] "Me COMe d 
HO HO HO a 
ey Me Me 2 
OH 
ps ) ve) (VI) (VID) oo 
it 
Synthetic sorbicillin was obtained in low yield by condensing sorbic acid with 2,4-di- cl 
methylresorcinol in polyphosphoric acid.* 2,4-Dihydroxysorbophenone (VI; R =H, 
* Since this work was carried out a more satisfactory condensation in boron trifluoride—ether has 8 


been reported.’ We are indebted to Dr. J. F. W. McOmie for information in advance of publication. 


! Cram and Tishler, ]. Amer. Chem. Soc., 1948, '70, 4238; Cram, ibid., 1948, 70, 4240. 

? Ralph and Robertson, J., 1950, 3380. 

% Fieser and Fieser, ‘ Introduction to Organic Chemistry,” Heath, Boston, 1957, p. 550. 
* Hargreaves, McGookin, and Robertson, J. Appl. Chem., 1958, 8, 273. 

5 McOmie and Tute, J., 1958, 3226. 
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” = 2) was prepared in the same way, and its structure was established by reduction to 
2,4-dihydroxyhexanophenone. Methylation with methyl sulphate in alkaline solution 
gave the 4-monomethyl ether (VI; R = Me, m = 2) obtained previously by Kuhn and 
Staab.* Friedel-Crafts condensation of resorcinol dimethyl ether with crotonyl chloride 
afforded the simpler crotonophenone (VI; R = Me, » = 1); this cyclised smoothly in 
alkaline solution to 7-methoxy-2-methylchroman-4-one in acco.dance with its structure. 
As sorbicillin and the sorbophenones (VI; R = H and Me) have the same structure, 
ie., are all benzenoid or all quinonoid, it was convenient, for infrared spectroscopy, to 
concentrate on 2-hydroxy-4-methoxysorbophenone. This compound was compared with 
2-hydroxy-4-methoxy-crotonophenone and -acetophenone. The hydroxyl group of these 
compounds forms an intramolecular hydrogen bond, so their spectra in the solid state 
differed little from their spectra in carbon tetrachloride solution. Most of the strongest 
absorption bands of the solids (see Table) are common to all three compounds, strongly 
suggesting a common structure. Two absorption bands between 800 and 900 cm.~! are 
those to be expected from C-H out-of-plane vibrations of a benzene ring with 1,2,4- 


Principal absorption bands (cm.") in the spectra of solid 2-hydroxy-4-methoxyacetophenone 
(A), 2-hydroxy-4-methoxycrotonophenone (C), and 2-hydroxy-4-methoxysorbophenone (S). 
Ss 


A Cc s A Cc A Cc s 
os { 1647 ¢ 1642 1208 1211 1215 978 972 ue 
1617 1623 1139 1141 1135 951 962 963 
1575 1609 one en 860 864 877 
1579 1575 { 1567 1020 1023 1019 815 829 833 
1368 1366 1362 pa a 1007 Pies 793 794 
1279 1258 
1255 { 1231 


substitution,” and a band of medium intensity at 1504 cm." in all three spectra also 
indicates a benzene ring.* This implies that all the sorbophenones have a benzenoid 
structure. 

An unusual feature of the spectra of the solid crotono- and sorbo-phenones, and of the 
related 2’-hydroxy-4’-methoxychalkone (VI; R = Me, n = 1, Ph in place of Me) (Fig. 1) 
was their sharply defined hydroxyl absorption, with maxima between 2620 and 2680 cm.*. 
For 2-hydroxy-4-methoxyacetophenone, the band overlies the C-H absorption at 2950 cm.*, 
indicating weaker hydrogen-bonding. The assignment of the band was confirmed for the 
chalkone by substitution of deuterium for hydrogen, the band then being displaced to 
2050 cm.. In solution, these compounds gave the more diffuse absorption usual for 
strongly chelated hydroxyl groups! (Fig. 1). Few solid state spectra showing the 
absorption of strongly chelated hydroxyl groups have been published, but earlier work in 
this laboratory ™ showed that none of a number of solid tetralones, flavanones, and benzo- 
cycloheptenones containing feri-hydroxy-carbonyl structures gave distinct hydroxyl 
absorption near 2650 cm.. This feature of the spectra of 2'-hydroxy-4’-methoxychalkone 
and its analogues cannot be correlated solely with the unsaturated side chain, as solid 
2’-hydroxychalkone gave only diffuse absorption in this region. 

The suggestion * that sorbicillin might have a quinonoid structure was based on the 
observation! that its ultraviolet and visible absorption was much broader and more 
intense than that of the simpler compound clavatol (VII), although apparently cross- 
conjugated. This enhanced absorption is particularly marked in its deep orange, alkaline 

* 2-Substituted 1,4-benzoquinones * and 4-substituted 1,2-benzoquinones® also absorb light at 
800—900 cm.-! but show no band near 1500 cm.-1. 


* Kuhn and Staab, Chem. Bér., 1954, 87, 266. 
? Randle and Whiffen, ‘‘ Molecular Spectroscopy,” Institute of Petroleum, London, 1955, p. 111. 
* Yates, Ardao, and Fieser, J. Amer. Chem. Soc., 1956, 78, 650. 

* Otting and Staiger, Chem. Ber., 1955, 88, 828. 
© Flett, Spectrochim. Acta, 1957, 10, 21. 

" Farmer, Hayes, and Thomson, /., 1956, 3600. 
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solution, where, of course, quinonoid structures, ¢.g., (VIII), contribute to the light 
absorption of the mesomeric anion. However, by Dewar’s definition,” sorbicillin ang 
similar molecules are not cross-conjugated, and it is evident that structures such as (IX) 
and (X), in which ring and side chain are in conjugation, make an important contribution 
to the light absorption. As can be seen from Fig. 2, extending the classical cross-conjug- 
ation, in fact, extends the light absorption. Also, the sorbophenone curves are very similar 
to that of 2’-hydroxy-4’-methoxychalkone (VI; R = Me, » = 1, Ph in place of Me) but 
the general absorption pattern differs from that of o- * and p-benzoquinones. 


Fic. 2. (A) 2-Hydroxy-4-methoxyacetophenone, 
(B) 2-hydroxy-4-methoxycrotonophenone, (C) 

















Fic.1. C—Hand O-H absorption of 2’-hydroxy- 2-hydroxy-4-methoxysorbophenone, (D) 2- 
4’-methoxychalkone, (A) solid, and (B) in hydroxy-4’-methoxychalkone, in ethanol. 
0-1M-CCl, solution in a 0-5 mm. cell. 4-57 
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If sorbicillin is a quinone it should possess a very acidic hydroxyl group (vinylogous 
carboxyl group). However, sorbicillin is not soluble in aqueous sodium hydrogen 
carbonate (see also ref. 1). Moreover the colour of sorbicillin in alkaline solution is not 


+ 
“Ox. CH: CH-CH: CHiMe GPO are “O, CH: CH-CH:CHMe 


se) HO HO 
Me Me Me Me Me Me 
OH *OH 
(VIIT) (IX) (X) 


affected by treatment with sodium dithionite. Thus on both chemical and spectroscopic 
grounds we see little to support the view that sorbicillin is a quinone. This is likely to be 
the case also with most hydroxy-carbonyl compounds of the types illustrated on p. 346. 


EXPERIMENTAL 


2-Hydroxy-4-methoxycrotonophenone.—Anhydrous aluminium chloride (20 g.) was added in 
portions to a swirling mixture of resorcinol dimethyl ether (20-7 g.) and crotonyl chloride 
(15-7 g.) in carbon disulphide (80 ml.). After 10 min. more aluminium chloride (20 g.) was 
added, all at once, and the mixture was refluxed on a water-bath until evolution of hydrochloric 
acid ceased (ca. 3 hr.). The solvent was then decanted, the residual complex decomposed with 
ice and hydrochloric acid, and the product taken into ether and dried (MgSO,). Distillation at 
160—170° (bath)/0-05 mm. gave a yellow oil which partly crystallised. After being stirred 
in ice with an equal volume of methanol, the ketone was collected. It formed yellow plates, 
m. p. 89°, from methanol (Found: C, 68-6; H, 6-5. C,,H,,0, requires C, 68-7; H, 6-3%), 

12 Dewar, J., 1952, 3544. 

13 Teuber and Staiger, Chem. Ber., 1955, 88, 802. 
™ Flaig, Salfeld, and Baume, Annalen, 1958, 618, 117. 
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The yield was poor and variable. The ketone gave a red ferric colour, and formed a yellow 
solution in aqueous sodium hydroxide which quickly faded and became turbid. 2-Methyl-7- 
methoxychroman-4-one was obtained by adding 2% aqueous sodium hydroxide (4 ml.) to a 
solution of the ketone (0-25 g.) in warm alcohol (4 ml.). The mixture became turbid and 
deposited the oily chromanone (IV) which crystallised, separated from aqueous alcohol in plates, 
m. p. 77° (lit.,4° 77°) (Found: C, 68-5; H, 6-4. Calc. for C,,H,,0,: C, 68-7; H, 6-3%), and gave 
a negative ferric chloride test. 

2,4-Dihydroxysorbophenone.—A mixture of sorbic acid (5 g.) and resorcinol (5 g.) was added 
to polyphosphoric acid (90 g.) at 55°. After being stirred for 30 min. at this temperature the 
orange-red mass was poured on ice. The sticky red solid was separated, stirred with aqueous 
sodium hydrogen carbonate, set aside until it changed to a light orange precipitate, and crystal- 
lised from aqueous methanol in yellow needles, m. p. 133° (1-47 g.) (Found: C, 70-4; H, 5-9. 
C,H,,03 requires C, 70-6; H, 59%). The ketone formed a yellow solution in aqueous sodium 
hydroxide and gave a dark brown colour with methanolic ferric chloride. When warmed for a 
few minutes with acetic anhydride containing anhydrous sodium acetate it yielded a mono- 
acetate, crystallising from light petroleum (b. p. 100—120°) as yellow needles, m. p. 130° (Found: 
C, 68-2; H, 5-5. C,,H,,O, requires C, 68-3; H, 5-7%). The diacetate, formed when the acetyl- 
ation mixture was boiled, crystallised in needles, m. p. 90°, from light petroleum (b. p. 60—80°) 
(Found: C, 66-2; H, 5-7; Ac, 31-0. C,,H,,O, requires C, 66-7; H, 5-6; Ac, 29-9%) and gave 
a negative ferric reaction. 

2-Hydroxy-4-methoxysorbophenone.—To a stirred solution of 2,4-dihydroxysorbophenone 
(250 mg.) in methanol (12 ml.) containing dimethyl sulphate (2 ml.), N-sodium hydroxide was 
added in 35—45 min., so as to keep the mixture at pH ~9. The pH was then allowed to fall to 
ca. 4—5, a flocculent precipitate appearing. It formed yellow crystals (46 mg.), m. p. 110— 
111° (lit.,* 111—112°) from methanol (Found: C, 71-2; H, 6-4. Calc. for C,,H,,O;, C, 71-5; H, 
65%). More product could be obtained by ether-extraction of the reaction mixture but was 
difficult to purify. It gave a yellow solution in aqueous sodium hydroxide and a brown ferric 
reaction. 

2,4-Dihydroxyhexanophenone 2,4-Dinitrophenylhydrazone.—(a) Resorcinol (3 g.) was con- 
densed with hexanoic acid (3 g.) in polyphosphoric acid (60 g.) at 90° for 30 min. Working up 
gave a yellow oil which distilled at 200—210°/10 mm. The ketone, which partly solidified, 
formed a 2,4-dinitrophenylhydrazone crystallising in deep red plates, m. p. 232—235°, from 
acetic acid (Found: C, 56-0; H, 5-6; N, 14-3. C,,H,9O,N, requires C, 55-7; H, 5-2; N, 14-4%). 

(b) 2,4-Dihydroxysorbophenone (640 mg.) in alcohol (8 ml.) was hydrogenated over Adams’s 
catalyst. When two mols. of hydrogen had been absorbed, the catalyst was removed and the 
solution was treated with 2,4-dinitrophenylhydrazine in alcohol. The product, crystallised 
from acetic acid, had m. p. and mixed m. p. 232—235°. 

Sorbicillin.—2,4-Dimethylresorcinol (1-5 g.) was condensed with sorbic acid (1-2 g.) in 
polyphosphoric acid (30 g.) at 55° for 30min. Treatment with ice and aqueous sodium hydrogen 
carbonate gave a precipitate which crystallised from aqueous methanol in yellow or orange 
plates. More sorbicillin was obtained by ether-extraction of the neutralised reaction liquor 
(total yield, 0-3g.). The ultraviolet and infrared spectra of the synthetic material were identical 
with those of a sample of the natural product kindly supplied by Dr. D. J. Cram. Both samples 
softened at ca. 111° (without melting) and melted at ca. 125—130° (cf. refs. 1, 5, 6) (Found: C, 
72-2; H, 7-1. Calc. for C,gH,,0,: C, 72-4; H, 6-9%). The monoacetate had m. p. 103— 
104° (lit.,1 103—-104°) (yellow needles from aqueous methanol) (Calc. for C,,H,,0,: C, 70-1; H, 
6-6. Found: C, 69-9; H, 6-7%). 


One of us (J. S.) is grateful to the Executive Committee of the Shirley Institute for the 
award of a Fellowship and we are much indebted to Dr. V. C. Farmer for the infrared spectra 
and for discussion. We also thank Drs. H. F. Bondy, D. J. Cram, J. F. W. McOmie, and 
T. H. Simpson for various samples. 


THE UNIvERsITy, OLD ABERDEEN, SCOTLAND. [Received, August 15th, 1959.] 
Richards, Robertson, and Ward, J., 1948, 1610. 
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66. The Synthesis of a $-Batyl (Glycerol 2-Octadecyl Ether) Analogue 
of Cephalin, and Melting-point Data for Batyl, Chimyl, 8-Batyl, and 
8-Chimyl Alcohol and their Derivatives. 


By T. H. Bevan and T. MALKIN. 


A stearoyl-8-batyl analogue of cephalin has been prepared by a method 
previously described for the isomeric batyl analogue. The two isomers 
have the same m. p., but they are readily distinguished by their short X-ray 
spacings and by the ease with which the batyl analogue is dephosphorylated 
by acetic acid—acetic anhydride mixture. M. p. data are given for batyl, 
chimyl, 8-batyl, and $-chimyl alcohol, and their diacetyl and ditrityl 
derivatives and diphenylcarbamates. 


BayYLis, BEVAN, and MALKIN * have described the synthesis of batyl analogues of cephalin, 
by the interaction of silver 2-(benzyloxycarbonylamino)ethy] phenyl phosphate and, ¢.g., 
baty] l-iodide 2-stearate. We have now prepared the 8-batyl cephalin analogue by the 
same method using {-batyl 1-iodide 3-stearate (2-O-octadecylglycerol 1-iodide 3-stearate). 

As explained in the above paper, these analogues are of interest in connection with 
the structure of plasmalogens, about which doubt still exists. The structures proposed 
by Klenk and Debuch* and by Rapport, Lerner, Alonzo, and Franzl* should give rise, 
on reduction, to batyl and $-batyl analogues of cephalin, respectively. 


TABLE 1. Short X-ray spacings of cephalins and analogues. 


Batyl and chimyl cephalin ... 59lw 486w 414vs 383m 3-56w 
GNI Suncavassccesessastancexesce 592w 493 w 418 vs 386m 3-6w 
II, ednicsicncccncriccenssece 559s 464vs 433m 423m 3-89w 3-79m 3-63m 3-74m 
B-Batyl cephalin ............... 546w 468w 405 vs 3-74m 


w = weak; m = moderate; s = strong; vs = very strong. 


TABLE 2. M. p.s of batyl, chimyl, B-batyl, and 8-chimyl alcohol and their derivatives. 


Alcohol Diacetyl deriv. Ditrityl deriv. Diphenylcarbamate 
BIDE © Snusdeskodscscssstecas 71—72° (66°) 43° (35°) 7 97° 
GENS © Scctsccsssscaeces 71 ~- 34 (29) 81 93 
ENED wiewiseodisnamecka 63 (58) 33 (24) 62 95 
BIG vscciscsveccasects 63 26 (18) 69 88 


M.p.s of lower-melting forms in parentheses. 


We find that these isomeric analogues have the same m. p. but they are readily distin- 
guished by their short X-ray spacings (Table 1) and by the action of a hot mixture of acetic 
acid and acetic anhydride,* which converts the batyl analogue into batyl 1-acetate 2- 
stearate but fails to dephosphorylate the $-batyl isomer. 

In view of the growing interest in the glycerol ethers in the lipid field, we have prepared 
a number of derivatives for their characterisation (Table 2). Batyl and chimyl alcohol 
melt too closely to their B-isomers for identification by m. p., but the former are distin- 
guished by their consumption of 1 mol. of periodic acid,5 and by their dimorphism. More- 
over, only the $-isomers crystallise in spherulite formations, which are best seen under a 
microscope, between crossed nicols. 


* Gupta and Kummerow (J. Org. Chem., 1959, 24, 409) have recently described an excellent method 
for the preparation of this alcohol in high yield. 


1 Baylis, Bevan, and Malkin, J., 1958, 2962. 

2 Klenk and Debuch, Z. physiol. Chem., 1954, 296, 179. 

% Rapport, Lerner, Alonzo, and Franzl, J. Biol. Chem., 1957, 225, 859. 
4 Bevan, Brown, Gregory, and Malkin, J., 1953, 129. 

5 Stegerhoek and Verkade, Rec. Trav. chim., 1956, 75, 143. 
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EXPERIMENTAL 


8-Batyl Alcohol.*—This was first made by Davies, Heilbron, and Jones ® by interaction of 
octadecyl iodide and potassium O-benzylideneglycerol in boiling benzene. They obtained 
widely varying yields and finally claimed a 71% yield of product, m. p. 62—63°. Our highest 
yield, by their method, was 10% of product, melting at 71°. This was improved to 30% by 
the use of xylene as solvent instead of benzene. We also used the benzylideneglycerol of 
m. p. 84° instead of the mixture of geometric isomers, m. p. 63°, used by Davies et al. 

1,3-O-Benzylideneglycerol,’? m. p. 84° (18 g., 0-1 mole), was added in portions to vigorously 
stirred, finely powdered potassium (3-9 g., 0-1 mole) under xylene (300 ml.), and the reaction was 
completed by refluxing and stirring. Octadecyl iodide (60 g., 0-175 mole) was then added in 
portions, and refluxing and stirring were continued for 20 hr. After cooling, potassium iodide 
was removed and the filtrate was evaporated under reduced pressure. The residue was distilled 
at <0-1 mm. to remove benzylideneglycerol and unchanged octadecyl iodide, and the residue 
(17 g.) was crystallised twice from ethanol to yield 13 g., m. p. 57—58° (Found: C, 77-9; H, 11-2. 
Calc. for C.sH,,0,;: C, 77:8; H, 11-1%). 

The benzylidene group was removed by hydrolysis and by hydrogenolysis. The latter is by 
far the superior method. 

Hydrolysis.—The benzylidene compound (11 g.) was refluxed for 70 min. in 75% aqueous 
ethanol (150 ml. of alcohol, 50 ml. of water) containing concentrated hydrochloric acid (11 ml.). 
After cooling and dilution with water, the precipitated solid was collected, washed with water, 
and dried. After one crystallisation from ethanol and two from ethyl acetate, there remained 
7 g. of crystalline product, m. p. 71°. 

Hydrogenolysis.—The benzylidene compound (1-08 g.) was hydrogenated in ethyl acetate 
(40 ml.) at atmospheric pressure in the presence of platinum black (0-3 g.). Crystals slowly 
separated during this stage. When absorption of hydrogen had ceased, the apparatus was 
evacuated to remove hydrogen, and the solution was warmed to dissolve the precipitated 
product. The catalyst was then removed and washed with solvent, and the solution was 
evaporated under reduced pressure to give a quantitative yield of 8-batyl alcohol, m. p. 71°, 
unchanged on crystallisation (Found: C, 73-2; H, 12-9. Calc. for C,,H,,0,: C, 73:3; H, 12-8%). 

8-Chimyl Alcohol.—This was made in the same manner, from hexadecyl iodide. The inter- 
mediate benzylidene compound, from methanol-ethanol (1:1), had m. p. 38—39° (yield 30%) 
(Found: C, 77-3; H, 10-9. Calc. for C,,Hy,O,: C, 77-2; H, 10-9%). Hydrolysis or hydro- 
genolysis gave @-chimyl alcohol, m. p. 63° (from acetone) (Found: C, 72-2; H, 12-7. Calc. for 
CygHyO3: C, 72-2; H, 12-7%). Davies et al.* give m. p. 60—61°. 

8-Batyl Monosteavate.—Stearoyl chloride (3-03 g.) was added dropwise to 8-batyl alcohol 
(3-44 g.) in chloroform (50 ml.) containing pyridine (3 ml.) with vigorous stirring during 20 hr. 
Stirring was continued for a further 4 hr. and the solvent was removed under reduced pressure. 
The residue was triturated twice with water, separated by filtration, and dried in vacuo. 
Crystallisation from ethanol and acetone (twice) yielded colourless crystals (5-3 g., 87%), m. p. 
57—59°. This product gave correct analyses for 8-batyl monostearate, but from its melting 
behaviour we suspect the presence of a trace of the distearate. This isremoved in the next stage. 

Stearoyl-B-batyl Toluene-p-sulphonate.—8-Batyl monostearate (4-72 g.) was added in small 
portions to toluene-p-sulphonyl chloride (2 g.) in pyridine (14 ml.), kept at 40° for 2 hr., cooled, 
and poured into water. The precipitate was collected, washed with water, and dried in vacuo. 
Crystallisation from ethanol, and twice from light petroleum (b. p. 40—60°) gave crystalline 
product (4-6 g.), m. p. 70° (Found: C, 72-3; H, 10-8. C,,H,,O,S requires C, 72-3; H, 11-0%). 

Stearoyl-B-batyl Iodide.—The above toluene-p-sulphonate (3-5 g.) was refluxed and stirred 
in the dark for 24 hr. in dry acetone (50 ml.) containing sodium iodide (2-25 g.). The precipitated 
sodium toluene-p-sulphonate was then removed (0-83 g., theor. 0-89 g.) and when the filtrate 
was cooled the iodide crystallised and was collected (3-9 g.; m. p. 60°). Crystallisation from 
acetone did not alter the m. p. This compound also exists in a form, m. p. 41—42° (Found: 
C, 65-2; H, 10-7. C,,H,,0,I requires C, 65-0; H, 10-7%). 

§-Batyl Analogue ef Cephalin.—Stearoyl-B-batyl iodide (2-6 g.) was added to a solution of 
silver 2-(benzyloxycarbonylamino)ethyl phenyl phosphate (2 g.) in boiling xylene (60 ml.) in 


® Davies, Heilbron, and Jones, J., 1934, 1232. 
7 Verkade and van Roon, Rec. Trav. chim., 1942, 61, 831. 
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the dark, and the mixture was refluxed and stirred for 15 min. The solution was then cooled 
and the precipitated silver iodide was removed (Filtercel). After removal of solvent under 
reduced pressure, the residue was dissolved in ether and washed with water, with half-saturated 
sodium hydrogen carbonate (twice), and again with water. After drying (Na,SO,) and removal 
of the solvent, there remained a low-melting solid (3 g.). This was dissolved in acetic acid- 
chloroform (2:1; 100 ml.) and hydrogenated at slightly >1 atm. pressure in the presence of 
a 1:1 mixture (1 g.) of palladium black and Adams platinum oxide. When absorption of 
hydrogen ceased, the apparatus was evacuated to remove hydrogen, chloroform was added to 
dissolve precipitated product, and the catalyst was removed and washed with chloroform. 
Solvents were then removed under reduced pressure at <40° with the addition of benzene to 
remove final traces of acetic acid. The residue was extracted thrice with boiling ether to remove 
impurities; there remained 1-5 g. (57%) of microcrystalline 6-baty! cephalin, m. p. 198° un- 
changed after crystallisation from ethanol (Found: C, 67-0; H, 11-5; N, 2-0; P, 4-2. 
C,,H,,0O,NP requires C, 67-1; H, 11-5; N, 1-9; P, 42%). 

On evaporation of the above ethereal extract there remained 0-7 g. of material which when 
crystallised twice from acetone melted at 59° and analysed correctly for B-batyl monostearate 
(Found: C, 76-9; H, 12-7. C,,H,,0, requires C, 76-7; H, 12-8%). The identity was confirmed 
by the following preparation. Stearoyl-§-batyl iodide (0-5 g.) was refluxed for 5 hr. with silver 
nitrate (0-5 g.) in ethanol (20 ml.) containing water (1 ml.). The precipitated silver salt was 
removed after cooling (Filtercel), and on evaporation of solvent there remained 0-3 g. of 
residue. After crystallisation from acetone identity with the above monostearate was confirmed 
by m. p., mixed m. p., and analysis. The more usual reagent for this reaction, silver nitrite,® 
was not so satisfactory as the nitrate. 

Action of Acetic Acid—Acetic Anhydride on Batyl and B-Batyl Cephalins.—This was carried 
out as described by Bevan et al. Batyl cephalin (stearoyl) gave an 86% yield of batyl 1-acetate 
2-stearate which is dimorphous, m. p. 41—42° (from ethanol) and 47° (from hexane) (Found: 
C, 75-6; H, 12-1. C,,H,,O, requires C, 75-5; H, 12-3%). 

8-Batyl cephalin treated in the same manner gave a product, m. p. ca. 70°, which was 
difficult to purify and gave positive tests for nitrogen and phosphorus. 

Batyl 1-Steavate 2-Acetate.—Batyl] 1-stearate, m. p. 71°, was prepared by monoacylation of 
batyl alcohol in chloroform—pyridine as described by Malkin, Shurbagy, and Meara ® for the 
the preparation of 1,3-diglycerides (Found: C, 76-9; H, 12-7. Calc. for Csg3H,,O,: C, 76-7; 
H, 128%). It had been previously prepared in a different manner by Stegerhoek and Verkade 5 
(m. p. 71—71-5°). The stearate (0-3 g.) was heated with acetic acid—acetic anhydride (1:1; 
6 ml.) for 8 hr., and the cold solution was poured into water and kept overnight. The precipitate 
was collected and crystallised from ethanol, giving 0-3 g., m. p. 40°. Batyl 1-stearate 2-acetate 
is dimorphous and has m. p. 49° (from hexane) (Found: C, 75-5; H, 12-5. C,H, 0, requires 
C, 75-5; H, 12-3%). This compound was shown by X-rays to be different from the isomer 
described above; hence no migration of acyl groups occurs during the dephosphorylation. 

8-Batyl 1-acetate 3-stearate was prepared for comparison by the acetylation of B-batyl mono- 
stearate. It exhibits dimorphism with m. p. 42—43° (from ethanol) and 49—50° (from hexane) 
(Found: C, 75-6; H, 12-0. C,,H,,O,; requires C, 75-5; H, 12-3%). 

Batyl Diacetate—Baty] alcohol (0-5 g.) was heated with acetic anhydride (5 ml.) for 1 hr. 
The cold solution was poured into water and after some hours the precipitate (0-5g.) was removed, 
washed, and dried in vacuo (over NaOH). After two crystallisations from methanol, and 
drying in vacuo (over H,SO,), there remained a transparent wax, m. p. 35°, which slowly changed 
to an opaque form, m. p. 43° (Found: C, 70-2; H, 11-3. Calc. for C,,H,,0,: C, 70-1; H, 11-2%). 
Baer and Fischer ? give m. p. 34—34-5° and 42—43° for the p- and the 1-form and 34—34-5° 
for the pL-form. 

The remaining diacetates were made similarly except that for 6-chimyl diacetate it was more 
convenient to extract the product from aqueous suspension with ether. All exist in at least 
two forms, but we have not studied their polymorphism in detail and, by analogy with tri- 
glycerides, other forms would be expected. 

8-Batyl diacetate, m. p.s 29° and 34° (Found: C, 70-2; H, 11-4. C,;H,,0, requires C, 70-1; 
H, 112%). 

8 Fischer, Ber., 1920, 58, 1621. 


® Malkin, Shurbagy, and Meara, J., 1937, 1409. 
10 Baer and Fischer, J. Biol. Chem., 1941, 140, 397. 
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Chimy] diacetate, m. p.s 24° (from methanol at 0°) and 33° (opaque form) (Found: C, 69-2; 
H, 10-9. Calc. for C,,H,,O,: C, 69-0; H, 110%). Nakamiya ™ found m. p. 22°. 

@-Chimyl diacetate, m. p.s 18° and 26° (Found: C, 69-3; H, 10-9. C,,;H,O, requires 
C, 69-0; H, 11-0%). 

Ditrityl Derivatives.—These were made as described by Stegerhoek and Verkade *® by the 
action of triphenylmethyl bromide on the alcohol in pyridine. 

Ditritylbatyl alcohol, m. p. 71° (from acetone) (yield, 82%) (Found: C, 85-4; H, 8-7. Calc. 
for CsgH,,0,: C, 85-5; H, 8-8%). Stegerhoek and Verkade give m. p. 70—71°. 

Ditrityl-B-batyl alcohol, m. p. 81° (yield, 87%) (Found: C, 85-5; H, 8-8. C,,H,.O, requires 
C, 85°5; H, 8-8%). 

Ditritylchimyl alcohol, m. p. 62° (yield, 70%) (Found: C, 85-5; H, 8-6. C,;,H,,O, requires 
C, 85:5; H, 85%). 

Ditrityl-B-chimyl alcohol, m. p. 69° (yield, 75%) (Found: C, 85-5; H, 8-6. C,,H,,O, requires 
C, 85°5; H, 85%). 

Diphenylcarbamates.—These were made by heating the alcohols in benzene with phenyl 
isocyanate for 1 hr., under anhydrous conditions. The solution was then reduced to a small 
volume and the carbamates were precipitated by the addition of light petroleum (b. p. 100— 
120°). Final crystallisation was from a mixture of the latter and benzene. Thus were prepared: 

Batyl diphenylcarbamate, m. p. 97° (80%) (Found: C, 72-1; H, 9-1; N, 4-9. Calc. for 
CysH;4O;N,: C, 72-2; H, 9-3; N, 48%). Heiibron and Owens ™ give m. p. 98°; Drummond 
and Baker,!* m. p. 98-5—99°; and Nakamiya,™ 100°. 

6-Batyl diphenylcarbamate, m. p. 93° (85%) (Found: C, 72-0; H, 9-2; H, 4-6. Calc. for 
C,;H;,0;N.: C, 72-2; H, 9-3; N, 48%). Davies et al.® give m. p. 83—84°. 

Chimyl diphenylcarbamate, in. p. 95° (80%) Found: C, 71-5; H, 8-9; N, 5-2. Calc. for 
C33H5o0;N2: C, 71-5; H, 9-0; N, 5-1%). Davies, Heilbron, and Owens ™ give m. p. 93—94°. 

6-Chimyl diphenylcarbamate, m. p. 88° (90%) (Found: C, 71-7; H, 8-9; N, 4-9. Calc. for 
C33H;90;N2: C, 71-5; H, 9-0; N, 5-1%). Davies, Heilbron, and Jones ® give m. p. 82—83°. 


Our thanks are offered to Unilever Limited for a grant, and to Messrs. Price’s (Brom- 
borough) Limited for gifts of highly purified fatty acids. 
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11 Nakamiya, Bull. Inst. Phys. Chem. Res., Tokyo, 1939, 17, 837. 
12 Heilbron and Owens, J., 1928, 942. : 

18 Drummond and Baker, Biochem. J., 1929, 28, 274. 

4 Davies, Heilbron, and Owens, J., 1930, 2542. 





67. Addition Compounds of Gallium Tribromide with Pyridine 
and Piperidine. 
By N. N. GREENWwoop and I. J. WorRALL. 


Gallium tribromide forms 1:1 addition compounds with pyridine and 
piperidine, but no evidence was obtained for 1 : 2 complexes such as exist in 
the corresponding systems with gallium trichloride. Gallium tribromide— 
pyridine melts at 126° and gallium tribromide—piperidine at 139°. The 
densities, surface tensions, viscosities, and conductivities were measured over 
a range of temperature and the activation energies, Eétvés constants, and 
parachors were calculated. The product of the molar conductivity and 
viscosity is almost independent of temperature and indicates that the molten 
compounds are about 2% dissociated into ions. 


RECENT work ! has shown that gallium trichloride forms a variety of addition compounds 
with inorganic and organic ligands, and the properties of these compounds have been 
compared with those of complexes with related electron-acceptors, particularly boron 
trichloride.2 The effect of replacing chlorine by bromine has been less studied though it 


1 Greenwood, J. Inorg. Nuclear Chem., 1958, 8, 234, and references therein. 
? Greenwood and Wade, /., in the press. 
N 
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is known ® that gallium tribromide-phosphorus oxybromide closely resembles gallium 
trichloride—phosphorus oxychloride. To see whether this similarity was a general feature 
of gallium trihalide complexes it was decided to investigate the properties of the systems 
which gallium tribromide forms with typical organic ligands, and pyridine and piperidine 
were selected. 

RESULTS 


The preparation of gallium tribromide ¢ and the purification of the ligands »* have previously 
been described. The experimental methods used to determine density, surface tension, 
viscosity, and conductivity have also been published in earlier papers from this laboratory. 

Gallium Tribromide—Pyridine.—A partial phase diagram of the system was obtained by 
making up about 20 mixtures of differing compositions, sealing these into small tubes under 
vacuum, and then heating the samples at the rate of 1° per 10 min. until they melted. The 
results, shown in Fig. 1, indicate the presence of a stable 1: 1 addition compound, m. p. 126° 
(GaCl,,C;H,N has an identical m. p.).6 The first eutectic occurs at — 1° (24 moles % of pyridine), 


Fic. 1. System GaBr,-C,H,N. 


























Fic. 2. Conductivity and viscosity of fused 
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but the second could not be determined because of a tendency for the mixtures to supercool and 
resinify above 65 mole % of pyridine. There was no indication of a 1 : 2 complex at 66-7 moles 
% of pyridine or of a eutectic between this composition and the 1 : 1 complex at 50 moles %. 

The specific conductivity of fused gallium tribromide—pyridine at 1000 cycles sec.~! did not 
vary with time and was reproducible in the temperature range studied (118—147°). The 
results, plotted in Fig. 2, fall on a curve having two almost linear limbs, corresponding to activ- 
ation energies of 6-01 kcal. mole below 135° and 4-58 kcal. mole above this temperature. 
The corresponding value for the gallium trichloride complex 5 is 4-16 kcal. mole. Interpolated 
values at 5° intervals are summarized in Table 1. At the m. p., 126°, the specific conductivity, 
« (compared with that of GaCl,,C;H,N at the same temperature, in parenthesis) is 1-242 x 10% 
(2-725 x 10%) ohm™ cm... The molar conductivity, p, is 0-2165 (0-4472) cm.? ohm™ mole, 
and the reduced conductivity, yy, is 1-531 (1-077) cm.? cp ohm™ mole. 

Viscosity results in the temperature range 119—146° were reproducible over a period of 
days and are shown in Fig. 2. Efflux times varied from 120 to 200 sec. The activation energy 
for viscous flow was 6-41 (4-47) kcal. mole}, and at the m. p. the dynamic viscosity was 7-090 cp 


* Greenwood and Worrall, J. Inorg. Nuclear Chem., 1958, 6, 34. 
* Idem, ibid., 1957, 3, 357. 

5 Greenwood and Wade, /., 1958, 1663. 

* Idem, J., 1958, 1671. 
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(compared with 2-408 cp for GaCl,,C;H,N5). Interpolated values of the viscosity at 5° 
intervals are incorporated in Table 1. 
The density of gallium tribromide—pyridine in the range 118—155° can be represented 
(40-0006) by the equation 
d,t = 2-2368 — 1-29 x 10°3(¢ — 120) g. ml. 


This corresponds to a density of 2-2291 g. ml. and a molar volume of 174-32 ml. mole™ at 
the m. p. 
TABLE 1. Properties of molten GaBr3,C;H;N. 


Temp. 4d,' (g. ml.) 7 (cp) 10% (ohm cm.) yp (cm.? ohm™ mole) yy (cm.? cp ohm™ mole 


120° 2-2366 8-048 1-109 0-1931 1-549 
125 2-2299 7-260 1-222 0-2129 1-536 
130 2-2224 6-475 1-338 0-2337 1-523 
135 2-2162 5-914 1-465 0-2567 1-519 
140 2-2108 5-386 1-589 0-2792 1-497 
145 2-2051 4-920 1-709 0-3012 1-479 


The surface tension was determined approximately by noting the difference in height of the 
menisci in the two limbs of the dilatometer. Its variation with temperature (+ 0-9 dyne cm.) 
is given by the equation 

y = 43-5 — 0-15(¢ — 120) dynes cm. 
The corresponding equation for the molar surface free energy (a = yVy4) is 
w = 1364 — 4-91(¢ — 120) ergs mole? 


The Eétvés constant has the rather high value of 4-91 ergs mole? deg.“! (2-34 for GaCl,,C,H,N5). 
The parachor was independent of temperature, thus providing a check on the quality of the 
surface-tension measurements, and had a mean value of 442-4 + 2-5. The value calculated for 
the structure C,H;,N->GaBr, is 432-5. 

Gallium Tribromide—Piperidine.—The phase diagram of the system was not investigated, 
but the m. p. of the 1 : 1 compound was 139—141° (cf. piperidine * —10-4°, gallium tribromide 4 
122-5°, and GaCl,,C,H,,NH 134°*). The properties of this complex were determined and are 
shown in Fig. 2 and Table 2. The specific conductivity was measured between 133° and 156°, 
and at 139° was 1-503 x 10% (1-969 x 10%) ohm™ cm. (values in parentheses refer to 
GaCl,,C;H,)NH at its m. p.*). The molar conductivity is 0-2821 (0-346) cm.? ohm™ mole“, and 
the reduced conductivity 1-931 (1-63) cm.? cp ohm™ mole. The plot of log « is linear and 
leads to an activation energy of 6-58 (5-61) kcal. mole™. 


TABLE 2. Properties of molten GaBr,,C;H, NH. 


Temp. d,'(g.ml.-!) (cp) 10% (ohm'tcm.-1) yp (cm.? ohm™ mole) yy (cm.? cp ohm mole=) 


135 2-1104 7:347 1-389 0-2597 1-908 
140 2-1043 6-714 1-533 0-2875 1-930 
145 2-0970 6-156 1-676 0-3152 1-930 
150 2-0910 5-586 1-829 0-3452 1-943 
155 2-0851 5-149 1-993 0-3775 1-949 
160 2-0771 4-732 


The viscosity was determined over the temperature range 138—160° with outflow times 
varying between 125 and 175 sec. The activation energy of viscous flow calculated from the 
linear plot of log 7 was 6-09 (~6-06) kcal. mole. The dynamic viscosity at the m. p. was 
6-844 (4-713) cp. 

Density in the temperature range 133—160° follows the equation (-+ 0-0006) : 


d,t = 2-1105 — 1-33 x 10°(¢ — 135) g. ml. 


The density at the m. p. is 2-1052 g. ml.1 and the molar volume 187-45 ml. mole". 
Surface tension, y, and molar surface free energy, w, can be represented in the same temper- 
ature range by the equations 


y (10-5) = 44-4 — 0-14(¢ — 135) dynes cm. 
w (+30) = 1462 — 7-63(¢ — 135) ergs mole 
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The Eétvés constant is very large, 7-63, to be compared with 2-34 erg mole? deg.” for gallium 
trichloride—piperidine. The parachor is 480-1 + 1-5 (calc. for C;-H,,N->GaBrzy, 469-0). 


DISCUSSION 


No new features emerge from these results, and the interpretation of the data follows 
the lines indicated for the gallium trichloride complexes.>* The great similarity between 
all four complexes is notable, the major differences being in the larger activation energies 
and Eétvés constants of the bromo-compounds. The specific conductivity of the bromo- 
complexes is slightly less than that of the corresponding chloro-compounds but, because 
of their rather larger viscosity, the product py is slightly greater. If normal ionic 
migration velocities are assumed, the values of the reduced conductivity indicate that the 
complexes of gallium tribromide with pyridine and piperidine are about 2% dissociated 
into ions. 

Before this work only three systems containing gallium tribromide had been 
investigated. Ammonia apparently forms several addition compounds,’ the stable 1:1 
adduct melting at 124°. More recently gallium tribromide—dimethyl ether, m. p. 85°, 
and gallium tribromide-trimethylamine have been prepared and the latter ligand also 
forms an unstable 1 : 2 complex at low temperatures. The present work, together with 
that on gallium tribromide—phosphorus oxybromide,’ shows that the complexes of gallium 
tribromide closely resemble those of gallium trichloride, and further investigations on these 
lines seems unlikely to add further to our knowledge of the structure and properties of 
these complexes. 


We thank the Chemical Society for a Grant from the Research Fund and the University of 
Nottingham for the award of a Research Scholarship to:I. J. W. 
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7 Klemm, Tilk, and Jacobi, Z. anorg. Chem., 1932, 207, 188, 190; Johnson and Parsons, J. Phys. 
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68. Thermochemistry of the Systems which Boron Trichloride and 
Gallium Trichloride form with Acetone and Acetyl Chloride, and the 
Heat of Solution of Boron Tribromide in Acetone. 


By N. N. GREENWooD and P. G. PERKINs. 


Gallium trichloride forms a 1:1 complex, m. p. 42-2° (decomp.), with 
acetone; this is the first reported complex of gallium trichloride with a 
ketone. Its heat of formation is 15-3 + 0-9 kcal. mole compared with 
4-1 + 0-1 kcal. mole? for gallium trichloride-acetyl chloride. The 1:1 
mixture of boron trichloride and acetyl chloride, which exists as a complex 
only in the solid phase at low temperatures, has an even lower heat of form- 
ation: 0-7 -+ 0-1 kcal. mole.t A complex between boron trichloride and 
acetone could not be isolated because of polymerizing side reactions, but the 
total heat of solution of boron trichloride in this ligand was 44-9 + 0-1 kcal. 
mole, compared with 68-4 + 0-03 kcal. mole“ for boron tribromide. 


THE properties of the 1:1 complex between gallium trichloride and acetyl chloride 
suggest | that it has the structure Me-CO*GaCl,-, and the absence of a similar complex 
between boron trichloride and acetyl chloride has been ascribed ! to the difficulty of form- 
ing the corresponding tetrachloroborate ion, though this ion is now known in other com- 
pounds.? The present experiments were designed to find out whether this difference was 


? Greenwood and Wade, /., 1956, 1527. 
2 Kynaston and Turner, Proc. Chem. Soc., 1958, 304, and references therein. 
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refleeted in the thermochemistry of the two systems and to determine the influence of 
replacing the chlorine atom in the ligand by a methyl group, thus ensuring that any co- 
ordination occurs through the oxygen atom of the carbonyl group. A partial statement 
of some of the results, without the supporting experimental data, has appeared in the 
Proceedings of recent conferences.*4 


EXPERIMENTAL AND RESULTS 


The preparation and purification of gallium trichloride } and the purification of boron tri- 
chloride,! boron tribromide,’ and acetyl chloride } have been previously described. Acetone, 
m. p. —95°, b. p. 56-5°, was dried by refluxing it over anhydrous potassium carbonate and then 
fractionated twice. 

The phase diagram of the system gallium trichloride—acetone was determined by means of 
the apparatus shown in Fig. 1. A sample tube containing gallium trichloride was weighed, 
broken, and sealed in limb A. The apparatus was then evacuated and the chloride 
quantitatively sublimed into compartment B, the weight taken being found by weighing the 
empty pieces of sample tube after the apparatus had been sealed at C. Successive known 
weights of acetone were then condensed into B which could be detached from the vacuum line 
and shaken to ensure a homogeneous mixture. Heating and cooling curves were obtained by 


Fic. 1. Fic. 2. 
Melting-point apparatus. Phase diagram of the system GaCl,—-Me,CO 
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immersing the apparatus in a magnetically stirred oil-bath fitted with a 40-w heater, cooling 
being obtained, when required, by pellets of solid carbon dioxide. Temperatures were measured 
to 0-025° by means of a single-junction copper—constantan thermocouple in conjunction with a 
Pye precision vernier potentiometer. The results are given in Fig. 2 which shows a maximum 
m. p. of 38° at the 1:1 ratio. It was observed that repeated melting and freezing tended to 
decompose the compound, and the maximum on the phase diagram is lower than the m. p. of a 
freshly prepared sample of the complex, viz., 42-2°. This is the first reported complex between 
gallium trichloride and a ketone, though several such compounds of aluminium trichloride are 
well known. The system is similar to that between gallium trichloride and acetyl chloride, in 
which the 1:1 complex melts with some decomposition at 86°.1 However, in contrast to 
gallium trichloride-acetyl chloride which rapidly yielded acetophenone when refluxed with 
benzene, the complex gallium trichloride—acetone showed no Friedel-Crafts activity under the 
same conditions and no acetophenone was detected. 

The heat of formation of crystalline gallium trichloride—acetone from crystalline gallium 
trichloride and liquid acetone at 25° was determined from the difference between the heats of 
- 3 Greenwood, Wade, and Perkins, Proc. 16th Congress I.U.P.A.C. (Inorganic Section), Paris, 1957, 

* Greenwood, J. Inorg. Nuclear Chem., 1958, 8, 234. 
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TABLE 1. GaCl,(c) + excess of Me,CO(l) = GaCl,,Me,CO (in excess of Me,CO). 


Calibration —AH 

Me,CO (g.) GaCl, (g.) Mole ratio AT (pv) (cal. per pv) (kcal. mole~) 
80 0-0767 3160: 1 127-0 0-1065 31-1 
80 0-1022 2370: 1 182-5 0-1040 32-7 
80 0-0887 2740: 1 153-0 0-1051 31-9 
Mean 31-9 


TABLE 2. GaCl3,Me,CO(c) +- excess of Me,CO(l) = GaClj,Me,CO (in excess of Me,CO). 


Calibration —AH 

Me,CO (g.) GaCl;,Me,CO (g.) Mole ratio AT (uv) (cal. per pv) (kcal. mole~) 
101 0-6424 620: 1 390 0-1177 16-7 
103-5 0-6354 655: 1 373 0-1202 16-5 
Mean 16-6 


TABLE 3. GaCl,(c) + excess of Me-COCI(l) = GaCl,,Me*COCI (im excess of Me*COCI), 


Calibation —AH 

Me-COCI (g.) GaCl, (g.) Mole ratio AT(zVv) (cal. per pv) (kcal. mole) 
130 0-1252 2330: 1 182-5 0-1229 31-5 
133 0-0757 3880: 1 125-5 0-1080 31-5 
Mean 31-5 


TABLE 4. GaCl,,Me*COCI(c) + excess of Me*COCI(l) = GaCl,,Me*COCI 
(tn excess of Me*COC)). 


Calibration —AH 

Me’COCI (g.) GaCl,,Me*COCI (g.) Mole ratio AT (pv) (cal. per pv) (kcal. mole=) 
133 0-3190 1350: 1 320 0-1079 27-5 
133 0-3427 1260: 1 1 322 0-1141 27:3 
Mean 27-4 


TABLE 5. BCI,(l) + excess of Me-COCI(l) = {BCl, + Me*COCI} (in excess of Me*COCI). 


Calibration —AH 

Me-COCI (g.) BCI, (g.) Mole ratio AT(pv) (cal. per pv) (kcal. mole=) 
133 0-1694 1170: 1 292-0 0-1056 21:3 
132 0-1142 1725 : 1 201-5 0-1037 21-4 
Mean 21-4 


TABLE 6. {BCl, + Me-COCI}(l) + excess of Me-COCI(l) = {BCl, + Me*COCI} 
(tn excess of Me*COCI). 


Calibration —AH 

Me:COCI (g.) {BCl, + Me-COC]} (g.) Mole ratio AT(zVv) (cal. per pv) (kcal. mole) 
134 0-3292 1010: 1 321-0 0-1082 20-6 
132 0-2017 1630: 1 208-5 0-1027 20-8 
Mean 20-7 


TABLE 7. BCI,(l) + excess of Me,CO(l) = {BCl, + products} (in excess of Me,CO). 


Calibration —AH 

Me,CO (g.) BCI, (g.) Mole ratio AT (uv) (cal. per pv) (kcal. mole“) 
96-5 0-2918 670: 1 987 0-1130 44-8 
95 0-2027 945: 1 739 0-1059 44-9 
95 0-3119 615: 1 1124 0-1067 45-0 
Mean 44-9 


TABLE 8. BBr,(l) + excess of Me,CO(l) = {BBr, + products} 
(in excess of Me,CO). 


Calibration —AH 

Me,CO (g.) BBr; (g.) Mole ratio AT (pv) (cal. per pv) (kcal. mole~) 
98-5 0-1685 2520: 1 433 0-1064 68-4 
98-5 0-5181 820: 1 1288 0-1101 68-4 


Mean 68-4 
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selution of gallium trichloride and of the complex in excess of acetone. The thermochemical 
data were obtained as previously described »* and are summarized in Tables 1 and 2. These 
jead to the following heat of formation: 


GaCl,(c) + Me,CO(l) = GaCl,,Me,CO(c); —AH; = 15-3 + 0-9 kcal. mole 


The corresponding data for the system gallium trichloride—acetyl chloride are given in 
Tables 3 and 4 and lead to the following heat of formation of the complex: 


GaCl,(c) + Me-COCI(l) = GaCl,,Me-COCl(c); —AH; = 4-1 + 0-1 kcal. mole 


The high value for the heat of solution of this complex is probably due to the acetylation which 
occurs in solution. This should take place to the same extent in the solution of both gallium 
trichloride itself and the complex and therefore should not affect the derived heat of formation 
of the complex. However, some inaccuracy arises from the fact that the maximum temperature 
rise, which is usually attained in 2—3 min., occurred only after 5—10 min. 

Boron trichloride, in contrast to gallium trichloride, does not form a complex with acetyl 
chloride, and this is reflected in the low heat of interaction of the two components to give the 
1:1 mixture: 


BCI,(1) + Me-COCI(l) = {BCl, + Me-COCI}(l); —AH; = 0-7 + 0-1 kcal. mole 
The supporting experimental data are recorded in Tables 5 and 6. 

Boron trichloride forms neither a 1 : 1 adduct nor a stable mixture with acetone because of 
rapid resinification of the ligand, with elimination of hydrogen chloride. Preparation of an 
unstable complex in solution was accomplished but this always polymerized before the product 
could be isolated. Accordingly only the total heat of interaction of boron trichloride and 
acetone could be measured (Table 7), and the final calorimetric liquid was yellow-brown owing 
to the presence of the polymerization and condensation products in solution. The value 
obtained was 44-9 + 0-1 kcal. mole™. 

In the same way it was found that complexes of boron tribromide with acetone could not be 
isolated, either as products of direct reaction or by interaction of the components in an inert 
solvent such as carbon tetrachloride. Table 8 shows that the heat of interaction was 
68-4 + 0-03 kcal. mole. In view of the side reactions which occur on dissolution it is not 
possible to say anything definite about the relative heats of formation of the fugitive complexes 
in the two systems though it is noticeable that the heat of interaction of acetone with boron 
tribromide is greater than that with boron trichloride. The same order is observed when 
pyridine, piperidine, methyl cyanide, and nitrobenzene are used as ligands.5 


DIscussION 

The heat of formation of gallium chloride-acetone is similar to that of other complexes 
between gallium trichloride and oxygen-containing ligands (e.g., GaCl,,Et,0 15-4 kcal. 
mole?;# and GaCl,,POCI, 10-2 kcal. mole).6 It seems likely that boron trichloride— 
acetone would have a somewhat higher heat of formation if it were possible to isolate the 
complex before the interfering side-reactions occurred (cf. BF;,Me,CO,’ m. p. 35—40°). 
Comparison with aluminium chloride-acetone is also difficult because here again a 
numerical value is not available; the heat evolved has been stated to be “‘ marked ”’ § and 
the value is likely to be greater than 20 kcal. mole™ since, in chlorobenzene solution, the 
heat of formation of the complexes AICl,,Ph,CO and AICl,,PhMeCO are 15-4 and 19-2 kcal. 
mole respectively. A complex 3AICI,,5Me,CO, m. p. 110—114°, has been claimed in 
this system.® 

Acetyl chloride is a much weaker ligand than acetone but this difference cannot be 
ascribed to the differing inductive effects of the chlorine atom and the methyl group on the 
electron-density of the carbonyl oxygen atom as the structures of the two sets of complex 
are different. There is no reason to suppose that the acetone complexes are other than 


5 Greenwood and Perkins, J., in the press. 

® Idem, J. Inorg. Nuclear Chem., 1957, 4, 291. 

7 Lombard and Stéphan, Bull. Soc. chim. France, 1957, 1369. 

§ Dilke, Eley, and Sheppard, Trans. Faraday Soc., 1950, 46, 261. 
® Uschakow, Z. anorg. Chem., 1929, 188, 140. 
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simple donor-acceptor addition compounds Me,C=O->MX, and this is consistent with the 
infrared spectrum of boron trifluoride-acetone. On the other hand acyl halides tend to 
be halide-ion donors as shown by the infrared spectra ™ of the complexes Me-CO*BF,- 
and Me-CO*AICI,~, and the properties 1 of the complex Me-CO*GaC],~. 

The value of 0-7 kcal. mole for the heat of formation of the 1:1 mixture of boron 
trichloride and acetyl chloride confirms the view } that there is no complex formation 
between these two compounds at room temperature. This can be seen by considering the 
free energy of formation of such a complex, which is given by the expression AG = 
AH — TAS. The entropy of formation of a donor-acceptor complex in a gas-phase 
reaction is usually 1* about —40 to —45 cal. deg. mole™ and, if the usual (Trouton’s rule) 
allowance of about +20 to + 25 cal. deg.+ mole is made for the entropy of vaporization 
of the components and the complex, then completion of the thermochemical cycle leads 
to an entropy of complex formation of about —20 cal. deg.-1 mole+ for the liquid-phase 
reaction. This figure is intended merely to convey a very approximate idea of the entropy 
change involved. At room temperature the term —T7AS is therefore about +-6 kcal. mole 
and, since AH = —0-7 kcal. mole™, it is seen that AG is positive to the extent of about 
5 kcal. mole, implying that the complex is virtually completely dissociated. 


We thank the Royal Society for generous financial support and the D.S.I.R. for a 
maintenance grant to P. G. P. 
THE UNIVERSITY, NOTTINGHAM. [Received, August 6th, 1959.) 


10 Chalandon and Susz, Helv. Chim. Acta, 1958, 41, 697. 
11 Susz and Wuhrmann, ibid., 1957, 40, 722, 971. 
12 Stone, Chem. Rev., 1958, 58, 101. 


69. Heterocyclic Compounds of Nitrogen. Part III The 
Synthesis of Some 2'-Indolylbenzoquinones. 





By J. MAtcotm Bruce. 
2-(2,5-Dihydroxyphenyl)indole and three 2-(3,4-dihydroxyphenyl)indoles 
have been prepared and oxidised to the corresponding quinones. The 
absorption spectra of these compounds are discussed. 


SYNTHESES of several 3-arylindoles and of 3’-indolyl-1,4- and 4-3’-indolyl-1,2-benzo- 
quinone were reported in Part II.1_ The present paper describes the preparation of some 
isomers of these in which the aryl or quinonoid group is attached to the 2-position of the 
indole nucleus. 

The 2-arylindoles listed in Table 1 were synthesised by Fischer’s method from appro- 
priate phenylhydrazones. 2,3-Dimethoxyacetophenone was prepared by treatment of 
2,3-dimethoxybenzoic acid with methyl-lithium, and 4,5-dihydroxy-2-methylaceto- 
phenone from 3,4-diacetoxytoluene by the Fries rearrangement. The other ketones were 
prepared by previously described methods. Phenylhydrazones of dimethoxyphenyl 
ketones were cyclised with polyphosphoric acid,? but, with the exception of 4,5-dihydroxy- 
2-methylacetophenone phenylhydrazone, this reagent gave very poor yields when applied 
to the dihydroxy-compounds, and in these cases superior results were obtained with 
88—90° phosphoric acid. 

The main features of the ultraviolet absorption spectra of the 2-arylindoles are shown 
in Table 1. Compared with those of 3-arylindoles,! an extra maximum appears at 241— 
249 my, and, because the 2-aryl group is conjugated with the benzenoid nucleus of the 
indole moiety, the longer-wavelength absorption is shifted from 262—272 to 302—320 mu. 

Oxidation of 2-(2,5-dihydroxyphenyl)indole and the three 2-(3,4-dihydroxypheny])- 
indoles with silver oxide in dry acetone afforded stable, intensely coloured quinones, 


1 Part II, Bruce, J., 1959, 2366. 
2 Kissman, Farnsworth, and Witkop, J. Amer. Chem. Soc., 1952, 74, 3948. 
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e.g., (I), but that derived from 2-(2,3-dihydroxyphenyl)indole decomposed before it could 
be isolated. The ultraviolet and visible absorption spectra of these compounds are given 
in Table 2, with the corresponding data for two 3’-indolylbenzoquinones.! Below 3209 
muy, especially i in the p-quinone series, the spectra resemble those of the related phenyl- 
indole, and in the 300—400 my region are characteristic of the quinonoid moiety, the 
p-quinones showing a pronounced minimum at 348—350 my [p-benzoquinone *+4 absorbs 
only weakly (log « <1-3) above 320 my] whereas the o-quinones have a maximum (log ¢ 
3°8—3-9) at 353—362 my which resembles that shown by o-benzoquinone * at 366 my 
(log ¢ 3-37). All the quinones have a pronounced maximum at 487—510 my. A methyl 
group in the 5- or 3’-position of 4-2’-indolyl-1,2-benzoquinone causes a bathochromic shift, 
since it is insufficiently bulky to affect appreciably the coplanarity of the gee 


(e) A 
© (A) Fs 
Sune. Lf} S ae 


(I) (II) (III) 


Infrared maxima of the 2’- and 3’-indolylbenzoquinones in the N-H and C=O stretching 
regions are given in Table 3. The 2’-indolylbenzoquinones have a strong, sharp band 
between 3297 and 3354 cm. due to N-H stretching, and at least one very strong peak 
between 1613 and 1650 cm.+ which may be assigned to the carbonyl group, e.g., “A” in 
(I), which is conjugated with the indole nucleus. Comparable figures have been reported 5 
for 2-acetyl-3-methylindole and 1,2,3,4-tetrahydro-l-oxocarbazole (N-H, 3311, 3247 
cm., and C=O, 1631, 1629 cm.* respectively). The o-quinones also have a strong or 
medium band between 1672 and 1679 cm. which, since simple o-benzoquinones absorb * 
at 1657—1669 cm."1, is attributable to the less conjugated carbonyl group “ B ” [as in (I)]. 
The absence of a similar band in the spectrum of 2’-indolyl-1,4-benzoquinone is probably 
due to intramolecular hydrogen bonding, which lowers the carbonyl frequency sufficiently 
for the absorption to merge with that at 1646 cm.-}, but a corresponding decrease in the 
N-H stretching frequency does not occur. Analogously, intramolecular hydrogen bonding 
in methyl N-methylanthranilate 7 lowers the carbonyl frequency from the normal ester 
value of ca. 1730 to 1685 cm., but the N-H absorption (3361 cm.) is not appreciably 
different from that observed in intermolecular hydrogen bonding. 

The N-H absorptions of 3’-indolyl-1,4- and 4-3’-indolyl-1,2-benzoquinone appear as 
broad (30—40 cm.) bands at 3196 and 3171 cm." respectively. Peaks at 1604 and 
1594 cm. are probably due to the carbonyl groups, e.g., “‘ A” in (II), which are conjug- 
ated with the indole nitrogen atom, since simple 3-acylindoles show »8 a carbonyl band 
between 1592 and 1631 cm. (the N-H absorption occurs between 3134 and 3220 cm."}). 
The less intense pees at 1670 and 1674 cm. correspond to those shown in this region iw 
the 4-2’-indolyl-1,2-benzoquinones, and at 1670 cm. by the aminovinylquinone (IIT),® 
and may be attributed to the less conjugated carbonyl groups, e.g., ‘“‘B”’ in (II). How- 
ever, these assignments are uncertain since 3’-indolyl-1,4-benzoquinone absorbs strongly 
at 1644 cm."!, and a similar, but weaker, peak at ca. 1640 cm. in the spectrum of the 
quinone (III) has been attributed ® to the carbonyl group “‘ A’”’ which is conjugated with 
the nitrogen atom. 


§ Bakenkoéhler and Rosenberg, Ber., 1926, 59, 2617. 
* Goldschmidt and Graef, Ber., 1928, 61, 1858. 
5 Ballantine, Barrett, Beer, Boggiano, Eardley, Jennings, and Robertson, J., 1957, 2227. 
* Josien, Fuson, Lebas, and Gregory, J. Chem. Phys., 1953, 21, 331; Otting and Staiger, Chem. Ber., 
1955, 88, 828. 
7 Rasmussen and Brattain, J. Amer. Chem. Soc., 1949, 71, 1073. 
§ Millich and Becker, J. Org. Chem., 1958, 28, 1096; O’Sullivan and Sadler, J., 1959, 876. 
* Buckley, Dunstan, and Henbest, J., 1957, 4880; Buckley, Henbest, and Slade, ibid., p. 4891. 
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EXPERIMENTAL 


Freshly distilled phenylhydrazine was used, and phosphoric acid contained 88—90% of 
H,PO,. Solutions in organic solvents were dried with sodium sulphate. Solvents were 
removed on the water-bath, where necessary under reduced pressure (water-pump). Light 
petroleum had b. p. 60—80°. Solids were dried (P,O;) in vacuo. ‘“ Florisil’’ was obtained 
from the Floridin Co. Inc., Warren, Pennsylvania. Sublimation and bulb-to-bulb distillation 
temperatures are those of the heating-bath. Ultraviolet absorption spectra were measured 
in purified 10 dioxan in a Perkin-Elmer model 4000 recording spectrophotometer, and infrared 
spectra, in Nujol, in a Perkin-Elmer model 21 double-beam spectrometer. M. p.s are corrected. 

2-Phenylindoles with a methoxyl or hydroxyl substituent in the 2-position of the phenyl 
group gave a violet-red colour with Ehrlich’s reagent. The others gave a red-violet colour. 
Except for 2-(2,3-dihydroxyphenyl)indole which formed an initially violet solution, all the 
dihydroxyphenylindoles dissolved in aqueous 5% sodium hydroxide with a yellow colour 
which became brown in air. The quinones were sparingly soluble in the usual organic solvents. 

2-(2,5-Dimethoxyphenyl)indole.—2,5-Dimethoxyacetophenone " (0-9 g.), phenylhydrazine 
(0-54 g.), and polyphosphoric acid, from phosphoric acid (1-3 g.) and phosphoric oxide (1-25 g.), 
were stirred together and heated to 140°; a vigorous reaction commenced. The internal 
temperature was held at 180—190° by water-cooling until the reaction subsided, and the 
mixture was then heated at 180° for 2 min., cooled, and diluted with water (10 c.c.). The 
suspension was extracted with ether, and the extract was washed successively with water, 
aqueous 10% sodium hydroxide, and water, and dried. Removal of the solvent, crystallisation 
of the residue from aqueous ethanol, and distillation (bulb-to-bulb, 195°/5 x 10 mm.) of the 
product gave an oil which, on being crystallised from aqueous ethanol, afforded the indole 
(0-77 g., 61%) as needles, m. p. 101-5° (Found: C, 75-8; H, 5-9; N, 5-3. C,,H,,O,N requires 
C, 75:9; H, 5-9; N, 5-5%). 

2-(2,5-Dihydroxyphenyl)indole.—2,5 - Dihydroxyacetophenone # (0-76 g.) and _ phenyl- 
hydrazine (0-54 g.) were heated together at 100° for 4 hr., phosphoric acid (3-5 c.c.) was added, 
and the mixture was heated at 100° for 15 min., and then at 175—-180° for 7 min. The product 
was cooled, triturated with water (30 c.c.) until the gum solidified, and the solid was collected, 
washed with water, and dried. Sublimation at 190°/5 x 10° mm. gave an upper band of 
2,5-dihydroxyacetophenone, which was discarded, and a lower band of orange needles from 
which, by crystallisation from water containing a little sodium hydrogen sulphite, resublimation, 
and then recrystallisation, the indole (0-10 g., 9%) was obtained as plates, m. p. 172-5—173° 
(Found: C, 74-9; H, 5-2; N, 6-3. C,,H,,O,N requires C, 74-7; H, 4-9; N, 6-2%). 

2’-Indolyl-1,4-benzoquinone.—A solution of the foregoing indole (20 mg.) in dry (Na,SO,) 
redistilled acetone (20 c.c.) was shaken with a mixture of anhydrous sodium sulphate (0-4 g.) 
and freshly prepared silver oxide } (0-2 g.) for 20 min., the suspension was filtered, and the 
wine-red filtrate was evaporated at ca. 25°/50 mm. to give the quinone (18-5 mg., 93%) as a 
dark red-brown powder, m. p. 180—200° (decomp.) after becoming light brown at 140° and 
darkening at 170° (Found: C, 75-0; H, 4-0. C,,H,O,N requires C, 75-4; H, 4:1%). The 
solution in ethanol was violet-red. 

2,3-Dimethoxyacetophenone.—A suspension of powdered 2,3-dimethoxybenzoic acid ™ 
(9-1 g.) in ether (50 c.c.) was added during 15 min. to a vigorously stirred, ice-cooled solution 
of methyl-lithium [from methyl iodide (36 g.) and lithium wire (4 g.)] in ether (75 c.c.) under 
oxygen-free nitrogen, and the mixture was then stirred at room temperature for 1 hr., cooled 
to 0°, and decomposed with water (75 c.c.). The ethereal phase was separated, washed 
successively with 10% sodium hydroxide, water, 2% hydrochloric acid, and water, and dried. 
Removal of the solvent, and distillation of the residue afforded the impure ketone (7-92 g., 
88%), b. p. 65—66°/0-015 mm. (Found: C, 67-5, 67-6; H, 7-2, 7-3. Calc. for C,)H,,0,: C, 66-7; 
H, 6-7%). 

2-(2,3-Dimethoxyphenyl)indole-—A mixture of 2,3-dimethoxyacetophenone (0-76 g.) and 


10 Vogel, ‘‘ A Text Book of Practical Organic Chemistry,”” Longmans, Green and Co., London, 1951, 
p. 175. 
™ Kuroda and Matsukuma, Sci. Papers Inst. Phys. Chem. Res., Tokyo, 1932, 18, 51 (Chem. Zentr., 
1932, I, 2169). 

#2 Amin and Shah, Org. Synth., 1948, 28, 42. 

18 Willstatter and Miiller, Ber., 1908, 41, 2580. 

Gilman, Swiss, and Cheney, J. Amer. Chem. Soc., 1940, 62, 1963. 
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phenylhydrazine (0-45 g.) was treated with phosphoric oxide (1 g.) in phosphoric acid (1 g.) as 
described for 2-(2,5-dimethoxyphenyl)indole, and the crude product, isolated by extraction 
with 2: 1 ether-ethyl acetate, was distilled (bulb-to-bulb, 190°/5 x 10° mm.) to give a viscous 
oil which, on being twice crystallised from light petroleum, afforded two crops of pale pink 
needles, (a) (0-17 g.), m. p. 101-5—102-5°, and (b) (0-02 g.), m. p. 126-5—127-5°. A mixture of 
(a) and (b) had m. p. 126-5—127-5°, indicating that the compound is dimorphic. The crops 
were combined and sublimed at 125°/5 x 10 mm., and the colourless prismatic sublimate was 
crystallised from light petroleum, giving the indole (0-14 g., 13%) as prismatic needles, m. p, 
130-5° (Found: C, 76-0; H, 5-9; N, 5-6. C,.H,,O,N requires C, 75-9; H, 5-9; N, 5-5%). 

2,3-Dihydroxyacetophenone.—A solution of 2,3-dimethoxyacetophenone (6-5 g.) in dry 
chlorobenzene (25 c.c.) was added to powdered anhydrous aluminium chloride (16 g.) in chloro- 
benzene (100 c.c.), and, when the initial reaction had subsided, the mixture was stirred and 
refluxed for 5 hr., cooled, and added to 10% hydrochloric acid (250 c.c.). The suspension was 
stirred for 1 hr. and extracted with ether, and the extract was washed with water, and dried. 
Removal of the solvent, distillation of the residue, and crystallisation of the fraction with b. p. 
139—140°/20 mm. from light petroleum afforded the ketone (3-8 g., 69%) as needles, m. p. 
77-5—78° raised to 97-5—98° by crystallisation from water (lit.,1516 97—98°, 97°) (Found: 
C, 63-0; H, 5-5. Calc. for C,H,O,: C, 63-2; H, 5-3%). Both forms yielded the same diacetate, 
m. p. 108-5—109° (lit.,45 109°) (Found: C, 59-8; H, 5-2. Calc. for C,,H,.0;: C, 61-0; H, 5-1%), 

2-(2,3-Dihydroxyphenyl)indole——A mixture of 2,3-dihydroxyacetophenone (0-97 g.) and 
phenylhydrazine (0-69 g.) was heated on the boiling-water bath for 30 min., benzene (13 c.c.) was 
added, and the solution was refluxed for 1 hr., and then allowed to cool. The phenylhydrazone 
(1-12 g., 73%), which separated as platelets, m. p. 154°, was stirred with phosphoric acid (5 c.c,) 
at 100° for 15 min., then at 175—180° for 8 min., and the mixture was cooled, diluted with 
water (50 c.c.), and extracted with ethyl acetate. The extract was washed with water, then 
dried, and the solvent was removed. Distillation (bulb-to-bulb, 200°/5 x 10° mm.) of the 
residue gave an oil from which, by crystallisation from benzene, sublimation at 150°/5 x 10% 
mm., and then recrystallisation, the indole (0-50 g., 48%) was obtained as orange needles, m. p. 
154-5—155° (Found: C, 75-0; H, 5-0; N, 6-2. C,,H,,0O,N requires C, 74-7; H, 4-9; N, 62%). 
The dimethyl ether, identical with that prepared from 2,3-dimethoxyacetophenone, was 
obtained in 57% yield when an air-free solution of the indole in aqueous 10% sodium 
hydroxide was treated with dimethyl sulphate. Reaction with silver oxide as described for 
2’-indolyl-1,4-benzoquinone gave an intensely blue solution which rapidly became purple and 
then dull red-brown; filtration and removal of the solvent from the filtrate afforded a black 
“coke,” m. p. ¢360°. 

2-(3,4-Dimethoxyphenyl)indole.—3,4 - Dimethoxyacetophenone ? (0-9 g.) and _phenyl- 
hydrazine (0-54 g.) were treated with polyphosphoric acid as described for 2-(2,5-dimethoxy- 
phenyl)indole, and the crude product, isolated by extraction with ethyl acetate, was triturated 
with light petroleum (4 c.c.), and then sublimed at 180°/4 x 10% mm. Crystallisation of the 
main band from benzene, resublimation, and crystallisation of the sublimate from aqueous 
ethanol afforded the indole (0-6 g., 47%) as blades, m. p. 189—189-5°, raised to 190° by a 
further sublimation and crystallisation (lit.,1% 190—192°) (Found: C, 75-9; H, 6-1; N, 5-4. 
Calc. for C,,H,,O,N: C, 75-9; H, 5-9; N, 5-5%). 

2-(3,4-Dihydroxyphenyl)indole-—A mixture of 3,4-dihydroxyacetophenone !® (0-91 g.) and 
phenylhydrazine (0-64 g.) was heated at 100° for 1 hr., and then crystallised from benzene- 
light petroleum to give the phenylhydrazone (1-38 g., 95%) as needles, m. p. 143—143-5°. This 
material was stirred with phosphoric acid (6 c.c.) at 100° for 15 min., then at 170° for 6 min., 
and the mixture was cooled and triturated with water (50 c.c.), and the solid was collected, 
washed with water, and sublimed at 175°/5 x 10% mm. Crystallisation of the sublimate from 
ethyl acetate-light petroleum, resublimation, and then recrystallisation, under nitrogen, from 
aqueous ethanol afforded the indole (0-21 g., 16%) as hexagonal plates, m. p. 228-5—229-5° 
(slight decomp.) after darkening at 220° (Found: C, 75-0; H, 5-1; N, 6-2. C,,H,,O,N requires 
C, 74-7; H, 4:9; N, 6-2%). 





16 von Krannichfeldt, Ber., 1913, 46, 4016. 
16 Baker and Smith, /., 1936, 346. 

17 Pictet and Gams, Ber., 1909, 42, 2943. 
#8 Woodward, Cava, Ollis, Hunger, Daeniker, and Schenker, J. Amer. Chem. Soc., 1954, '76, 4749. 
1 Rosenmund and Lohfert, Ber., 1928, 61, 2601. 
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- 4-2’-Indolyl-1,2-benzoquinone.—The foregoing indole (20 mg.) was oxidised as described 
for 2’-indolyl-1,4-benzoquinone, giving the quinone (18 mg., 91%) as a violet-black powder 
with an intensely green reflex, m. p. «360° after losing the green reflex at ca. 180° (Found: 
C, 74:9; H, 4:2. C,H,O,N requires C, 75-4; H, 41%). The solution in acetone was wine-red, 
and that in ethanol was red-violet. When hydrogenated in ethyl acetate over Adams catalyst 
the quinone absorbed 1-015 mol. of hydrogen, and yielded 2-(3,4-dihydroxyphenyl)indole. 

4,5-Dihydroxy-2-methylacetophenone.—Powdered anhydrous aluminium chloride (13-3 g.) 
was added during 10 min. to an ice-cooled solution of 3,4-diacetoxytoluene, from 4-methy]- 
catechol (6-2 g.) and acetyl chloride (7-9 g.), in dry nitrobenzene (30 c.c.), and the mixture was 
then heated at 75° (internal) for 2 hr., cooled in ice, and decomposed with 5% hydrochloric 
acid (30 c.c.). The nitrobenzene was removed in steam, the residual aqueous suspension was 
filtered, and the solid crystallised from toluene to give the ketone (2-8 g., 34%) as needles, m. p. 
168—170° (lit.,12° 168—169°, 164°). 

2-(4,5-Dihydroxy-2-methylphenyl)indole.—A mixture of the foregoing ketone (1-66 g.) and 
phenylhydrazine (1-08 g.) was heated at 100° for 44 hr., and then crystallised from benzene to 
give the phenylhydrazone (1-6 g., 63%) as platelets, m. p. 157—158°. This material (1-46 g.) 
was stirred and heated with phosphoric oxide (0-75 g.) in phosphoric acid (l-5c.c.). At 150° a 
vigorous reaction commenced, and the temperature was held at 170—180° by external cooling. 
When the reaction had subsided the mixture was heated at 180° for 1 min., and then cooled, 
diluted with water (40 c.c.), and extracted with ethyl acetate. The extract was washed with 
water and dried, and the solvent was removed. The residue was distilled (bulb-to-bulb, 
240°/7 x 10% mm.), and the oily distillate (0-22 g.), which did not crystallise, was treated 
in boiling benzene (10 c.c.) with 1,3,5-trinitrobenzene (0-196 g.). The solution was diluted 
with boiling cyclohexane (5 c.c.), and allowed to cool, affording the adduct (0-265 g., 10%) as 
deep brown rhombic platelets, m. p. 162-5—163-5° after sintering at 159° (Found: C, 56-1; 
H, 3-5; N, 12-4. C,,H,,0,N, requires C, 55-8; H, 3-6; N, 12-4%). This product (0-215 g.) 
in benzene (10 c.c.) at 50° was chromatographed on “ Florisil”’ (180 x 12 mm.) which had been 
swept with nitrogen, and the column was eluted, first, with benzene (80 c.c.) at 45—50° to 
remove 1,3,5-trinitrobenzene, and then with ethyl acetate (35 c.c.) at 20°. Removal of the 
ethyl acetate, and distillation (bulb-to-bulb, 220°/7 x 10 mm.) of the residue, afforded the 
indole (0-10 g., 88% based on adduct) as a yellow glass, softening point ca. 30° (Found: C, 75-3; 
H, 5:4; N, 5-7. C,;H,,0,N requires C, 75-3; H, 5-5; N, 5-9%). 

4-2’-Indolyl-5-methyl-1,2-benzoquinone.—-The foregoing indole (20 mg.) was oxidised as 

escribed for 2’-indolyl-1,4-benzoquinone, giving the quinone (18 mg., 91%) as a dark brown 

ean, m. p. ca. 190—210° (decomp.) after darkening at 50°, becoming light brown at 150— 
155°, and again darkening at 185° (Found: C, 75-7; H, 4:7. C,;H,,O,N requires C, 76-0; 
H, 47%). Solutions in acetone and ethanol were blood-red and violet-red respectively. 

2-(3,4-Dihydroxyphenyl) -3-methylindole.—3,4-Dihydroxypropiophenone !® (0-83 g.) and 
phenylhydrazine (0-54 g.) were heated together at 100° for 4 hr., phosphoric acid (3-5 
c.c.) was added, and the mixture was stirred at 100° for 15 min., at 175—180° for 7 min., and 
then cooled. The product was triturated with water until it solidified, then distilled (bulb-to- 
bulb, 240°/5 x 10°? mm.), and the distillate was crystallised from benzene. Redistillation 
and recrystallisation afforded felted needles (0-70 g., 50%), m. p. 122—122-5°, containing 
benzene of crystallisation (Found: C, 77-4; H, 5:7; N, 5-1. C,;H,;0,N,$C,H, requires C, 77-7; 
H, 5:8; N, 5:0%). Distillation (bulb-to-bulb, 230°/5 x 10° mm.) of this material gave a 
quantitative recovery of the free indole as an orange-yellow glass, softening point ca. 25° (Found: 
C, 75-6; H, 5-6; N, 6-0. C,,H,,0,N requires C, 75-3; H, 5-5; N, 5-9%). 

4-2’-Indolyl-3’-methyl-1,2-benzoquinone.—The foregoing indole (20 mg.) was oxidised as 
described for 2’-indolyl-1,4-benzoquinone, giving the quinone (16-6 mg., 84%) as a black powder, 
m. p. 195—205° (decomp.) after becoming brown at 125—145°, and darkening at 180° (Found: 
C, 75-6; H, 4:9. C,;H,,O,N requires C, 76-0; H, 4-7%). The solution in acetone was red- 
violet, and that in ethanol was blue-violet. 


This work was carried out ‘during the tenure of an Imperial Chemical Industries Research 
Fellowship. 
DEPARTMENT OF CHEMISTRY, UNIVERSITY OF MANCHESTER. (Received, August 10th, 1959.) 


*” Stephen and Weizmann, J., 1914, 105, 1046. 








366 Hulme, Leigh, and Beattie: The Crystal Structure of 


70. The Crystal Structure of trans-Dipyridinetetrachlorogermanium(ty) 
and of its Silicon and Titanium Analogues. 


By R. Huime, G. J. Leicu, and I. R. Brattice. 


Infrared studies show that the 1:2 addition compounds of silicon, 
titanium, and germanium tetrachlorides with pyridine are structurally 
similar. They also suggest that co-ordinated pyridine gives an abnormally 
low C-H stretching intensity. X-Ray investigation of tvans-dipyridine- 
tetrachlorogermanium(Iv) shows its unit cell to contain two molecules. 
These molecules are centrosymmetric and have trans-octahedral form. The 
germanium-chlorine distance is unambiguously determined from both Fourier 
and Patterson projections to be 2-27 A. It follows that the octahedral radius 
of germanium is 1-28 A. 


A TETRAHEDRAL distribution of bonds about silicon, germanium, and titanium in the 
quadrivalent state is well established.1_ The covalency maximum of six is found for all 
three elements in ions of the type [MF,]*~ and for titanium and germanium in the corre- 
sponding chloride complexes. Wells? has pointed out that octahedrally co-ordinated 
silicon is found only with the most electronegative elements, the sole other example 
established crystallographically being the compound with empirical formula SiP,O,! 
Dhar et al.* claim, however, to have resolved a silicon complex Si(acac)3,HCl (where Hacac 
= acetylacetone). Although the hydrogen chloride appears to be an integral part of the 
molecule, they suggest that this may be an example of six-co-ordinate silicon. More 
recently Lindqvist * has shown that the 1 : 2 adduct of titanium tetrachloride and phos- 
phorus oxychloride contains molecular species of the formula TiCl,(POCI,),: the two 
molecules of phosphorus oxychloride are in cis-relation to each other and not in the 
expected trans-alignment. 

Though numerous adducts of Group IV tetrahalides with various donor molecules 
have been studied, most of these compounds, which are easily hydrolysed solids, have not 
been fully characterised. Where complex formation has been studied in the gas phase, 
dissociation is usually extensive or apparently complete. The 1:2 addition compounds 
of silicon, germanium, and titanium tetrachlorides with pyridine have been fairly well 
characterised,* but nothing is known of their stereochemistry. It was suggested that 
the germanium compound has, surprisingly, a molecular weight in boiling benzene? 
corresponding to a six-co-ordinate species. We have investigated these compounds in 
the solid state by infrared and X-ray techniques. 

Infrared Studies.—We were not able to obtain the infrared spectra of these compounds 
in Nujol mulls or potassium chloride discs owing to the rapid hydrolysis by atmospheric 
moisture. However, good spectra were obtained on depositing the compounds directly on 
to the plates of an infrared gas cell. These spectra are recorded in Fig. 1, where those of 
pyridine and pyridinium chloride are included. The spectra of the pyridine adducts of the 
tetrahalides, especially those of silicon and germanium, are very similar. The majority of 
the absorptions due to pyridine occur, but at somewhat lower frequencies, the magnitude 
of the observed shifts being, in the main, in the order of Ti > Ge > Si. Because these 


1 Wells, “‘ Structural Inorganic Chemistry,” Oxford, 1945. 

2 Hoard and Williams, J. Amer. Chem. Soc., 1942, 64, 633; Siegel, Acta Cryst., 1952, 5, 683; Vincent 
and Hoard, J]. Amer. Chem. Soc., 1942, 64, 1233; Engel, Z. Krist., 1935, 90, 341. 

3 Levi and Peyronel, Z. Krist., 1935, 92, 190. 

* Dhar, Doran, and Kirschner, J]. Amer. Chem. Soc., 1958, 80, 753. 

5 Lindqvist, Internat. Conf. on Co-ordination Chemistry, London, 1959 (Chem. Soc. Special Publ. 
No. 13). 

* Emeléus and Rao, J., 1958, 4245; Wannagat and Schwarz, Z. anorg. Chem., 1954, 277, 73; 
Wannagat and Vielberg, ibid., 1957, 291, 310. 

7 Abel, J., 1958, 3746. 
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shifts are relatively small, the conclusion that the internal carbon-carbon and carbon- 
hydrogen bonding in pyridine has been weakened is not necessarily valid. The relevant 
spectra are of solids, and crystal fields may cause shifts of the same order as those found. 
The smallness of the effect also suggests that electronic interaction between the acceptor 
atom and pyridine is small in all cases. 

A somewhat surprising result is the low intensity of the C-H stretching modes which 
occur at about 3100 cm." in the three compounds studied and are of normal intensity for 
pyridine and pyridinium chloride. This initially led us to suspect a évans-alignment of 
the pyridine rings, as we observed a similar effect in «-dipyridinecobalt(11) chloride, where 
the two pyridine rings are known § to be ¢vans to one another. However, as this effect is 


Fic. 1. Infrared spectra of (a) pyridine (smear on a rock-salt plate), (b) pyridinium chloride (potassium 
chloride disc), and the 1 : 2 addition compounds of (c) titanium, (d) germanium, and (e) silicon tetra- 
chlorides with pyridine (deposit on a rock-salt plate). 
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also found in the 1:1 adduct of pyridine and boron trichloride, where such a situation 
cannot arise, it may merely be an indication that the pyridine is involved in complex- 
formation. This conclusion is independent of whether we write the boron adduct as 
pyBCl, or [py,BCl,]*BCl,-. The titanium adduct shows small spectral differences from 
the other two, and these may indicate slight structural differences. 

Note added in proof. Rao ** has reported on the 1 : 2 adducts of titanium and zirconium 
tetrahalides with pyridine. Rao’s spectrum for TiCl,,2py is in general accord with ours, 
and agrees well with our spectra of SiCl,,2py and GeCl,,2py. On the basis of infrared data, 
Rao assigns a ¢rans-configuration to TiCl,,2py, while suggesting that TiF,,2py and Til,,2py 
are Cis-. 

X-Ray Studies —On X-ray examination, only one of the prepared crystals was found 


§ Dunitz, Nature, 1957, 179, 462; Acta Cryst., 1957, 10, 307. 
8 Rao, Naturwiss., 1959, 46, 556. 
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to be truly single, and even this had a certain amount of randomly adhering matter. From 
this crystal it was possible to obtain a few oscillation photographs about one of the 
principal axes, and a 45-hour multiple-film zero-layer Weissenberg photograph. 

From the Weissenberg photograph were found the reciprocal spacings a* == 0-12] at 
0-0005 and b* = 0-214, + 0-0010, which were at 90° to each other. Consideration of non- 
equatorial reflections on the oscillation photographs led to a value for ¢ = 7-24 + 0-02 A 


Fic. 3. Electron-density map projected on (001). 
Broken contour at 6e/A? level, and thereafter full 
contours every 2e/A? except round the germanium 
where twice this interval is used. y = 7-24 A, 
z= 13-10A. 





Contours at arbitrary equal intervals. 





: 
Fic. 2. Patterson vector map projected on (001). ) 
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and an approximate value for the monoclinic angle 8 = 107°+ 2°. The final mono- 
clinic cell dimensions are therefore a = 13-26 + 0:10, 6b = 7-18 + 0-03, c = 7-24 + 0-02 A, 
with 8 = 107° + 2°. A rough density was obtained from the fact that the crystals slowly 
sank in iodobenzene (d 1-82). For two molecules of GeCl,py, per unit cell the calculated 
density is 1-8, g./c.c. 

The oscillation photographs did not record sufficient general reflections to detect any 
systematic absences, but the Weissenberg photograph showed that hk0 reflections were 
present only if h + k was even. This implies that the projection on to (001) must corre- 
spond either to the centrosymmetric plane group cm, which has only four-fold general 
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pesitions, or to the centrosymmetric plane group cmm, which has eight-fold general 
positions. Choice of the plane group cm would imply that the two molecules in the unit 
were unrelated to each other. This is possible but unlikely, and analysis proceeded on 
the basis of plane group cmm. The eight chlorine atoms occupy general positions, but 
the two germanium atoms must lie in the two-fold special positions, 00 and $4. Likewise, 
the four pyridine molecules must be accommodated in one or other of the four-fold positions, 
(00, $4) + Oy, OF or x0, #0. The plane group cmm can be derived from either of the mono- 
clinic centrosymmetric space groups C2/m (No. 12) or C2/c (No. 15). Because there are 
only two molecules per unit cell, space group C2/c is impossible and the structure must 
have the space group C2/m. 

The intensities of over 100 reflections were estimated visually from the multiple-film 
Weissenberg photograph. Non-systematically absent reflections were recorded as having 
intensities less than the minimum intensity observed in their area. The intensities were 
corrected for geometrical and polarisation effects, but no corrections were made for 
absorption, extinction, or crystal shape. No allowance was made for the absorption of 
the Pyrex tubing in which the crystal was placed. 

The intensities gave a set of 32 squared structure amplitudes (excluding 12 non- 
systematically absent reflections) from which it was possible to calculate the Patterson 
vector map shown in Fig. 2. Because of the strongly scattering germanium atom at the 
origin and cell centre, the Patterson vector projection on (001) will simulate the true 
electron-density projection, but will include additional spurious detail. Fig. 2 shows two 
main peaks, of which the one on the x-axis is to be identified with the pyridine molecule in 
such a four-fold position, while the other is to be attributed to the chlorine atoms in eight- 
fold general positions. It follows that the pyridine molecules must lie in the (010) plane 
and be in ¢vans-positions to each other around a six-co-ordinated germanium atom. The 
remaining, less high peaks, may be satisfactorily explained by this interpretation. 

From this postulated structure in projection, it was possible to calculate the sign of 
each experimentally observed hkO structure amplitude. In so doing, it was noticed that 
nearly all the signs were determined by the germanium contribution alone. This is 
equivalent to the allocation of signs to the F values without assuming the position of any 
of the atoms other than germanium in the molecule. The use of the signs calculated at 
this stage does not prejudge the existence of the molecule in cis- or ¢rvans-configuration, or 
even the type of co-ordination around the germanium atom. The resulting projected 
electron density map on (001), (Fig. 3), obtained by the use of these calculated signs with 
the observed F values in a Fourier summation, clearly confirms that the molecule is trans 
and six-co-ordinate. 

Further, the presence of a mirror plane perpendicular to the y-axis and passing through 
the germanium atom at the origin, makes possible the determination of the Ge—Cl distance 
from the y-co-ordinate of the chlorine atom alone, with only the assumption that the 
octahedral distribution around the germanium atom is not distorted. Fig. 4 shows the 
molecule in projection on (001) and in side view on (010). In the (001) projection, the 
distance d, (which is 1/2 times the Ge—Cl distance) depends only on the y-co-ordinate of 
the chlorine atom. This can be found both from the (001) electron-density projection 
and, without possible ambiguity due to erroneously calculated signs for F values, from 
the corresponding Patterson vector peaks. The two estimates of d, agree well, the value 
being 3-22 + 0-03 A. Solving the right-angled triangle gives 2-27 + 0-03 A for the Ge-Cl 
distance. This is greater than the distance, 2-21 A, calculated from the sum of the normal 
(tetrahedral) covalent radii! of germanium and chlorine. It is considerably greater than 
the values ranging from 2-07 to 2-15 A reported for the Ge-Cl distance in various ger- 
manium substituted halides in the vapour state.® It is, however, less than 2-35 A, the 

® Pauling and Brockway, J. Amer. Chem. Soc., 1935, 57, 2684; Dailey, Mays, and Townes, Phys. 


Rev., 1949, 76, 136; Anderson, Sheridan, and Gordy, ibid., 1951, 81, 819; Venkateswarlu, Mockler, and 
Gordy, J. Chem. Phys., 1953, 21, 1713. 
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value obtained ! for the Ge—Cl distance in Cs,GeCl],. From our experiments we conclude 
that the octahedral radius of germanium is 1-28 + 0-03 A, which is somewhat larger than 
the tetrahedral value of 1-22 A. The above result in no way depends on determination 
of the x- or z-co-ordinates of the chlorine atom, or on the precise extent to which the 
molecule is tilted about the y-axis. 

In Fig. 4a the projected distance d, is seen to be considerably greater than d,. Further, 
the pyridine ligand has resolved with three peaks only. It is, therefore, clear that the tilt 
must be about 60° out of the (001) plane, but always with the pyridine ligand in the (010) 
plane. It is easy to calculate trigonometrically the angle of tilt from the ratio d,/d, and 


Fic. 4. Diagrammatic representation of molecule, (a) projected on (001), and (b) projected on (010), 
to indicate derivation of z-co-ordinates. 

















the sine of the cell angle 8. Once the magnitude of tilt is known, the z-co-ordinates of each 
atom in the structure can be estimated. These atomic co-ordinates are listed in Table 1, 


TABLE 1. Atomic co-ordinates as fractions of cell edges. 
* y z (estimated) * 


y z (estimated) 
i i nbacaniocien 0 0 0 a ~ lasdhtatininin 0-223 0 0-57 
icinitsvenains 0-068 0-224 —0-152 | es 0-320 0 0-52 
OP aesansalanicss 0-135 0 0-22 RIN 0-324 0 0-33 
Gi snccntbeiieas 0-132 0 0-42  uskichecesi 0-233 0 0-18 
TABLE 2. Observed and calculated structure factors (see text). 
Index F, F, Index F, F, Index F, F, Index F, F, 
020 45 +51 238 77 +93 130 8 +19 650 <7 —1 
040 99 +130 310 54. +33 330 21 +14 7&8. <8 —5 
060 29 +29 510 34 =+20 530 50 +38 
080 38 +37 710 31 =+27 730 60 +53 260 <7 —9 
910 46 +42 930 54 +55 460 <7 +18 
200 67 +71 moe. <2 —6 660 45 +37 
400 37 +21 1310 21 +26 240 39 §=6—=+40 860 39 =+34 
600 <5 —9 440 13 +16 
800 <6 —14 220 66 —56 640 <7 +1 1c «7 —6 
1000 <7 —1 420 38 +41 840 <7 —4 so << +3 
1200 28 +28 620 105 +95 570 32 +24 
1400 25 +36 820 80 +79 150 53 —-+- 65 770 39 +37 
10 20 31 +32 350 37 =—-++- 26 


together with the x- and y-co-ordinates found from the electron density projection of (001). 
The Ge-N distance obtained is ~2-02 A, in agreement with the sum (2-02 A) of our octa- 
hedral germanium radius and the normal covalent radius for nitrogen. 


1 Laubengayer, Bellings, and Newkirk, J. Amer. Chem. Soc., 1940, 62, 546. 
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* Structure factors for all the observed and non-systematically absent hkO reflections 
have been calculated on the basis of the co-ordinates in Table 1. Hartree atomic scattering 
factors were assumed for germanium, which like those for chlorine, nitrogen, and carbon 
were taken from “Internationale Tabellen.” A temperature factor, exp —B sin*@/2? 
with B = 2-5, was applied in each case. The calculated structure factors are listed 
together with the observed F values in Table 2. The customary reliability factor for all 
the k0O reflections is 18%. 


EXPERIMENTAL 


Reagents.—Pyridine was of “‘ AnalaR”’ quality, stored over potassium hydroxide for 
several weeks, refluxed with barium oxide, fractionated, and then distilled several times in vacuo 
in an all-glass apparatus with no taps or joints and without access of air; head and tail fractions 
were rejected. Silicon tetrachloride of technical quality was fractionally distilled and then 
redistilled several times in vacuo as for pyridine. Technical titanium tetrachloride was treated 
similarly, with no attempt at further purification once the absence of vanadium had been 
established. Germanium tetrachloride was distilled in vacuo as above, but not fractionated. 

Extreme purity was not essential, but the absence of moisture was required. A new 
technique, exemplified below for silicon tetrachloride and pyridine, is applicable to many other 
systems. The whole of the silicon tetrachloride was first mixed with a little of the pyridine 
in a separate section of the vacuum-system. The tetrachloride was then distilled from the 
1: 2 addition compound of silicon tetrachloride and pyridine. This removed hydrogen chloride 
from the tetrachloride, forming a little pyridinium chloride. Pyridine was then distilled on to 
the complex, any water it contained reacting with the complex to yield silica and hydrogen 
chloride which again combined with the excess of pyridine. The dry pyridine was then distilled 
from the residue. This necessitates more care than in the case of the tetrachloride in view of 
the lower volatility of the pyridine. 

Compound Formation.—The complexes were generally formed by allowing the reactants 
to mix in a vacuum-system in the presence of an excess of the more volatile constituent, which 
was then pumped away. No analyses were carried out as these compounds have all been 
studied stoicheiometrically by phase-diagram techniques,™ and have been characterised by 
earlier workers.®? : 

Preparation of X-Ray Specimen.—After the compound (C;H;N),SiCl, had been melted 
in vacuo in a sealed tube and allowed to resolidify, the tube contained small crystalline aggre- 
gates. A similar result occurred with the germanium compound, but in neither case was it 
possible to obtain single crystals. As both the silicon and the germanium compound are 
moderately soluble in pyridine, the following technique was used. Germanium tetrachloride 
with a 20-fold excess of pyridine was sealed in a large Pyrex tube containing open-ended Pyrex 
thin-walled tubes, The temperature was raised to about 180° and then lowered to room 
temperature during ~24 hr. In this way a few fairly good, apparently single crystals were 
obtained in their mother-liquor. The bulk of the mother-liquor was removed and the tubes 
were then quickly sealed. 

Preparation of the Infrared Specimens.—The compounds were carefully sublimed into a 
normal gas cell made of Pyrex and having rock salt plates attached by means of Araldite 
adhesive. It was possible to disconnect the cell from the sublimation apparatus by the use 
of a diaphragm tap. 


The authors thank Dr. H. Block for assistance and the D.S.I.R. for a maintenance grant 
(to G. J. L.). 
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71. The Elimination of Carbon Monoxide from Acid Derivatives. 
Part I. Kinetic Measurements with Some Diarylacetyl Chlorides. 


By Micuaet E. Grunpy, WEI-Hwa Hst, and EvcENnE RorusTEIN. 


The Friedel-Crafts rates of elimination of carbon monoxide and of the 
overall reactions have been measured for some para-substituted diphenyl- 
acetyl chlorides. Electron-releasing groups accelerate the elimination 
reactions, whilst the opposite is true when electrons are withdrawn from the 
seat of reaction. Ketone formation is affected in a similar way but to a much 
smaller extent. 


Tue Friedel-Crafts elimination of carbon monoxide from diphenyl- and phenyl-f-tolyl- 
acetyl chloride recorded by Rothstein and Saville} affords an opportunity for examining 
polar influences on this reaction in examples where little or no steric interaction is to be 
expected. The greater accessibility of secondary than of tertiary acids largely com- 
pensates for the occurrence of a somewhat more complex reaction, including ketone form- 
ation, whilst the slower evolution of carbon monoxide facilitates its measurement. In 
these experiments deactivation of the catalyst by the ketone formed was, in most cases, 
minimised by making the catalyst : acid chloride ratio 5:1. This deactivation was then 
hardly noticeable but even when the ratios were very much smaller the reaction constants 
obtained were not fundamentally affected. The reaction order with respect to the catalyst 
varied between 1-4 and 1-7, but the difference from the value of 2 was not unexpected since 
as was suggested by Grundy, Hsii, and Rothstein ? acid chlorides may form complexes with 
both monomeric and dimeric aluminium chloride present in the equilibrium mixture, 
2AlCl, == Al,Cl,. 

It can be recalled that three types of complex formation were envisaged, these leading, 
with reference to the catalyst, to first- or second-order kinetics: 


Ar,CH:COCI + AlCl; ——t Ar,CH:CO*AICI,~ First order 
ArgCH*COCI + Al,Cl, ——t Ar,CH-COtAICI,~ + AICI, 


AryCH:COCI + Al,Cl, ——t Ar,CH*COtAl,Cl,- } Seeene erie 


Further reaction results in either elimination of carbon monoxide or formation of ketone: 

—r CO + Ar,CHt 

ArgCH-COt —— 

——pe Ar,CH*COAr’ 

Ar’H 
The first reaction is kinetically of the first order with respect to the acid chloride; the 
second, in general, is also of the first order as regards the acid chloride but as it involves 
the aromatic component it is of the second order overall. However, since the Ar’H 
is usually the solvent, first-order kinetics are observed. For the faster reactions it appears 
probable that there is not an appreciable concentration of complex at any stage, i.e., the 
final stage of the reaction is faster than any intermediate stage. For instance, elimination 
of carbon monoxide from diarylacetyl chlorides has not been observed in anisole solution; 
on the other hand phenyl-f-tolylacetyl chloride in benzene yields only carbon monoxide, 
and no ketone. If & is the overall rate, and k’ and k” are the rates of carbon monoxide 
elimination and ketone formation respectively, it is evident that the observed rate constant 
for the former reaction is k’k/(k’ + k’’) and consequently is equal to k only when k”” is 
very small. On the other hand, if the rate of removal of complex is less than that of its 
formation, so that its concentration is virtually constant, the observed rate constant for 
the elimination reaction is equal to k’. It follows that, because a change in the rate of 
elimination of carbon monoxide may be accompanied by a stationary, increased, or 


? Rothstein and Saville, J., 1949, 1961. 
* Grundy, Hsii, and Rothstein, J., 1956, 4561. 
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decreased rate of ketone formation, additional data are necessary before the effect of 
groups can be properly discussed. This can be exemplified by considering the effect of 
halogen in the para-position: 


+ 
ciel _\-cuar-cotcr P*aicl, = cie€_Y-crtarrgo AICI 


Here the inductive effect of chlorine tends to retard complex formation and, even more so, 
liberation of carbon monoxide since there is one less intervening carbon atom to damp 
electronic displacements. Electrophilic ketone formation would, however, be favoured 
and in this case the overall reaction be less retarded than the measured elimination of 
carbon monoxide. The contrary is true of a positive inductive (+J) effect, where 
acceleration of complex formation should lead to slight retardation of ketone formation 
and to a relatively greater rate of elimination. A positive tautomeric (+7) effect arising 
from hyperconjugation for a p-methyl substituent or from an increase in covalency in the 
case of halogen (cf. A) facilitates release of carbon monoxide but, if the small permanent 
(+M) component is ignored (its effect must in any case be relayed 
CY CY + through a saturated chain), this (+7) effect can have no influence 
EX? Srcar BW ag on the formation of either complex or ketone. The exclusive 
(A) production of carbon monoxide from phenyl-p-tolylacetyl chloride 
and the difference in reaction rates between the -chloro- and 

p-bromo-acid chloride (see below) afford some indication of these T effects. 

A summary of the experimental results is given in Tables 1 and 2. A method for 
estimating the rate of ketone formation has not yet been developed; instead, the reactions 
have, in certain cases, been carried out on a preparative scale under approximately the 
same conditions as the kinetic runs, the ketones being then isolated. Since both reactions 
are of the same kinetic order, the yields afford a rough measure of the relative rate of 
ketone formation. The total reaction rate was measured by titrating the acid obtained 
by hydrolysis of unchanged acid chloride.* Exigencies of the method necessitated an 
excess of acid chloride and a low concentration of catalyst, conditions which were entirely 
different from those of the experiments of Table 1. 


TABLE 1. Reaction constants for the elimination of carbon monoxide from diarylacetyl 
chlorides, including the yields of carbon monoxide and ketone. [ArAr’CH*COCI] = 
0-05 mole/l. Temp. 20-36°. 


[AICI,] Yields (%) 
Ar Ar’ (mole/1.) 10°, (min.) co Ketone 
Ph p-Tolyl 0-25 5-25 87-5 0 
‘ i 0-05 0-32 48-0 0 
” Ph 0-25 0-601 48-0 38 * 
p-Cl-C,H, p-Tolyl 0-25 0-543 49-5 10—20 
> fi 0-05 0-055 15-0 st 
a Ph 0-25 0-117 18-0 62 
p-Br-C,H, a 0-25 0-093 14-5 _ 


* Rothstein and Saville ! carried out this reaction in carbon disulphide in the presence of a small 
excess of benzene. The total yield of carbon monoxide was 68% and that of ketone 30%. 


The values in Table 2 are of limited accuracy as only one determination in each case 
could be carried out. On the whole, however, the figures are well separated and a number 
of inferences may be made. The value for diphenylacetyl chloride is not available but 
would presumably lie near that of p-chlorophenyl-f-tolylacetyl chloride. 

When the proper allowance is made for the different catalyst concentration it appears 
from the Tables that the value of the reaction constant for the elimination of carbon 
monoxide from phenyl-p-tolylacetyl chloride is the same as that for the overall reaction, 


3 Rothstein and Saville, J., 1949, 1954. 
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showing the absence of ketone formation and the unimportance of relative concentrations 
of acid chloride and catalyst. It is the only example (Table 2) where the molecular 


TABLE 2. Overall reaction rates of diarylacetyl chlorides with benzene. 
[ArAr’CH-COCI] = 0-1 mole/l. Temp. 20-0°. 


[AICl,] Reaction 10°, 
Ar Ar’ (mole/1.) measured (% (min.~) 
Ph p-Tolyl 0-063 72 0-462 
p-Cl-C,H, p-Tolyl 0-063 43 0-125 
ms Ph 0-063 25 0-0340 
p-Br-C,H, - 0-063 27 0:0347 
s ei 0-126 45 0-184 


proportion of the acid derivative transformed is greater than that of the catalyst. Further, 
the deactivating effect of halogen is much greater on the elimination reaction (Table 1) 
than it is on the overall reaction (Table 2), that is, ketone formation is the result of a 
disproportionate decrease in the carbon monoxide evolved. This suggests that the 
reaction between the acid chloride and aluminium chloride is no longer rate-determining 
so far as elimination is concerned. The marked increase in the rate of elimination when 
chlorine is substituted for bromine without a corresponding increase in the overall rate 
indicates that this may be the case, the increase itself being a consequence of the greater 
+-T effect of chlorine than of bromine. 

In so far as ketone formation is the slow stage of the reaction, the foregoing may be 
compared with Olivier’s kinetic determinations for the reaction of para-substituted benzene- 
sulphonyl chlorides with benzene.* In these experiments the rate of sulphone formation 
was directly proportional to the concentration of aluminium chloride so long as this was 
equal to, or less than, that of the sulphonyl chloride. Excess of the catalyst was approxim- 
ately 200 times as effective as the ‘ combined ”’ material,® a discontinuity not observable 
in our reactions. In the former case, with 0-1 mole/l. of catalyst and sulphonyl chloride, 
the following figures are comparable with those of Table 2, even in the relative order of 
the chloro- and bromo-substituted compounds: 


R in p-R-C,H,ySO,Cl Me H Br Cl 
Piz: thucsandsevtel igus ccleciocaectnaatien 0-646 0-212 0-110 0-106 
EXPERIMENTAL 


Preparation of Diarylacetic Acids.—Mandelic acid or the appropriately para-substituted 
derivative was condensed with benzene or para-substituted benzene in the presence of anhydrous 
stannic chloride. Thus phenyl-p-tolylacetic acid was prepared, first, from mandelic acid and 
toluene, and, secondly, from p-methylmandelic acid and benzene; similarly both -chloro- 
phenyl-phenylacetic acid and p-chlorophenyl-p-tolylacetic acid were each obtained in two ways. 
This confirmed that the substituent groups were in the para-positions. The mandelic acids 
were synthesised from the aldehyde by conversion into the cyanohydrin followed by hydrolysis.’ 
Thus p-tolualdehyde furnished p-methylmandelic acid, m. p. 145° in 80% yield (Found: C, 65-2; 
H, 6-1. Calc. for C,H,,0,: C, 65-0; H, 6-0%), and this in turn condensed with benzene to 
yield phenyl-p-tolylacetic acid, m. p. 116°, identical (m. p. and mixed m. p.) with the acid 
previously prepared by the original method ° [acid chloride, b. p. 136°/1 mm. (Found: C, 73-4; 
H, 5-6; Cl, 14-5. Cale. for C,,H,,OCIl: C, 73-6; H, 5-4; Cl, 14:5%)]. 

In the following preparations it was usually advantageous to convert the crude diaryl- 
acetic acid, often obtained in a non-crystallisable form, into the methyl or ethyl ester by 
saturating a solution in a slight excess of alcohol with dry hydrogen chloride. After fraction- 
ation the pure ester was nearly quantitatively hydrolysed by alcoholic potassium hydroxide. 


4 Olivier, Rec. Trav. chim., 1914, 38, 245. 

5 Idem, ibid., 1915, 35, 109. 

® McKenzie and Widdows, J., 1915, 107, 702. 
7 Jenkins, J. Amer. Chem. Soc., 1931, 58, 2341. 
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The resulting acid was pure but could be recrystallised from acetic acid or from methanol. 
Condensation either of mandelic acid with chlorobenzene,’ or of p-chloromandelic acid with 
benzene, afforded p-chlurophenyl-phenylacetic acid, m. p. 115-5° (Found: C, 68-2; H, 4-7; 
Cl, 142. Calc. for C,gH,,O,Cl: C, 68-2; H, 4:5; Cl, 14-7%). This gave an ethyl ester, b. p. 
135°/007 mm. (Found: C, 70-1; H, 5-6. C,,H,,O0,Cl requires C, 70-0; H, 5-6%), and an acid 
chloride, b. p. 153°/1-5 mm., 145°/0-1 mm. (Found: C, 64-1; H, 3-8; Cl, 26-9. C,,H,,OCI, 
requires C, 63-4; H, 3-8; Cl, 26-8%). 

Similarly, mandelic acid and bromobenzene yielded a non-crystallisable oil from which was 
obtained methyl p-bromophenylphenylacetate, b. p. 145°/0-1 mm. (Found: C, 59-3; H, 4-3; 
Br, 26-2. C,;H,,0,Br requires C, 59-0; H, 4:3; Br, 26-2%). Hydrolysis furnished p-bromo- 
phenylphenylacetic acid, separating from dilute methanol in needles, m. p. 120—121° (Found: 
C, 57-7; H, 3-8; Br, 27-7. C,,H,,O,Br requires C, 57-7; H, 3-8; Br, 27-4%). The acid 
chloride, b. p. 149°/0-5 mm., probably contained a trace of acid (Found: C, 55-3; H, 3-4; 
Cl + Br, 36-8. C,,H,,OCIBr requires C, 55-3; H, 3-2; Cl + Br, 37-3%). 

p-Chlorophenyl-p-tolylacetic acid, m. p. 144—145°, was obtained by condensing either 
p-chloromethylmandelic acid with toluene, or p-methylmandelic acid with chlorobenzene 
(Found: C, 69-4; H, 4-9; Cl, 13-7. C,,H,,0,Cl requires C, 69-1; H, 5-0; Cl, 13-6%), and gave 
a methyl ester, b. p. 146—147°/0-1 mm. (Found: C, 70-3; H, 5-6. C,g.H,,0,Cl requires C, 70-0; 
H, 5°5%), and an acid chloride, b. p. 157°/1-3 mm., 135—140°/0-1 mm. 

Qualitative Friedel-Crafts Condensations.—The concentrations of the reagents were those 
used for the kinetic measurements, 7.e., AlCl, 0-25 mole/l., acid chloride 0-5 mole/l. The 
composition of the solvent was benzene 890 c.c./l., and nitrobenzene 110 c.c./l. The reagents 
were stirred together at room temperature for about 18 hr. 

(i) Diphenylacetyl chloride yielded diphenylacetophenone (38%). 

(ii) Chlorophenylphenylacetyl chloride gave a small quantity of an oil, b. p. 140—160°/0-08 
mm. The main product was chlorophenylphenylacetophenone (crude yield, 62%). It separated 
from methanol in needles, m. p. 106—107° (Found: C, 78-1; H, 5-1; O, 5-2. C, 9H,,OCI 
requires C, 78-3; H, 4-9; O, 5-2%). 

(iii) p-Chlorophenyl-p-tolylacetophenone, b. p. 176°/0-11 mm., resulted from the reaction with 
p-chlorophenyl-p-tolylacetyl chloride and crystallised. Recrystallisation from methanol 
afforded needles, m. p. 95—96° (total yield, including the small amount mentioned below, 
10—20%) (Found: C, 79-0; H, 4:5; Cl, 11-3. C,,H,,OCI requires C, 78-6; H, 5-3; Cl, 11-8%). 
The bulk of the product of the reaction was an oil, b. p. 167°/0-11 mm., which showed some 
ketonic absorption at 1698 cm.!. A cold solution in ligroin (b. p. 40—60°) slowly deposited 
brown crystals. Filtration and fractionation yielded an oil, b. p. 155—158°/0-08 mm., which 
showed very low absorption at 1698 cm.1. Analysis suggested that it might be p-chlorophenyl- 
phenyl-p-tolylmethane (Found: C, 82-0; H, 6-1; Cl, 11-8. C,9H,,Cl requires C, 82-1; H, 5-8; 
Cl, 12:1%). Very little infrared absorption characteristic of methyl was observed but this was 
found to be the case with other nuclear methyl groups though not for methyl in the side chain 
(Table 3). C-H stretching frequencies in the infrared spectrum occur at approximately 1955 
and 1865 cm."}, but only in the case of 1: 1-diphenylethane are both absorptions prominent. 


TABLE 3. Principal infrared bands (cm.") in the 3 u region of some diarylalkanes 
(thin films) (italicised figures refer to methyl absorptions). 


Ph,CH, Ph,CHMe p-C,H,Me’CH,Ph p-Cl-C,H,CH,’C,H,Me-p 
3080 3077 3080 3085 
3058 3053 —- 3059 \ Aromatic C-H 
3022 3032 3020 3028 
— 2964 — — 
2906 2927 2916 2927 
— 2870 a 2872 
2838 _- 8 -— 


Kinetic Measurements.—Table 4 includes details of measurements for one example of each 
acid chloride examined by the carbon monoxide method. Table 5 similarly gives the results 
obtained by the titration method. Only one run was carried out by this method for each acid 
chloride. The complete set of reaction constants has already been given in Tables 1 and 2. 


8 Ettel, Semonsky, and Zikan, Chem. Listy, 1952, 46, 499. 
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TABLE 4. Carbon monoxide evolved from diarylacetyl chlorides. belie 
[ArAr’CH-COCI] = 0-05 mole/l. [AICI] = 0-25 mole/l. Temp. 20-36°. grou’ 

co (mole/l.) co (mole/l.) i ae 
Ar = Ph Ph P-ClC,H, p-ClC,H, p-BrC,H, sue 
Ar’ = p-Tolyl Ph p-Tolyl Ph Ph J 
Time (min.) No. 74 Time (min.) No. 72 No. 83 No. 78 No. 82 2-on 
6 0-00677 15 0-00463 0-00512 0-00060 0-000478 large 
12 0-01897 30 0-00942 0-01000 0-00159 0-001260 d 
18 0-02745 45 0-01310 0-01371 0-00252 0-002034 an 
24 0-03284 60 0-01573 0-01641 0-00333 0-002743 are 
30 0-03647 75 0-01780 0-01849 0-00406 0-003378 
45 0-04150 90 0-01944 0-02010 0-00471 0-003941 R\ 
60 0-04335 105 0-02068 0-02138 0-00530 0-004444 a 
75 0-04405 120 0-02172 0-02240 0-00583 0-004896 
— — 135 0-02258 0-02319 0-00632 0-005319 
— —_ 150 0-02332 0-02382 0-00677 0-005671 P 
-- — 165 0-02392 0-02432 0-00717 0-006002 n-™ 
— -- 180 0-02445 0-02472 0-00754 0-006300 form 
- — 240 — —_— 0-00868 0-007270 
10%, (min) —-5-37 (55) 0-668 (26) 0-543 (37) 0-113 (9) 0-865 (9) 
Figures in parentheses refer to percentage of reaction used for calculating the reaction constant. I 
TABLE 5, Tttration method: progress of reactions of (A) phenyl-p-tolyl-, (B) p-chloro- for t 
phenyl-p-tolyl-, (C) p-chlorophenylphenyl-, and (D) p-bromophenylphenyl-acetyl chlorides, an 
Temp. 20-0°. oom 
[ArAr’CH-COCI] = 0-10 mole/l. [AICl,] = 0-063 mole/l. - 
(A) Time (min.) 3 10 25 55 115 236 360 little 
Reaction (%) ... 9-5 10-0 16-2 31-4 42-8 61-9 71-8 | 
(B) Time (min.) ... 3-5 15 55 ‘161 290 410 1041 com 
Reaction (%) ... 12-0 14-5 20-2 26-4 31-2 32-0 42-7 then 
(C) Time (min.) ... = 5 16 47 108 243 365 607 time 
Reaction (%) ... 7-7 8-6 10-3 12-6 17-1 19-3 25-3 ave 
(D) Time (min.) ... 4:2 25 76 165 319 447 648 gayi 
Reaction (%) ... 77 9-6 10-4 13-3 17-7 20-5 22-7 agal 
wert 
The analyses were carried out in the Microanalytical Department of the School of Chemistry. fell : 
THE UNIVERSITY, LEEDs. [Received, September 7th, 1959.] and, 
wert 
decc 
a , , , ] 
72. Kinetic and Structural Studies of trans-Dimeric 3-Methyl- ond 
3-nitrosobutan-2-one. add: 
com 
By L. Batt and B. G. GOWENLOCK. 
The rates of disappearance of trvans-dimeric 3-methyl-3-nitrosobutan-2- 
one in ethanol, cyclohexane, and carbon tetrachloride solution have been ys 
measured spectrophotometrically. The reaction is irreversible under the 
conditions of low dimer concentration. The results are discussed in relation 
to Keussler and Liittke’s equilibrium studies and Jensen and Berg’s dipole- 
moment measurements. bes’ 
, ar 
Dimeric 3-methyl-3-nitrosobutan-2-one was first obtained by Aston, Menard, and P 
Mayberry! from the products ensuing when gaseous ethyl nitrite was passed through 





isopropyl methyl ketone containing hydrochloric acid. These authors stated that 
monomer production in organic solvents was slow, and this was later compared ? with 
Anderson and Hammick’s * determination of the rate of monomer production from dimeric 
4-methyl-4-nitrosopentan-2-one in benzene. It was asserted that this was due to the | 
different substituent effects in (Me,CX*NO), where X = Ac or CH,Ac, which were | 


1 Aston, Menard, and Mayberry, J. Amer. Chem. Soc., 1932, 54, 1530. 
* Sidgwick (revised by Taylor and Baker), ‘‘ Organic Chemistry of Nitrogen,’’ Oxford, 1937, p. 207. 
®’ Anderson and Hammick, J., 1935, 30. 
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believed to modify the electronic effect of the acetyl group by the interposition of the CH, 
group. Ina previous publication,* we accepted this qualitative statement and tabulated 
the available evidence (Table 3 of ref. 4). In this and succeeding papers we shall relate 
such statements to energy and entropy measurements of the depolymerisation. 

Jensen and Berg’s ® dipole-moment measurements of dimeric 3-methyl-3-nitrosobutan- 
9-one in dioxan and benzene gave p 3-38 and 3-32 D respectively (at 25°), which are much 
larger than expected for the ¢rans-dimeric configuration (I), for, when R = Me, » <0-6 p,® 
and when R = Bu’, » <0-7 p? (a cis-structure is unlikely since tertiary alkyl cis-dimers 
are unknown 8). However, although Liittke ® has shown that for carbon tetrachloride 
. 70 solutions the characteristic frequency for the monomeric ~N=O group appears 

Spend? in the infra-red region, for benzene solutions (initial dimer concentrations 
of ‘R of 107 mole 1.4) the equilibrium constant for the dissociation is only 6-86 x 10 
(1) mole 1.1 at 20°—this was obtained from observations of the intensity of the 
n-n* (N) transitions.° This very small equilibrium constant suggested that monomer 
formation could not be invoked to explain Jensen and Berg’s value for the dipole moment. 


EXPERIMENTAL 

Kinetic measurements were made by observing the variation of the optical density with time 
for the dimeric nitroso-compound. A Unicam SP.500 spectrophotometer was used in conjunc- 
tion with an Adkins cell-holder in a thermostat." Stoppered silica cells (1 cm.) containing the 
solvent (cyclohexane, ethanol, or carbon tetrachloride) were inserted into the block, whose 
tempeiature had been measured by means of a copper—constantan thermocouple. After 
~20 min., it having been observed that the cells were optically paired, one cell was removed, a 
little of the nitroso-compound added, the whole shaken vigorously for about 20 sec. to ensure 
complete dissolution, and the cell re-inserted in the block. Readings of the optical density were 
then taken at regular intervals and from the plot of the logarithm of the optical density against 
time (which was accurately linear) the first-order velocity constant was obtained (the products 
gave no absorption under our experimental conditions). After each run the temperature was 
again measured. The optical densities fell within the range 1—0-2; the wavelengths employed 
were 295 my (ethanol), 297 my (cyclohexane), 299 my (carbon tetrachloride). The temperatures 
fell within the range 32—49-5°. The rate constants were independent of initial optical density 
and, as the molar extinction coefficient is of the order 10*, the concentrations of dimer employed 
were of the order 2—10 x 10° molel.}. The rate constants were independent of percentage 
decomposition; percentage decompositions of 15—50% were employed. 

Dimeric 3-methyl-3-nitrosobutan-2-one was made according to the method of Aston, Menard, 
and Mayberry 4 and was recrystallised by precipitating it from chloroform solution by dropwise 
addition of light petroleum (b. p. 60—80°). The spectroscopic solvents were obtained 
commercially. 

Dipole-moment measurements were made in an apparatus based upon that described by 
Bender,!* and the results were calculated by Guggenheim’s method.!* Benzene was purified 
by storage over fresh sodium wire, followed by repeated crystallisation. 


RESULTS AND DISCUSSION 
The results are given in Table 1, and Table 2 gives the parameters obtained from the 
best straight line and from the conversion to the Glasstone, Laidler, and Eyring ™ 
parameters AH* and AS*. 


Gowenlock, Trotman, and Batt, Chem. Soc. Special Publ. No. 10, 1957, p. 75. 
Jensen and Berg, Annalen, 1941, §48, 110. 
Smith, J., 1957, 1124. 
Idem, personal communication. 
Gowenlock and Trotman, /., 1956, 1670. 
Liittke, Z. Elektrochem., 1957, 61, 302. 
1 Keussler and Liittke, Angew. Chem., 1958, 70, 442; Z. Elektrochem., 1959, 68, 614. 
1 Eaborn, J., 1956, 4858. 
12 Bender, J. Chem. Educ., 1946, 28, 179. 
13 Guggenheim, Trans. Faraday Soc., 1949, 45, 714; 1951, 47, 573. 
= Glasstone, Laidler, and Eyring, ‘‘ The Theory of Rate Processes,’” McGraw-Hill, New York, 1941, 
p. 199. 


a 


een eoee 














378 Batt and Gowenlock: Kinetic and Structural Studies of 
We shall first discuss these results in relation to the dissociation process and Keussler and 


Liittke’s equilibrium data. Fig. 1 is a potential-energy diagram for the dissociation process 
and is based upon Liittke’s original suggestion.45 Comparison with Keussler and Liittke’s 


TABLE 1. Velocity constants. 


In ethanol solution In cyclohexane In carbon tetrachloride 
Temp. 10°% (min.~?) Temp. 10*% (min.“) Temp. 10°% (min.-) 
32° 1-50 32-0° 3-71 32-0° 2°61 
36-6 2-98 33-3 4-86 34-0 3-69 
36-6 3-02 36-6 7-47 36-1 4-95 
38-5 4-31 38-8 11-8 38-7 7-14 
38-5 5-18 40-8 14-4 40-1 9-85 
41-5 7-54 44-0 24-9 42-9 14-3 
43-9 9-32 45-9 32-2 45-9 22-0 
45-9 15-0 46-6 * 28-3 45-9 22-2 
46-6 * 12-9 47-9 39-8 48-4 34-9 
47-9 16-1 48-8 43-2 
49-5 17-5 


* Preliminary result only. 


TABLE 2. Kinetic results. 
[Rast order = (RT/h) exp — AH*/RT exp AS*/R, where AH* = Eacrnenius — RT] 


Activation energy Arrhenius factor AH * AS * 

Solvent (kcal. mole) (sec.-1) (kcal. mole) (e.u.) 

TT ceveactcesctayscsstscen 28-0 + 0-5 3-27 x 10% 27-4 10-4 
Cyclohexane ...........ccccee. 28-3 + 0-5 1-29 x 1016 27-7 13-2 
Carbon tetrachloride ...... 30-2 + 0-2 1-86 x 10! 29-6 18-6 


equilibrium data (AE = 18-9 kcal. mole, AS = 43 e.u.) indicates that the back-reaction 
has an activation energy of about 8—10 kcal. mole and thus the crossing point of the 
potential curves (I) and (II) in Fig. 1 is such as to indicate only small repulsion between the 











I Fic. 1. Potential energy diagram for 
> dissociation of (R-NO),». 
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two monomer units in forming the transition state. Explanation for the absence of the 
back-reaction under our conditions must therefore be sought elsewhere. The importance 
of the entropy of activation must be stressed. The “ high ’’ frequency (Arrhenius) factor 
for the forward reaction indicates that the transition state is looser than the initial state. 
It is known that the dimeric N,O, structure is rigid and therefore we can associate this 
entropy increase with the onset of some freedom of partial rotation about the stretched 
N=N bond in the transition state. However, for the back-reaction there will be consider- 
able decrease in entropy on formation of the transition state (25—33 e.u.). This will result 
in a steric factor of the order of 10°’. Under our experimental conditions, the small 
concentration of dimer, the small percentage decomposition, and the dependence of the 
rate of the back-reaction on the square of the monomer concentration are the major reasons 
for the unimportance of the back-reaction: these combine to produce very slow 
equilibration. 

. The difference between the three solvents may be attributed to solvation and dipolar 


15 Liittke, Habilitationsschrift, Freiburg i. Br.,” 1956. 
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attraction. It is possible that carbon tetrachloride solvates the transition state to a 
smaller extent than the other two solvents and that this accounts for the larger activation 
o- energy. Ethanol and cyclohexane have almost identical activation energies, 
N=N% _ but the smaller entropy of activation for the ethanol case suggests a dipolar 
-o’ (11) attraction in the transition state between ethanol and the stretched frame- 
work (II) which increases the rigidity of this framework relative to cyclohexane solution. 
The only kinetic data for tertiary nitroso-compounds have been given by Anderson and 
Hammick 3 and by Schwartz.!6 The former investigated the rates of dissociation of 4- 
methyl-4-nitrosopentan-2-one in benzene, the temperature range being almost 14°. The 
energy of activation (24 kcal. mole“) is significantly lower than for our carbonyl compound, 
as is also the entropy of activation. Schwartz measured the energy and entropy of 
activation from the rates of dissociation of 2-methyl-2-nitrosobutane and of l-acetoxy-2- 
methyl-2-nitrosopropane in six solvents over a temperature range of either 7° or 12°. 
Unfortunately, there are several errors in the original paper. Table 3 presents the 


TABLE 3. (MeCX-NO), —» 2Me,CX-NO. 


X = Me-CO, X = Et 
Solvent AH* (kcal. mole) AS* (e.u.) AH* (kcal. mole) AS* (e.u.) 
| eee 27-5 21-9 20-9 —3-3 
TNE sttdnesccescesccssens 20-4 —2°8 22-6 1-7 
BERRA? scccccccccccesccssees 23-9 9-8 23-6 6-7 
rere 24-3 11-5 23-1 5-3 
SSC scnsncdldalsniadin’ 23-6 7-8 27-7 17-9 
MEME sctdencdsiaveceuswnes 25-8 16-0 24-3 9-4 


recalculated values 17 for AH* and AS*, and shows that there is a relatively small solvent 
effect for the second case. We conclude that our original assertion * that the aliphatic 
dimers which dissociate ‘‘ readily ’’’ at room temperature have activation energies in the 
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21—25 kcal. mole™ range is supported by these data. Fig. 2 shows a plot of AH* values 
against AS*. These lie on a straight line, and the point derived from Hammick and 
Anderson’s kinetic data lies on it. Our own values, which also exhibit a linear relationship, 
are displaced from the continuous line drawn in Fig. 2. Discussion of the significance of 
these free-energy relations is deferred until results are available for a wider range of 
nitroso-compounds. 

It remains to discuss Jensen and Berg’s dipole-moment measurements. Our initial 
expectation was that their values would prove to be in error and that the “ true” value 
would be in accord with data obtained from other trans-dimers.*? Our values are 
compared with Jensen and Berg’s in Table 4: good agreement is obtained. 


18 Schwartz, J. Amer. Chem. Soc., 1957, 79, 4353. 
17 Idem, personal communication. 





380 Blau, Gerrard, Lappert, Mountfield, and Pyszora: 


TABLE 4. Polarisation measurements for trans-(R*NO), in benzene. 


R Paso (c.c.) Temp. Ref. R Paso (c.c.) Temp. Ref. 
ao 75 25° 6 Me,C-COMe ... 236-6 (222%) 25 5 
BPEP iaaces 10-15 25 7 Me,C-COMe ... 223 20 This paper 


* Recalcd. by Guggenheim’s method. 


No weight can be given to Jensen and Berg’s suggestion that their dipole moment values 
support the resonance formule (III), whose inadequacy has been treated elsewhere.18 The 
large polarisation cannot be due to atom polarisation alone (an upper limit of about 50 c.c, 


\, 44? Re fo 
(IIT) “J a <> a" 5 


can be set on this). The polarisation must therefore be due to free rotation about the C-C 
and C-N bonds, resulting in a very wide range of possible conformations ranging from those 
in which the C=O dipoles are in complete opposition to those in which they lie almost 
parallel. Calculation of the dipole moment according to Smythe and Walls’s method ® 
gives’ w 3-97 D, a value higher than that obtained from our results (u 3-29D). This 
discrepancy is usual for molecules with interference to free rotation,”® and construction 
of molecular models indicates some restricted rotation due to the close approach between 
the carbonyl and the nitrosyl oxygen atoms. 

Jensen and Berg state that decomposition of the dimer is catalysed by light. However, 
our kinetic measurements revealed no difference in the rates of removal of dimer when 
(a) the standard technique (illumination only during the time of the reading—never greater 
than 5°% of the time) and (d) continuous illumination of the cell was used. 


We are indebted to Dr. J. W. Smith for permission to quote unpublished results and for a 
helpful discussion of dipole-moment data, to Dr. Schwartz for permission to quote corrected 
results, and to Dr. Liittke for many discussions of the mechanism of dimer decomposition. One 
of us (L. B.) acknowledges the award of an Appeals Fund Scholarship. 


THE UNIVERSITY, BIRMINGHAM, 15. [Received, April 23rd, 1959.] 


18 Gowenlock and Liittke, Quart. Rev., 1958, 12, 321. 
19 Smyth and Walls, J]. Amer. Chem. Soc., 1932, 54, 2261. 
20 Smith, “ Electric Dipole Moments,”’ Butterworths, London, 1955, p. 293. 





73. Infrared Spectra of Ethylene and o-Phenylene Derivatives of 
Boric Acid. 


By J. A. Brau, W. GERRARD, M. F. Laprert, B. A. MOUNTFIELD, 
and H. Pyszora. 


The infrared spectra of 38 organic boron compounds have been obtained. 
The positions of a number of characteristic group frequencies have been 
noted and the structural implications are discussed, with particular reference 
to frequency shifts. The most significant conclusion is probably the 
recognition that benzo-1,3,2-dioxaboroles have aromatic character. 


Aspects of the chemistry of certain ethylene? and o-phenylene*® derivatives 
of boric acid [(CH,°O),B-OH, (HO),B-O-CH,°CH,°O-B(OH),, o-C,H,O,B-OH, and 
(HO),B-O-C,H,-O-B(OH),] have recently been described. We now report studies of the 
infrared spectra, in the 650—5000 cm. region, of 38 of the compounds (formula I—IV). 

The spectra of organic boron compounds were recently reviewed, and for acyclic 


1 Blau, Gerrard, and Lappert, J., 1957, 4116. 

2 Glan, Gerrard, and Lappert, /., in the press. 

% Gerrard, Lappert, and Mountfield, J., 1959, 1529. 

* Bellamy, Gerrard, Lappert, and Williams, J., 1958, 2412. 
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substances having a tervalent boron atom the group correlations are shown in Table 1. 
Also relevant are the spectra of certain acyloxyboron compounds, which showed abnormally 
low carbonyl stretching frequencies (1690—1580 cm.~) ascribed to intramolecular bonding 


CH,—O, ROW JOR 
1 BY B-O-CH,*CH,-O=—B II 
" CH,—0” ROW . Sor (1) 
Y = OH, Cl, OR (R = Pr®, Pr', Bul, Bu’, or n-C5H,)). R = Bu®, Bul, n-C,H,;, Ph, or *CH,° 


SR (R= Bu® or n-CgHy7), NR, (R= Et or Bu®), or 
O-COR (R = Me, CH,Cl, CHCl,, CCl3, or CF ) 


0. ° O°. 
Ot > SO 
° ol I‘o 


(111) » de 
Z = OH, Cl, Br, But, Ph, OR (R= Me, Et, Pr®, Bu®, (IV) = 
n-CsH,3, n-CgHy7, or Ph), SR (R = Bu” or n-CgH,,), NRg \ 4 


(R = Et or Bu®), or O*BO,*CeH,-0 


between the carbonyl-oxygen atoms of the acyloxy-group and the boron atom to which 
the group is attached.® 


TABLE 1. Assignment ranges (cm."). 


a 2630—2350  ssincees 1440—1430 BON SF . océccsos 1350—1310 
EE -csainieccaaes 1510—1470 eg PP avsaickcs 1280—1250 PE Kenn censsadeane 970—900 
BE Pe  cansneese 910—890 


* Dandegaonker, Gerrard, and Lappert, J., 1957, 2872. ® Werner and O’Brien, Austral. J]. Chem., 
1955, 8, 355; 1956, 9, 137. * Abel, Gerrard, and Lappert, J., 1957, 3833. 4 Aubrey, Lappert, and 
Pyszora, unpublished work. 


Derivatives of the Acids (I; R = OH) and (II; R = H).—Common structural features 
among these compounds are: (i) the methylene groups, (ii) B—O bonds, and (iii) C-O bonds. 

Methylene groups are responsible for strong absorption in the 1471—1389 cm." region. 
The CH deformation mode in the methylene group generally appears at 1465 + 20 cm.", 
but the frequency can be influenced by the following factors: ® (i) changes of phase (leading 
to shifts of up to 10 cm.*); (ii) introduction of electronegative groups in the immediate 
vicinity (shifts of up to 100 cm.*); and (iii) ring strain. The only relevant factor is (ii) 


To 
and would arise because of the existence of canonical forms of type -CH,-O=B<. 
Evidence for this is that the compounds absorb at about 1410 cm.+; slightly larger shifts 
have been observed with vinylic ethers.’ 

All the compounds (I) and (II), with the exception of most of the carboxylates (I; 
Y = O-COR where R = Me, CH,Cl, CHCl,, or CCl,), had a band at 1340 + 80 cm. as 
the strongest in the spectrum and this arises from the B-O stretching mode. The absence 
of such absorption in carboxylates (except I; Y = O-CO-CF,) supports the view (see 
below) that they are chelated (VIII) and hence contain quadrivalent boron. It has 
already been noted that the B-O correlation rule applies only to situations in which the 
boron octet is not completed. In ethylene dialkylaminoboronates (I; Y = NR,) the 
B-O absorption band has apparently fallen to 1299 cm.!, which indicates a lowering of 
bond order in the B-O links; this would be expected owing to strong nitrogen to boron back- 
co-ordination (cf. V). 

All the compounds (I) and (II) absorbed strongly at ~1100 cm.*, undoubtedly owing 
to the C-O stretching. In aliphatic ethers the strong C—O absorption band is at 1150—1060 
cm." and its position is influenced by structural factors. Extreme cases are (I; Y = SR) 

5 Duncanson, Gerrard, Lappert, Pyszora, and Shafferman, /J., 1958, 3652. 

* Bellamy, ‘‘ The Infra-red Spectra of Complex Molecules,’’ Methuen, London, 2nd edn., 1958, 


p. 20, 
7 Mikawa, Bull. Chem. Soc. Japan, 1956, 29, 110. 
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at 1102 + 3 cm.+, (II; R = Bu') at 1036 cm.+, and (II; R = Ph) at 1070 cm.. Some 
of the compounds have a doublet in this region and this may arise because of the presence 
in these substances of two types of C-O bonds [e.g., in (I; Y = OR)}. 

Among the other absorptions which can readily be assigned are: (i) the 905 cm-1 
(B-Cl) band in ethylene chloroboronate (I; Y = Cl) and the triplets at 971—893 cm” 
(B-S) in the thioesters. 

For the amino-compounds (I; Y = NR,), the region 1538—1250 cm.+ shows nine 
absorption bands, of which four are very strong. Although it is difficult’ to make 
unequivocal assignments for the B-O and B-N stretching modes from the relative 
intensities, we tentatively suggest that the 1527 and 1299 cm. bands are those due to 
B-N and B-O respectively. This implies a B-N bond order higher than normal and a 
B-O bond order lower than normal, 7.e., that structure (VI) is relatively more important 
than structures of type (VII). This view is supported by a thermochemical and theoretical 
treatment, which showed that nitrogen is more effective than oxygen in back-co- 
ordination to boron. 


+ 5 
CHa- On 5+ CH,-O. _ CH,— 
SLi * Ban “SB —NS ede” -4. Scr 
¢H,-07 CH,-O ao 
(V) (VI) (VII) (VIII) 


The carbonyl stretching frequencies of the carboxylates (I; Y — O-COR) are listed 
in Table 2, and by analogy with an earlier treatment,5 the abnormally low values are 
assigned to a co-ordinated (>C=O: —» B<) group. As general conclusions it is apparent 
that: (i) chelation of type (VIII) occurs in all compounds except the trifluoroacetate; (ii) 
that the compounds that do chelate have also a higher-frequency band (free C=O) of at 
least equal intensity [see Fig. 1 for R = Me, where a denotes voociree) and a’ denotes voogondea)] } 
and (iii) that the positions of the bands depend on R and are highest when R is most 
electronegative (#.e., CF; > CCl, > CHCl, > CH,Cl > Me). That the trifluoroacetate 
is not chelated (Fig. 2, where a denotes voo) is interpreted as being due to the relatively 
low basic strength of the carbonyl-oxygen atom in that compound because of the powerful 
electron-attraction of the trifluoromethyl group. Chelation in the other carboxylates is 
evidently not very strong (because of the presence also of absorption due to a free carbonyl 
group), and this is to be expected in view of the low acceptor capacity of the boron atom 
when surrounded by oxygen atoms capable of back-co-ordination. The presence of the 
two carbonyl stretching frequencies is interpreted as implying an equilibrium between 
(VIII) and a non-co-ordinated form. In an attempt to test this hypothesis, the spectrum 
of a solution of the acetate (I; Y = OAc) in methylene dichloride at —70° was examined. 
It was thought that cooling might disturb an equilibrium; however, no significant 
difference was noted from that measured at 20°, nor was the spectrum significantly changed 
when measured on the solid as a mull in liquid paraffin. 


TABLE 2. Carbonyl frequencies (cm.") for compounds (I; Y = O-COR). 


R Co-ordinated Free R Co-ordinated Free 
DUD . cautinbaegheessumknen 1605 1731 MG -aeastiveaneciowse 1637 1761 
RMEEE exootactencuerrhae 1613 1742 EEE nebthadidevceakemsse — 1783 
SIRNA citlendiscveotvase 1634 1754 


o-Phenylene Derivatives (III) and (IV).—All the compounds, except o-phenylene 
phenylboronate (III; Z= Ph), have, among the strongest bands, those at 1245 + 20 
and 1447 + 40 cm.1. These collectively may be regarded as characteristic of, and 
diagnostic for, the boron-containing ring. The 1245 + 20 cm. band is undoubtedly the 
ring-C-O stretching mode; this is supported by noting (ref. 6, p. 115) that the C—O stretching 


§ Skinner and Smith, J., 1954, 3930. 
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frequency in aromatic ethers falls at 1270—1230 cm.*. It is very probable, therefore, 
that the 1447 + 40 cm. band is due to the ring B-O stretching vibration. This value, 
however, is substantially higher than that (1350—1310 cm.) usually found in tervalent 
boron-oxygen compounds. The implication is that the B-O bond order in compounds 
(III) and (IV) is higher than, for example, in trialkyl borates. This would be consistent 
with such o-phenylenedioxyboron compounds’ having contributing canonical forms to type 
(IX), with the boron atom in an aromatic-type ring, displaying 6x-electron resonance. 
The same proposal has already been made (but without any compelling evidence) to 
account for the stability of o-phenylenedioxyboron compounds? and ultraviolet spectra 
of certain compounds of type (III).® 

A doublet at 1352 + 10 and 1337 + 7 cm.* occurred in all compounds [except (IV) 
(only at 1337 cm.*), o-phenylene phenylboronate (III; Z = Ph) (only at 1330 cm.*), and 
o-phenylene di-n-butylaminoboronate (III; Z = NBu®,) (only at 1355 cm.*)], but was 
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Infrared absorption spectra for (Fig. 1) acetyl ethylene borate and (Fig. 2) ethylene trifluoracetyl borate 
(liquid films). 


not readily discernible in the alkyl o-phenylene borates (III; Z=—= OR) owing to 
predominance of the very strong alkyl-BO absorption. 

o-Phenylene chloroboronate (III; Z = Cl) and the thioborates (III; Z = SR) showed 
no absorption band normally associated with B-Cl and B-S bond, respectively. This 
could be due to there being a lower B-Cl and B-S bond order in these compounds [owing 
to contributing structures (IX)] than in those previously examined. The dialkylamino- 
boronates (III; Z = NR,) had a distinct band at 1354 cm.+, which may tentatively be 
assigned to the B-N stretching frequency; that the value is significantly lower than that 
(1527 cm.) proposed for the corresponding mode in derivatives of ethylene hydrogen 
borate is again consistent. 

The alkyl o-phenylene borates (III; Z = OR) have a strong band at 1342 + 10 cm.+ 
which is attributed to the stretching mode of the alkylboron—oxygen bond. In the phenyl 
ester (III; Z = OPh), the 1245 cm. C-O stretching mode of the ring system is of only 
medium intensity and a strong band at 1220 cm.~ is ascribed to the acyclic C—O vibration. 
The corresponding mode in the alkyl esters is disclosed by a band, diminishing in intensity 
through the series methyl to n-octyl, at 1056 cm.+ (Z=OMe) to 1070 cm.+ 
(Z = O-C,H,,-n). 

The two strongest bands in,the spectrum of o-phenylene phenylboronate (III; Z = Ph) 
(apart from the one at 740 cm.) appear at 1330 and 1236 cm.1. The region 1440 + 40 
cm. is relatively free from absorption [and in this is exceptional among the compounds 
(III) and (IV)] with a weak band at 1475 cm. probably due to a monosubstituted aromatic 


* Dewar, Kubba, and Pettit, J., 1958, 3076. 
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nucleus. The shift of the B—-O vibration to lower frequency in this compound suggests 
that structures of type (IX) are relatively unimportant and that there is overlap into the 
vacant boron ,-orbitals of the x-electrons of the phenyl nucleus attached to boron [see, 


é.g., Structure (X)]. 
3 
oa 
Cs C+D 
ie) 
= (X) 


(IX) 

The thioesters (III; Z = SR) show apparently characteristic splitting of the strong 
band at ~1245 cm. rite a doublet at 1251 + 2 and 1234 + 2 cm.11. 

The spectrum of o-phenylene hydrogen borate (III; Z = OH) was examined in some 
detail, because it was thought that this formulation might be supported by spectroscopic 
observations. Several alternative formulations (some as mixtures) are possible, but some 
are excluded by hydroxyl stretching frequencies at 3413 and 3300 cm.; these are also 
shown by catechol although, in contrast to the catechol spectrum, there was a slight 
shoulder at 3155 cm.*; all the other bands in the catechol spectrum are also found for 
compound (III; Z = OH). 


Experimental.—Spectra were measured in a Grubb-Parsons S.3A double-beam spectro- 
meter, kindly made available by the National College of Rubber Technology (Northern Poly- 
technic); it was fitted with a sodium chloride prism. Samples were studied as liquid films, or 
as solid mulls in paraffin oil, as appropriate. 

As the spectra have been submitted for reproduction in the D.M.S. punched-card system, 
only relevant portions have been discussed. The important assignments are summarised in 
Table 3, but spectra of two carboxylates [(I) with Y = O-COR where R = Me (Fig. 1) and CF, 
(Fig. 2)] are reproduced. 


% 4 


TABLE 3. Assignments (cm.). 


C=O Cc=0 

(free) (bonded) B—N CH,(8) B-O C—O B-S B-Cl 
(CH,°O),BY’ ...... 1783 ~1410 1340 + 80 1102—1036 971—893* 905 
(CH,O),B-O-COR’ 1761— 1637— ~1410 t 1102—1036 

1731 1605 
(CH,O),B-NR?, ... 1527 ~1410 1299 1102—1036 
| EES 1465 + 20 1150—1060 
eee 1270—1230 
o-C,H,O,BZ’ or (IV) 1354 1447+ 40 { 1245+ 20¢ tT t 
o-C,H,O,BPh ...... 1330 1236 


R’ = Me, CH,Cl, CHCl,, or CCl,. Y’ = OH, Cl, OR, SR’, or O-CO-CF;. Z’ = Z (except for 
Z = Ph. 


* Triplet. f Not definitely identified, but shifted to lower frequency. { Ring characteristics. 


We thank Dr. L. A. Duncanson and Mr. H. A. Willis for valuable comments, and one of us 
(B. A. M.) thanks the D.S.I.R. for a personal grant. 
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Hottoway Roap, Lonpon, N.7. (Received, May 5th, 1959.) 
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rm 1%. Polarographic Reduction of Aromatic Hydrocarbons and Carbonyl . 


Compounds in Dimethylformamide in the Presence of Proton-donors. 
By P. H. Given and M. E. PEOVER. 


Phenol is sufficiently acidic to act as an effective proton-donor in polaro- 
graphic reduction in dimeiuylformamide, but does not give a hydrogen 
discharge wave in this medium. A wide variety of changes in behaviour is 
observed in the polarography of the substances studied as increasing amounts 

2 of phenol or benzoic acid are added: new waves appear in some cases either 
8 because the mechanism is changed or because more extensive reduction is 
made possible by protonation of the ions first formed. The effectiveness 





ne of the weak acids at low concentrations in some cases (molar ratios, acid : sub- 

DIC strate, = 2—4) suggests that the undissociated acid rather than the proton 

ne takes part in the protonation; and the shape of the waves is consistent with 

Iso this. 

It has been shown! that some aromatic hydrocarbons are more extensively reduced 
polarographically in 75% than in 96% dioxan-water, which was accounted for’ by j 
supposing that neutralization of the charges on the dinegative ions by proton-addition 

a from the water made further addition of electrons possible. It has also been shown that 

y- in the presence of hydrogen iodide and benzoic acid, respectively, the two waves given by 

a anthracene ! and anthraquinone 2 coalesce to one wave; water in high concentration has 

- the same effect on anthraquinone.? The object of the work reported here was to ascertain 

ie in more detail the behaviour of a selection of hydrocarbons and carbonyl compounds on 

F; polarography in the presence of proton-donors, particularly phenol, as a background to 
current work *# on the reduction of solvent extracts of coals. The compounds studied 
were mostly those whose behaviour in dimethylformamide in the absence of proton-donor 
has been reported previously.5® 

Benzoic acid and hydrogen iodide are of limited usefulness as proton-donors in polaro- 

Cl graphic studies because they give hydrogen discharge waves which may interfere with the 

5 waves of the substance being studied. We find, however, that phenol is a strong enough 
acid in dimethylformamide to act as an effective proton-donor but is too weak to give a 
hydrogen discharge wave at any potential less negative than the decomposition potential 
of the supporting electrolyte. Water, on the other hand, is too weak an acid to be of much 
value for the purpose. In the work to be described, phenol and benzoic acid have been 
used as proton-donors; the latter could be used with a few compounds only and then 

or usually at molar ratios, acid : substrate, not more than two. 


EXPERIMENTAL AND RESULTS 


us The polarograph and methods were as described previously. The materials were ‘ pure ” 

grades, obtained commerically, except that 9,10-dihydroxynaphthacene-11,12-quinone was 

kindly supplied by Drs. L. Blom of the Central Laboratory of the Dutch State Mines; phenol, 

2-naphthol, and benzoic acid were ‘‘ AnalaR’”’ samples. The dimethylformamide contained 

less than 0-:02% of water. 0-1N-Tetraethylammonium iodide was used as supporting electrolyte, 

and potentials were referred to a mercury pool anode in this medium. ; 
Particular attention was paid to the manner in which the behaviour of each substance * 

changed with increasing concentration of proton-donor; the variation is more informative than 

the behaviour at one concentration. The concentration of the substance to be reduced was 


1 Hoijtink, van Schooten, de Boer, and Aalbersberg, Rec. Trav. chim., 1954, 78, 355. 

® Wawzonek, Berkey, Blaha, and Runner, J. Electrochem. Soc., 1956, 108, 456. 

5 Given and Schoen, J., 1958, 2680. 

4 Given, Lupton, and Peover, Proc. Inst. Fuel Conf., ‘‘ Science in the Use of Coal,” Sheffield, 1958, 
p. A-38. 

5 Given, Peover, and Schoen, J., 1958, 2674. 

® Given, J., 1958, 2684. 
Oo 
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1 ms, unless otherwise stated, and polarograms were run at 3—5 concentrations of proton. 
donor; in a few cases the measurements were repeated at a low concentration of substrate 
(about 0-25 mm). The polarographic behaviour of diphenyl, phenanthrene, perylene, 9,10-dj- 
ethoxyanthracene, phenanthraquinone, and 9,10-dihydroxynaphthacene-11,12-quinone in the 
absence of proton-donor in dimethylformamide has not been reported previously. 

Five types of behaviour were observed, of which types B, C(b), and E have not beep 
reported previously. They are listed in Table 1 together with the substrate—acid pairs that 
showed each type. A brief description of what is believed to be the mechanism responsible for 
the various types of behaviour is also included (justification for these mechanisms will be given 


Given and Peover: 


TABLE l. 


Classes of behaviour 

A. Ist wave grows in 
height at expense of 
2nd till latter disap- 
pears 


B. New wave appears be- 
tween the two original 
waves, and grows in 
height at expense of 
2nd 

C. Waves grow in height 
with little change of 
potentials; new wave(s) 
may appear 


D. Ist wave unchanged, 
2nd shifts to less nega- 
tive potentials 


E. New wave appears, 
less negative than 
original waves, grows 
at expense of them 


increased. 


Explanation 
R- protonated to RH- 
which is reduced at 
same potential 


Connected with dimeris- 
ation of R’ (?) 


(a) R~ protonated, RH- 
reduced at same po- 
tential; protonation 
makes further reduc- 
tion possible 

(6) Protonation makes 
further reduction pos- 
sible: mechanism not 
clear 


R*- but not R~- proton- 


ated; 2nd wave de- 
pendent on _ concen- 
tration of acid 


Prior protonation of R 


to RH* (?) 


Systemsin class * 
Naphthalene—P 
Anthracene—P 
Biphenyl-P 
Benzophenone—P 
Anthraquinone-B 


Benzaldehyde—P 
Xanthone-P 

Purpurogallin—P 
Purpurogallin—-B 


Pyrene—P 
Perylene—P 
Phenanthrene—P 
2-Naphthol-P 


9,10-Diethoxyanthr- 
acene—P 

9,10-Diacetoxyanthr- 
acene—P 

Anthraquinone-P { 

Phenanthraquinone— 
P 


t 
9,10-Dihydroxynaphth- 
acene—11,12-quin- 

one-P 
1,4-Dihydroxyanthra- 

quinone-P t 
Anthraquinone—P 


1,4-Dihydroxyanthra- 
quinone—P 


Change in polarographic behaviour as concentration of proton-donor is 


Remarks + 
Complete with m = 4 
Incomplete with m = 14 
Complete with m = 8 
Complete with m = 2 
Nearly complete at m 


Effect more marked 
with B than P 


New 3rd wave 
New 2nd wave 


” ” 


New 4th wave 
New 3rd wave 


With m = 14 waves 


nearly coalesced 
Effect small at m = 5 


Phenanthraquinone-P Nearly complete at m 


Benzophenone-B 
Benzaldehyde-B 
Xanthone-B 


Complete with m = 2 
Completion needs m > 2 


some class "A be- 


haviour when m = 0-5 


* P = phenol; B = benzoic acid. {+ m = molar ratio, proton-donor : substrate. 
{ These entries concern further reduction of the molecule after quinone groups have been reduced. 


below). A selection of the numerical results is in Table 2. 
1-8—2-0 corresponds to a one-electron addition.»* 

The references in Table 1, classes A and D, to anthraquinone and phenanthraquinone concern 
the behaviour of the waves representing reduction of the quinone groups. Anthraquinone 
shows also a small third wave whose height in the absence of proton-donor is less than propor- 
tional to concentration.* In the presence of phenol this wave grows in height and splits into 
two waves, each eventually of height equivalent to the addition of two electrons. 1,4-Di- 
hydroxyanthraquinone, phenanthraquinone, and 9,10-dihydroxynaphthacene-11,12-quinone 
do not show a corresponding wave in the absence of phenol, but one appears as phenol is added. 


A diffusion current constant, J, of 
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* New wave, wave at —1-20 v having disappeared. 
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Polarographic results: effect of proton-donors (behaviour classes A, B,.and C) 
(1 mm-solutions of substrate in 0-1N-tetraethylammonium iodide). 


1960] 
TABLE 2a. 
Class of 
behaviour Substance Acid 
A Benzophenone None 
Phenol 
Phenol 
Anthraquinone None 
Benzoic 
Naphthalene None 
Phenol 
Diphenyl None 
Phenol 
B Purpurogallin None 
Phenol 
Benzoic 
Benzaldehyde None 
Phenol 
C(a) Perylene None 
Phenol 
Phenol 
Pyrene None 
Phenol 
Phenol 
Phenanthrene None 
Phenol 
2-Naphthol None 
Phenol 
(0) 9,10-Diethoxy- None 
anthracene Phenol 
9,10-Diacetoxy- None 
anthracene 
Phenol 
Phenanthra- None 
quinone Phenol 
9,10-Dihydroxy- None 
naphthacene- Phenol 
11,12-quinone 
* I = ijem*, 
TABLE 2b. Polarographic results: 
Class of 
behaviour Substance Acid 
D Anthraquinone None 
Phenol 
Phenol 
Phenanthra- None 
quinone Phenol 
E Benzophenone None 
Benzoic 
Benzoic 
Benzoic 
Benzoic 
Benzaldehyde None 
Benzoic 
Benzoic 
Xanthone None 
Benzoic 
Benzoic 


Molar ratio 
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The behaviour of anthraquinorte is shown in some detail in Fig. 1, and that of the other sub- 
stances is summarized in Table 2a, class C. Owing to the difficulty of resolving the two 
anthraquinone waves at the lower concentrations of phenol, only the total height of the 
waves (uncorrected for change in drop time with applied potential) is given in Fig. 1; 
at m = 7-6 the corrected values of J were 4-5 and 4-55, and at m = 13-9 were 4-3 and 4-6. 
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It has been reported * that 9,10-diacetoxyanthracene adds nearly four electrons, instead of 
the two expected of an anthracene derivative containing non-reducible substituents; it is now 
found that the 9,10-diethoxy-derivative behaves similarly. In the presence of phenol the tota] 
wave heights increase from 4 to 5 and 5 to 64 electrons respectively. 

Benzoic acid by itself gave a wave at —1-27 v, with I (= ig/cmi##) = 1-5, and a second 
much smaller wave at —1-7 v (J = 0-15). When excess of the acid was added to a reducible 


Fic. 1. Effect of phenol on reduction of ring system in anthraquinone (1mm in 0-1n-NEt,]). 
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(a) and (b), Half-wave potentials. (c) Total height of the two waves (for accuracy see text). 


substance of half-wave potential less negative than — 1-27 v, the acid wave at this potential 

was usually observed; in some cases, however, this wave was not seen, and it was the wave at 

—1-7 v that appeared and grew in height with increasing concentration of acid. In accord with 

Delahay ” we tentatively identify the two acid waves with two modes of hydrogen discharge : 
Ht + ¢——peH ? 


and HA + © ——» H + A- 
DISCUSSION 


The normal mechanism of reduction of aromatic hydrocarbons and carbonyl com- 
pounds in the absence of proton-donors is: 15-68 


R+e=—— R- a ok oe ae ee oe 
R- + ¢ === R?- os ee a ee ee 
R2- + 2H+ ——» RH, ee ee ee 


Hoijtink e¢ al.1 have shown by molecular-orbital calculations that the electron affinity 
of a radical RH-, obtained by protonating the ion R~, is always greater than that of the 
parent molecule, R, when R is an alternant aromatic hydrocarbon. Consequently, if the 
rate of proton addition to R™ is greater than its rate of diffusion from the electrode surface, 
RH: is formed and reduced at the potential of the first wave and no second wave is observed. 
As already noted, Hoijtink e¢ al.1 describe the polarography of anthracene in the presence 
of hydrogen iodide as an example of this type of behaviour (class A in Table 1). The 
calculation referred to concerned hydrocarbons only; the presence of oxygen substituents 
will presumably not alter greatly the energy levels of R and RH-. 

In dimethylformamide, naphthalene, phenanthrene, and biphenyl each give only one 
wave of height about equivalent to the addition of one electron; the second wave must 
lie beyond the decomposition potential of the supporting electrolyte. In the presence of 
phenol the wave given by all three hydrocarbons grows to nearly twice the previous height, 
and with phenanthrene a second wave becomes visible, also of height equivalent to the 
addition of two electrons (phenanthrene also shows two two-electron waves in the proton- 
active solvent, 2-methoxyethanol).® 

7 Delahay, J. Amer. Chem. Soc., 1951, 73, 4944. 


8 Wawzonek, Blaha, Berkey, and Runner, J. Electrochem. Soc., 1955, 102, 235. 
® Bergman, Trans. Faraday Soc., 1954, 50, 829. 





d 
le 


al 
ut 


e 
st 
of 
t, 


n- 





[1960] Polarographic Reduction of Aromatic Hydrocarbons, etc. 389 


_ The mononegative ions formed by anthracene and benzophenone have been shown not 
to dimerise during electrolysis at a potential corresponding to the top of the first wave !° 
(contrast benzaldehyde, below). Phenanthrene on the other hand dimerises to some 
extent.” 

Behaviour of type B may be connected with the fact that, at a potential corresponding 
to the top of the first wave, the mononegative ion dimerises more rapidly than it can diffuse 
away or be protonated: electrolysis of benzaldehyde in the absence of phenol at this 
potential afforded a good yield of hydrobenzoin; moreover, addition of phenol has little 
effect on the height of the first wave. On the other hand, the height and half-wave 
potential of the new second wave of benzaldehyde are strongly dependent on the concen- 
tration of phenol, and electrolysis in the presence of phenol at this more negative potential 
(—1-6 v) yields benzyl alcohol (80%). Thus, when enough phenol is present and the 
potential is negative enough the mononegative ion, R~, may be protonated and the product 
RH: immediately reduced further at the same potential.* The second waves given by 
some carbonyl compounds in the absence of added proton-donor appear composite; ® 
this may be due to some contribution to the polarogram by class B behaviour resulting 
from protonation by the solvent alone (or water in it). 

The change in behaviour of pyrene and perylene (type C) when phenol is added is 
similar to that observed when the same hydrocarbons are polarographed in dioxan—water 
of increasing water concentration, and the same explanation (loss of reducible material 
by diffusion when the rate of proton addition is low) no doubt holds. Phenanthrene and 
2-naphthol behave similarly. The total height of the waves of all four substances is 
increased to four electrons by phenol in the molar ratio 7—13 : 1. 

The extensive reduction undergone by the anthracene derivatives was quite unexpected. 
Reasons have been given *5® for supposing that the stable product of reduction is the 
9,10-dihydroxyanthracene di-ion, as the tetraethylammonium salt. This di-ion would 
no doubt be reluctant to accept further negative charges but, as excess of phenol is added, 
increasing proportions of the neutral quinol molecule could exist in equilibrium: 


CygH,O,?- + 2PHOH =e C,yHg(OH), + 2PhO- 


and the neutral molecules can evidently be reduced. The wave at —1-7 to —1-9 v involves 
addition of protons as well as electrons, since its half-wave potential changes markedly 
with phenol concentration; it presumably represents reduction to the 9,10-dihydro- 
derivative. One would expect addition of two electrons and protons in the 9,10-positions, 
giving what is in effect a benzene derivative, incapable of further reduction in the nucleus 
before decomposition of the supporting electrolyte. In further experiments ™ it has been 
found by electrolysis in dimethylformamide at a controlled potential of —2 to —2:15 v 
that anthraquinone (in the presence of phenol) and 9,10-diacetoxyanthracene yield 9,10-di- 
hydroanthracene, and xanthone with phenol gives xanthen: that is, the extra addition 
of electrons leads to scission of carbon-oxygen bonds rather than hydrogenation of the 
nuclei. Presumably 9,10-diethoxyanthracene reacts similarly. On the other hand, since 
phenanthrene can undergo a four-electron change, to the 1,2,3,4-tetrahydro-derivative, 
the 7—8-electron reduction of phenanthraquinone in the presence of phenol could represent 
either hydrogenation to 1,2,3,4,9,10-hexahydro-9,10-dihydroxyphenanthrene or carbon— 
oxygen scission (no definite products could be isolated from the products of electrolysis). 
There is a similar uncertainty about the reaction of the dihydroxynaphthacenequinone. 
The effect of phenol on the polarography of the carbonyl groups in anthraquinone 
(class D) resembles that of water on the same substance,5 though it is effective at much 
lower concentrations. Since it is only the second wave that is affected, it is the dinegative 


* The authors are indebted to Professor Hoijtink for this suggestion. 


1 Austen, Given, Ingram, and Peover, Nature, 1958, 182, 1784. 
1 Wawzonek and Wearring, J. Amer. Chem. Soc., 1959, 81, 2067. 
12 Given and Peover, Nature, 1959, 184, 1064. 
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ion that is protonated * (compare the effect of benzoic acid on anthraquinone, above), 
The behaviour of the carbonyl groups in phenanthraquinone is predominantly of the same 
type, but with some type A features superimposed. 

It is possible that the new, less negative, wave that appears when benzoic acid is added 
to benzophenone (class E behaviour) is due to prior protonation of the ketone. This 
might involve the formation merely of a hydrogen-bonded complex: 





Given and Peover: 


eee re, 
R,HX + ¢ == RHX~ —e RH: + X- ee ee a 

or complete proton transfer 
R + HX <== RH* (+ x-) aoe RH oe oe eee 


In either case the addition of a second electron occurs at the same potential : 


HX 
RH: + € —— a RH~ ——wm RHZ+X . - - © © se es es es 


Benzophenone is known to be protonated in this way in concentrated sulphuric acid, but 
not to a measurable extent in dilute benzoic acid solutions in dimethylformamide. [The 
frequency of the hydroxyl vibration of phenol in dimethylformamide (4mm) shows 
hydrogen bonding with the solvent, but no change of frequency occurs when benzo- 
phenone is added; and the longest-wavelength electronic band of neither benzophenone 
nor benzaldehyde changes when benzoic acid is added, again in dilute solution in dimethy]- 
formamide.] However, the presence of a small concentration of the protonated form 
on the electrode could lead to the production of the wave provided the rate of protonation 
of R according to equation (4) or (6) is greater than its rate of diffusion to the electrode. 

Hoijtink and Aten have found that A.C. polarograms of benzophenone in the presence 
of benzoic acid show a small peak at the potential of the new first wave and another, 
slightly larger, at the potential of the original first wave.* The appearance of the peaks 
and their frequency dependence indicate that the new first electron-addition is reversible 
but fairly slow; the electron-transfer at the original first wave is faster, so that a mechanism 
of type A takes over when the potential is negative enough. The behaviour is more 
consistent with reactions (4) and (5) than (6); in the former a presumably irreversible 
dissociation intervenes between the two electron additions so that the second addition does 
not disturb the reversibility of the first. 

It is interesting to know how far behaviour remains diffusion-controlled when proton- 
donors are present.t When sufficient acid is present to ensure that further addition 
does not alter wave heights, the rate of diffusion to the electrode is evidently faster 
than the rate of reaction, 7.e., under these conditions one would expect the process to be 
diffusion-controlled. In fact, we have found the current to be directly proportional to 
the square root of the corrected height of the mercury reservoir when enough phenol is 
added to benzophenone and naphthalene to cause complete coalescence of the waves. This 
proportionality was also found with the systems named when the acid present was enough to 
cause only partial coalescence. With other systems, where the amount of proton-donor 
required to produce complete coalescence or the appearance of further waves is relatively 
large, it might be possible to detect the expected partial dependence of current on reaction 
rate, but we have not explored this possibility. 

It is striking that the weak acids used as proton donors in this study were effective at 
such low concentrations, particularly with benzophenone. Neither acid is much ionized 
in dimethylformamide.t{ Hence it is probable that the rate of protonation of the ions in 


* We are indebted to Professor Hoijtink and Dr. Aten for undertaking the A.C. polarograms on our 
behalf, and for permitting us to quote the results. We are also indebted to Professor Hoijtink for 
much of the above discussion of benzophenone—benzoic acid polarography. 

+ Weare indebted to Dr. P. Zuman for pointing out to us the importance of this point. 

¢ The equivalent conductivities of phenol and benzoic acid in dimethylformamide are very low: 
aaout 0-2 and 0-5 mho at 0-01N-concentration. 
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polarographic reduction depends on the rate of diffusion of undissociated acid rather than 
solvated proton. The efficiency of the acids at low concentration in protonating the 
benzophenone and naphthalene ions led us to consider whether it might be the undissociated 
acid that reacts with the free-radical ions rather than the proton, 


that is: Ro + HX —pe RHO Xk ke te OD 
rather than: hv +i ame: ow nw, e %) 2 AOR es Oe 


(It has already been suggested that the water in dioxan—water mixtures protonates hydro- 
carbon ions in this manner, that is, that the undissociated water molecule is effective.) 
These alternative modes of protonation, (8a) and (8b), would give waves having different 
equations, since in the latter case the dissociation constant of the acid would appear, but 
not in the former. 

Hoijtink and his colleagues * have shown by A.C. polarography that the waves given 
by several of the compounds used in this study are reversible. With hydrocarbons, if 
conditions are such that protonation of the dinegative ion, R*~, is fast, the second peak 
in the polarogram disappears, showing that protonation steps are irreversible; however, 
protonation of R-O~ ions may well be reversible (for quinol ions it obviously is; with ketones 
protonation of R~ might be reversible if the electron adds to the positive end of the 

+e P H+ 
carbonyl dipole and the proton to the oxygen atom, thus: >C*t-O- = >C-0O- —_ 
>C-OH). It is justifiable therefore to apply the Nernst equation to the electrochemical 
changes. In what follows we deduce the equation of the wave found in class A behaviour 
when the amount of proton-donor is enough to make the original second wave disappear 
completely, according to the mechanism below. [The description of reaction (10) as 
“fast” is merely a recognition of the fact that RH: is formed fast enough to ensure that 
the wave is diffusion-controlled; see above.] 


R+e———=R- .. . . (9) (reversible) 
R7 + HX ——m RH*+ X~ . =~ .~=—-(10) (fast, may be irreversible) 
RH? + me RH- .. . s..sC(II) (reversible) 
RH~ + HX ——p RH, + X~ . ~ (12) (may be irreversible) 


Equating the rate of diffusion of R to the drop to the rate of removal of R~ by protonation, 
we have: 


bie ~ Cale lm «ss so 


where Cz and Cyx are the concentrations of R and HX in the bulk phase, C°x, C°xx, etc., 
are the corresponding concentrations on the electrode surface, kp and kyx are constants 
proportional to the square roots of the respective diffusion coefficients, and k is a velocity 
constant. The current, 7, is equal to the rate of conversion of R into R™~ plus the rate of 
reduction of RH», so that: 


t= kp(Cp —C°n) + RC°R-C px Sw wl wet. CM) 
Finally for the rate of diffusion and consumption of HX we have 
Ryx(Cux — C°ux) = 2kC°p-C°ux of Cee 9 
Solving these equations for C°, and C°,-, we obtain: 
C°x = (2kpCr — 1)/2kp 
and C°n- = thyx/2k(kuxCux — 1) 
18 Kolthoff and Lingane, “ Polarography,” Interscience, New York, 2nd edn., pp. 634—639. 


™ Aten, Biithker, and Hoijtink, Trans. Faraday Soc., 1959, 55, 324; Hoijtink, personal communic- 
ation. 
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Now the potential of the dropping electrode is given by: 








_. 
Eu = Ey + pln co 
— ae ae a ee 
= Ey ot ¥- In oo -. ¥- In a ¥F In (kuxCux _ t) 


(note that i = 2kgC,). If we assume that the ratio of the square roots of the diffusion 
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Fic. 3. Logarithmic analysis of wave of anthra- thalene with phenol in molar vatio m = 4-0. 


quinone with benzoic acid in molar ratio m = 4-5. — 
oO 








| Cc 











om 3Or 
be o™ omy, 
q ~N Na +/0 =~ / cs 
\ - a+ nN 

be Re pel | oe 
g 20; a s = ~ 
~~ bX ™. om a. | = 
—~ aN os Ss lo 
~ et a” jo 
= rol ‘as > J | 
= ok 2 / Ba 
s . ' S ae © 

0-26 030 034 038 O42 © 


Potential of dropping electrode;t, (vo/t) yA 190 194 198 “202 
Slopes: (a) 62-5 mv, (b) 72 mv. Potential of dropping e/ectrode;-€ (volt) 
Slopes: (a) 60-5 mv, (b) 68 mv. 
coefficients of proton-donor and reductant is unity (so that kyx = kg) and write the 
ratio Cyx/Cr = m, we finally obtain for the equation of the wave: 





Ee = Constant + —f In (ta — aves —1) «16) 
whence E, = Constant + ad In 7 4 arin ee 





The use of the equation is limited to cases where m > 2, and a sufficient excess of acid 
is present to ensure that the waves coalesce completely. However, if m is very large, 
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the logarithmic term in equation (16) reduces to the usual form, In (¢q — #)/i, but the half- 
wave potential will be concentration-dependent. The logarithmic function of equation 
(16) has been plotted against Eg. for benzophenone-phenol mixtures having m = 1-98 
and 3-95, for anthraquinone—benzoic acid mixtures with m = 3-02, 5-65, and 9-15, and a 
naphthalene-phenol mixture having m= 4. Satisfactory plots of slope 2-303R7/F were 
obtained in all cases (the slopes were 52-5, 64, 61, 62-5, 59, 56, and 60-5 mv, respectively) ; 
examples are shown in Figs. 2—4, together with plots of the usual function, log (¢g — 1)/t, 
for comparison. The half-wave potentials varied with m in the required direction, but by 
rather less than equation (17) predicts; thus for benzophenone-phenol, if m = 1-98 and 
3:95, AE, = 20 mv, whereas equation (17) requires 30 mv; and for anthraquinone- 
benzoic acid, if m = 3-02 and 9-15, AE, = 30 mv, equation (17) giving 36 mv. Insufficient 
data are available for testing the concentration-dependence indicated by the second term 
of equation (17). 

The success of the above analysis in accounting for the observed behaviour in the cases 
tested confirms the suggestion that the undissociated acid is the effective proton-donor 
and supports the mechanism used. Moreover, it illustrates the general point that plots 
of Ey. against log (ta — 7) having slopes greater than 60 mv do not necessarily indicate the 
irreversibility of the electrode reaction. 

Tables 1 and 2 show that, for any one proton-donor, substances differ widely in the 
concentration of acid required to complete an effect. Thus, for example, the mono- 
negative ions of benzophenone and naphthalene have higher proton affinities than the 
ions of anthracene and benzaldehyde; the theoretical reasons for this are not clear. The 
difference in effect of various proton-donors on the same substrate no doubt arises from 
differences in the rate constants of protonation reactions such as equation (10); these in 
turn will depend on the strength of the bond H-X in the acids. 

The following general conclusions can be drawn from the work reported: (1) The effect 
of proton-donors in polarography in dimethylformamide varies widely with the nature of 
the substance being reduced, and also for any given substance may vary with the nature 
of the proton-donor. (2) If it is desired to achieve the maximum degree of reduction in the 
polarography of aromatic systems, it is essential to have a proton-donor present; state- 
ments in the literature (cf. ref. 13) that the waves of such systems are independent of pH 
are misleading. (3) Phenol is a convenient and generally applicable proton-donor for use in 
dimethylformamide (and no doubt in other non-proton active solvents). (4) Weak acids 
appear to provide protons by reaction of undissociated acid rather than by ionization. 
(5) The results with purpurogallin suggest that the presence of phenolic hydroxy! within 
the molecule reduced does not affect its behaviour by permitting internal protonation. 

Note added in proof. We have recently found a possible limitation on the use of phenol 
as a proton-donor: an adsorption wave appears when 20—40 mmole of phenol is added 
tol mmole of benzophenone. The height of this wave, once it has appeared, is independent 
of phenol concentration. It is removed by addition of 0-02 gm./l. of a coal extract (the 
extract seems to be surface-active, since it also suppresses the maximum found on the first 
wave of benzoquinone in dimethylformamide). 

Janz and Danyluk (J. Amer. Chem. Soc., 1959, 81, 3846) have shown, from conductance 
studies, that slow solvent-solute interaction precedes the ionization of hydrogen halides 
in acetonitrile. This suggests, in agreement with the view taken above, that the ionization 
of weak acids in the similar solvent, dimethylformamide, would be too slow for the solvated 
proton to have any significant influence on polarography in their presence. 


We are indebted to Professor G. J. Hoijtink for making his results available to us in advance 
of publication, and for helpful Giscussions of the mechanisms of the reactions studied. We are 
also indebted to Dr. J. K. Brown for the spectroscopic study of hydrogen bonding of carbonyl 
compounds in dimethylformamide. The paper is published by permission of this Association. 


THE BritisH CoAL UTILISATION RESEARCH ASSOCIATION, 
LEATHERHEAD, SURREY. [Received, June 8th, 1959.) 








Given and Peover: Investigation of 


75. Investigation of Carbonyl Groups in Solvent Extracts of 
Coals. 


By P. H. Given and M. E. PEover. 


Solvent extracts of coals have been reductively acetylated in dimethyl- 
formamide solution by electrolysis at a controlled potential and addition of 
14C-labelled acetic anhydride. The variation of acetyl uptake with controlled 
potential indicates that most of the carbonyl groups are reduced in a range 
of potential where known quinones and certain highly conjugated aromatic 
ketones are reduced. The significance of the numerical results is discussed 
in relation to the interpretation of the infrared spectra of the materials. It is 
concluded that the most probable carbonyl contents are in the range 1—2-5% 
of O as >C=O, the proportion increasing slowly as the carbon content of the 
parent coal decreases. About 80—90% of the oxygen in the extracts can 
now be accounted for as carbonyl plus hydroxyl. 


THE presence of strongly conjugated carbonyl groups, probably quinonoid, in solvent 
extracts of coals has been inferred from the infrared spectra of material before and after 
reductive acetylation,’ and from polarographic studies.2, The amounts of these groups 
have been estimated from the quantity of electricity consumed in controlled potential 
electrolysis of solvent extracts in dimethylformamide,’ by selecting a potential at which 
one would expect all the carbonyl groups but no others to be reduced. There are reasons? 
for supposing that this discrimination would be obtained at a controlled potential of 
—1 v vs mercury pool reference electrode, but the choice is still somewhat arbitrary. We 
have therefore explored a method of estimation that does not require any such choice. 
The hydroxyl groups in solvent extracts of coals are acetylated, and the products reduced 
electrolytically as before; then “C-labelled acetic anhydride is added, and the acetyl 
content of the product determined from its radioactivity. We have previously shown 
that in dimethylformamide quinones are reduced to the quinol di-ions which remain 
unprotonated in anhydrous solvents and react rapidly with acetic anhydride in the cold: 


.@) o~ OAc 


2Ac 20 
eat nS 


~ 


ie) oO OAc 


This method enabled us to study the reduction of carbonyl groups as a function of 
controlled potential and thus to gain some qualitative indications of their nature. However, 
as will be shown below, the precise significance of the values of the “‘ carbonyl contents ” 
obtained is not entirely clear. 


EXPERIMENTAL 


The materials and method of electrolysis have been described previously. Tetraethyl- 
ammonium iodide was used as supporting electrolyte. Acetic anhydride was purified by the 
method of Walton and Withrow.' The electrolytic cell, also described previously,? employed 
a stirred mercury cathode and a silver anode; a small pool of mercury in supporting electrolyte 
solution, separated from the bulk of the liquid by a porous glass disc, served as a reference 
electrode. The quantity of electricity used was measured with a hydrogen-oxygen coulometer.® 

The solvent extracts were prepared by Soxhlet-extraction from standard samples of five 
highly vitrainous low-ash coals, designated DO, DIII, DVI, DIX, DXIII (for full details of the 
Brown and Wyss, Chem. and Ind., 1955, 1118. 

Given and Schoen, /J., 1958, 2680. 


Given and Peover, Proc. Inst. Fuel Conf., ‘‘ Science in the Use of Coal,” 1958, Paper 2, p. A-33. 
Given, Peover, and Schoen, J., 1958, 2674. 

Walton and Withrow, J. Amer. Chem. Soc., 1923, 45, 2689. 

Lingane, ibid., 1945, 67, 1916. 
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coals see ref. 3; their carbon contents were 77-7, 81-1, 83-9, 86-0, 89-2% dry, ash-free). Some 
of the extracts were not completely soluble in dimethylformamide; where this was so the 
soluble part only was taken for the experiments, and the figures for % extraction in Table 1 
represent this part as a fraction by weight of the original coal. The entry in Table 1 ‘‘ DMF-1- 
naphthol ”’ signifies the dimethyl formamide-soluble part of the naphthol extract. 


TABLE 1. Carbonyl number of solvent extracts of coals. 


Extracting Extractn. Prior Reduction 
Coal solvent * (%) treatment * pot. (v) 

DO DMF 2-5 AcCl —0-8 
AcCl 
HMDS 
AcCl 

Scottish vitrain DMF-1-naphthol AcCl 

DIII DMF-1-naphthol AcCl 

Pyridine (a) 


AcCl-Ac,O 
() Ac,O 
DMF (a) AcCl 
() 
Butanone AcCl 
DMF , AcCl 
AcClI-HMDS 
DMF-1-naphthol AcCl 
DMF-pyridine AcCl-Ac,O 


” 


DMF Ac,O 
DMF (a) AcCl- 
AcCl-Ac,O 
() Ac,O 


O (%) reacting O (%) as C=O O (%) equiv. Found (% of ash-free 
O(%) inthe as OH in the from to [MC]Ac extract) 

extract pretreatment ? coulometry ¢ Cc H N Ss 
14-0 2-4 2-5 ° 77:6 6-0 2-1 1-5 
14-0 . 

14-0 
14-0 
11-4 
10-0 
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83-6 52 } 1-0 
85-2 6-0 , 0-6 


eee 
ow 


84-5 5-5 , 1-3 
85-9 5-9 , 0-9 
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88-7 5-8 1-2 0-9 


* HMDS = reaction with hexamethyldisilazane to give trimethylsilyl ether. * See text. * C=O 
assumed to be quinonoid. 4 Determined radiochemically; see text. * DMF = dimethylformamide. 
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Two methods were used for the preliminary acetylation: the solvent extracts were refluxed 
with excess of acetyl chloride for 6 hr. or with acetic anhydride in pyridine for 24 hr. The 
products were washed with water and dried. In a few cases the hydroxyl groups were not 
acetylated, but were converted into their trimethylsilyl ethers by treatment with hexamethyl- 
disilazane and trimethylchlorosilane in pyridine: ROH + (Me,Si),NH = RO-SiMe, + Me,Si-NH,, 

About 0-5 g. of treated coal extract in 100—250 ml. of dimethylformamide was taken for 
each experiment. 

The labelled acetic anhydride had a specific activity ofabout 5mc/mole. 1-4 ml. (i.e., 500% 
excess) per g. of coal extract was added at the end of the electrolysis, and the mixture was left 
overnight under oxygen-free nitrogen. 

The solution was filtered into an equal volume of water, and the resulting precipitate filtered 
off, washed with water, 10% acetic acid, and water, and then dried to constant count rate ina 
vacuum-desiccator over alumina. The dried sample was placed in an aluminium tray to a depth 
greater than “infinite thickness ’’ for the energy of the radiation emitted by MC (i.e., 5 mg./sq. 
cm.). A thin mica end-window tube was used with a standard scaling unit. The tray was 
placed at a fixed distance from the end-window great enough to ensure that small variations 
in the depth of the bed of sample did not affect the count rate. Counting was continued till 
about 10,000 had been recorded. The count rate was 2000—8900 min."!. 

The calibration factor relating count rate and [™C]acetyl content was determined by 
observing the count rates of purified samples of acetanilide and 2-naphthyl acetate (prepared 
by acetylation of aniline and 2-naphthol respectively with labelled anhydride). The two values 
of the factor thus obtained agreed within 1%, the experimental error in the counting technique. 


RESULTS 


The numerical results are collected in Table 1. 

In control experiments acetylated but unreduced materials were treated in dimethyl- 
formamide with labelled anhydride. The count rate of the products, worked up as above, was 
about 90 min.* compared with 2000—8000 min. when the material was reduced. This low 
value shows that neither adsorption of [*C]acetic acid nor ester exchange with inactive acetyl 
was significant. About 90% of the activity was removed by hydrolysis of one of the products 
in boiling 12m-sulphuric acid for 2 hr. 

A further check on the method was provided by experiment 14 (see Table 1), in which the 
total amount of oxygen in an extract, as OH + CO, was determined by employing !“C-labelled 
reagent for both the preliminary and the reductive acetylation. To ensure that all hydroxyl 
had reacted the product was further treated with acetic anhydride in pyridine at 100° after 
the reductive acetylation step. The full results (%) were: 


Total O 9-6 hence O as CO, by difference 4:4 
Total O as OH + CO 9-3 whereas O as CO, direct detn. as 4-0 
O as OH (radiochemical Ac 4-9 above 

detn.) 


Over 95% of the activity of the fully acetylated material was removed by hydrolysis. The 
results prove that the carbonyl determinations are not affected by ester-exchange, and that 
acetylatable hydroxyl is produced by reduction. It is clear, moreover, from the hydrolyses 
that no significant C-acetylation occurs after reduction, as is confirmed by the absence of a 
carbonyl band at 1670—1700 cm." in the spectra of the products. 

The analytical prodecure has been applied to a few known compounds; results over 90% of 
the theoretical were obtained with anthraquinone and naphtha-1,4-quinone, and in a preparative 
experiment 1,4-dihydroxyanthraquinone afforded a 94% yield of 1,4,9,10-tetra-acetoxy- 
anthracene. However, benzophenone and benzanthrone had apparent carbonyl contents (by 
the radiochemical method) only about 30% of the true values, presumably because their 
reduction yields the alcohols rather than the alkoxide ions. 


DISCUSSION 


In what follows the carbonyl content equivalent to the measured uptake of labelled 
acetyl after reduction will be referred to as the radiochemical ‘‘ carbonyl number,’’ and 
the content of carbonyl, assumed to be entirely quinonoid, equivalent to the electricity 
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consumed as the coulometric carbonyl number: if the carbonyl were ketonic (i.e., 2 electrons 
per oxygen atom required for reduction) the coulometric figures would have to be halved. 
These coulometric figures will include the electricity required for any reduction of other 
groups, such as aromatic nuclei; this effect is no doubt important at the more negative 
potentials, where the coulometric and radiochemical figures begin to diverge widely. The 
variation of the carbonyl numbers with reduction potential, rank of coal, etc., will be 
discussed first and the absolute significance of the numbers considered later. 

Some of the carbonyl numbers are plotted in Figs. 1 and 2 against reduction potential. 
It will be seen from these and Table 1 that the radiochemical values have reached a fairly 
well-defined limit by —1 v or in some cases —1-4 v, while the coulometric values increase 
without apparent limit. Previous evidence for the presence of carbonyl groups in solvent 
extracts of coals has been based on the existence of a polarographic diffusion current in a 
region of potential where quinones are the only likely substances to be reduced,” and on 
the change in infrared spectrum on reductive acetylation.! This evidence is not unequivocal 
and was not universally accepted. However, the present observations, that a further 


Fie. 1. Fic. 2. 
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Potentia/(v) 
Variation of carbonyl number with reduction potential for (Fic. 1) a pyridine extract of coal DIII and 
(Fic. 2) a dimethylformamide extract of coal DO. 


(a) O (%) as C=O, assumed quinonoid, from coulometry. (b) O (%) equivalent to ['4C)acetyl uptake. The 
potential is the controlled potential (v) of reduction vs a mercury pool reference electrode. The peaked 
curve in Fig. 1 is an approximate distribution curve for radiochemical carbonyl number with potential. 


uptake of hydrolysable acetyl groups is made possible by reduction in a limited range of 
potentials, provides unequivocal qualitative evidence that carbonyl groups are present. 
The possibility that this uptake is due to exchange reactions has been excluded. 

It will be noted that treatment with acetyl chloride is an inefficient method of 
acetylating the hydroxyl groups in some extracts (compare OH figures in runs 2 and 3, 
10 and 11, 17 and 18; contrast these with 23 and 24). Unfortunately the acetyl deter- 
minations, which showed this inefficiency, were not available until most of the electrolyses 
had been completed. Acetic anhydride—pyridine and hexamethyldisilazane are more 
reliable. In the remainder of the work either both methods of acetylation were applied 
successively or the silazane was used. However, in a few cases it was shown by com- 
parative experiments that hydroxyl unacetylated by acetyl chloride was too unreactive 
to be affected by acetic anhydride in the cold at the end of the electrolysis (compare runs 
2and 3, 10 and 11,17 and 18). We therefore conclude that there is no reason for supposing 
that the carbonyl numbers in Table 1 are inaccurate because of the incompleteness of the 
preliminary acetylation. In the cases where the figures “‘ % O reacting as OH in pre- 
treatment ’’ are too low, the percentages of total oxygen accounted for as OH + CO are 
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minima; in calculating this total (see Table 3) the hydroxyl content from a reliable deter. 
mination has been used whenever possible instead of the % OH reacting in the actual 
pretreatment. 

The radiochemical results indicate that most of the carbonyl groups are reduced in 
the potential range 0 to —1-0 v; an approximate distribution curve for one particular 
extract is included in Fig. 1, which shows that about 50% of the groups are reduced in the 
narrower range —0-6 to —1-0 v; with some of the other extracts the proportion is con- 
siderably higher. Table 2, giving the half-wave potentials of some carbonyl compounds 
of known structure, measured under the same conditions used for the work with coal 
(electrolysis in 0-1N-tetraethylammonium iodide in dimethylformamide), shows that the 
second waves of most of the quinones listed and the first waves of certain highly con- 
jugated ketones fall within the range of potentials in which a major fraction of the carbonyl 
groups in coals are reduced. It is also evident that simple aromatic ketones (such as benzo- 
phenone) account for only a small fraction of carbonyl groups in the coal extracts, and 
there is no evidence that any aliphatic ketonic groups are present. 


TABLE 2. Half-wave potentials of some carbonyl compounds. 


(Data from ref. 4; also preceding paper, and Wawzonek, Berkey, Blaha, and Runner, J. Electro- 
chem. Soc., 1956, 108, 456). 


— Ej (v vs Hg pool in 0-1N-NEt,I in 


Substance dimethylformamide) 
TORRID occncccccccsnesccnscscsccesoneccousesessecesascoese 0-04,* 0-15 
Naphtha-1,4-Quinone _ ............cecceccecccececcceccecceecencs 0-10, 0-76 
PND. Sac cbdtendsuvcsccvevensscsceusewedsesecveciacscnves 0-32, 0-99 
1,4-Dihydroxyanthraquinome .............seeeeeeeeeeeeeeeeees 0-07, 0-58 
PID seven ccccsiveccoccesscccsscoscoscecsesesencpe 0-12, 0-69 
9,10-Dihydroxynaphthacene-11,12-quinone ............... 0-23, 0-74 
3,3’,5,5’-Tetramethylstilbenequinone ................s0eee0e8 0-03, 0-16 
3,3’,5,5’-Tetra-t-butylstilbenequinone  ..............0.0000: 0-04, 0-30 
Tetraphenylcyclopentadienone ...........c.eeeeeeceeeeeeeees 0-33, 0-89 
ine i Sanaa cdeeecekeiguctsndnestensreesiatecoine 0-74, 1-38 
NMI. « caskaancounesucnessacreraersbesvoncscccsscovpsconee 0-92, 1-50 
3,7,3’,4’-Tetra-acetoxyquercitin ............ccscscececseseeees 0-93, 1-39 
GRE. Gicedcuvadestdaccusboveeacntectusiostocsososcsesbieteceess 1-21, 1-93 
PE an siccescvcacivernccecsreecouy eh sakappiaseabieanee 1-22, 1-50 
D>. <conetincinnciuinsadinveeahvdtnssthadaentinnbibictitanaeniad 1-15, 1-55 


* In presence of coal extract as maximum suppressor. 


The results in Table 1 show that the radiochemical carbonyl numbers fall slowly as 
the carbon content of the parent coal rises (compare runs 3, 5, 11, 17, 18, 23), and may also 
fall somewhat where the percentage extracted is high (see also Table 3). The carbonyl 
content of the whole coal is presumably slightly less (0-1?) than that of a naphthol extract. 

The view to be taken of the absolute significance of the carbonyl numbers depends to 
some extent on the interpretation of the infrared spectra of coals and their solvent extracts. 
The only band in the spectra of coals and extracts that could be associated with carbonyl 
is the intense one found at 1600 cm.!; the intensity of this band is higher than one would 
expect for an aromatic skeletal vibration, which in known aromatic compounds is found 
at the same frequency and is normally rather weak.’ The assignment of a frequency as 
low as this to carbonyl requires that the groups are not only strongly conjugated but also 
chelated to hydroxyl (as in certain hydroxy-quinones and -flavones, and tropolones). 
(However, there are a few oxygen-containing compounds that have a strong band at 
1600 cm. but are not hydroxyl-carbonyl chelated systems; examples are 3,3’,5,5’-tetra- 
t-butylstilbenequinone and the 2,4,6-tri-t-butylphenoxide radical. We are indebted to 
Drs. Wender and Friedman for this information and for the samples of the stilbenequinones, 
which enabled us to determine the half-wave potentials included in Table 2.) 


7 Brown, J., 1955, 744; Fuel, 1959, 38, 55. 
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* The 1600 cm.* band is not affected by acetylation of the coals or conversion into 
trimethylsilyl ethers. Hence, if the above assignment of the band is correct, the chelated 
hydroxyl group is resistant to these reactions before reduction of the carbonyl groups; 
this behaviour is unusual. After the breaking of chelation by reduction, however, all free 
hydroxyl must be acetylated, since no new hydroxyl band can be seen in the infrared 
spectra; moreover, if one had to assume an additional hydroxyl content equal to the 
carbonyl numbers in Table 1, the total amount of oxygen accounted for as OH + CO 
would greatly exceed the total actually present. Therefore, the true carbonyl contents 
must be one-half of the radiochemical carbonyl numbers, the other half representing the 
chelated hydroxyl (previous determinations of hydroxyl in coals are thus too low); the 
results at the most negative controlled potentials, calculated on this basis, are collected 
in Table 3. 


TABLE 3. Distribution of oxygen in solvent extracts of coals (carbonyl being assumed as 
chelated to unreactive hydroxyl). 


C (%) in Extracting O (%) as O (%) accounted 

Coal coal solvent t¢ C=O OH (total) * for as C=O + OH 
DO T7-7 DMF 2-25 8-75 78 
Scottish vitrain DMF-naphthol 2-0 >5-0 >61 
DIII 81-1 o» 1-4 >5-2 > 66 
Pyridine (a) 2-1 6-3 93 
(b) 2-0 6-7 95 
DMF () 2-0 6-9 93 
Butanone 2-05 >5-65 >84 
DVI 83-9 DMF 1-6 >41 >77 
DIX 86-0 DMF-naphthol 1-1 >2-9 >53 
DMF-pyridine 1-4 4-0 90 
DMF 1-65 4-45 94 
DXIII 89-2 DMF (a) 0-9 2-3 73 
(b) 0-9 2-1 91 


* Total of directly determined OH + chelated OH equal to C=O content. + DMF = dimethyl- 
formamide. 


The above conclusion makes it necessary to suppose that most of the carbonyl groups 
are ketonic, that is, that the coulometric carbonyl numbers should also be halved: the 
discrepancy between the two sets of figures at potentials up to —1 v would then remain 
fairly small. As noted above, only a few ketonic compounds, with rather special structural 
features are reduced in the range of potentials observed for coal extracts. 

In recent (unpublished) work, Drs. L. Blom of Geleen, Netherlands, has confirmed the 
presence of a chelated hydroxyl-carbonyl system in coals by the use of triacetylboron as 
a reagent specific for this kind of system. Such carbonyl contents as are available so far 
by this method are of the same order as those in Table 3. (We are indebted to Drs. Blom 
for this information and for permission to quote it in advance of publication.) 

Only the above interpretation appears to reconcile most of our results, chemical and 
spectroscopic. However, it implies that all the carbonyl groups in coal extracts are 
present in a chelated system with hydroxyl, and that this system is of unusual properties. 
Moreover, one would expect on reductive acetylation of an acetylated extract a marked 
decrease in intensity of the band at 1600 cm. and a marked increase in the ester bands 
at 1760 and 1200 cm.!; but these changes, although observed, are weak.* The interpret- 
ation is not, therefore, wholly satisfactory, but there is no alternative apparent at present 
that does not ignore a substantial proportion of the results. 


Analyses and chemical acetyl determinations were made by the Microanalytical Laboratory 
of this Association. The authors are indebted to Mr. R. F. Littlejohn for assistance with 


* Brown and Wyss ! found the intensity of the 1600 cm.-! band in the spectrum of an acetone extract 
of DIII coal to be reduced by about half on reductive acetylation. However, the extract represented 
only 2—3% of the whole coal; and their reduction system (zinc-acetic acid) probably reduced some 
aromatic nuclei as well as carbonyl—it is less selective than that used here. 
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radiochemical technique and to Dr. J. K. Brown for determinations of infrared spectra and 
discussions of their significance. The work was carried out in the Chemistry Department of 
the British Coal Utilisation Research Association, and is published by permission of the 
Association. 


British Coat UTILISATION RESEARCH ASSOCIATION, 
RANDALL’S Roap, LEATHERHEAD, SURREY. [Received, June 8th, 1959.) 





76. Bonding of Cyclo-octatetraene to Metal Atoms: Simple 
Theoretical Considerations. 


By F. A. Corton. 


The structures and metal-to-ring bonding in C,H,Fe,(CO), and 
C,H,Fe(CO), reported by Manuel and Stone and studied also by Wilkinson 
and Burton are discussed in terms of simple molecular-orbital theory. The 
possibility in the first compound and the great likelihood in the second that 
the C,H, ring is planar are shown to be consistent with effective metal-to- 
ring bonding of a delocalised, ‘‘ sandwich ”’ type. 


OF the compounds to be considered here, namely, those in which cyclo-octatetraene, C,H,, 
is bound to a metal atom, the first to be reported were [C,H,PtX,] #* and [CgH,RhCl],.” 
Very recently, Manuel and Stone* have reported that on treatment of Fe(CO), 
with cyclo-octatetraene they obtained good yields of C,H,Fe(CO),, with traces 

















(@) (6) 
t Fic. 1. Portions of the infrared spectrum of 
Ss C,H,Fe(CO), measured in CS, solution with 
% a LiF prism. 
& (a) C—H' stretching region. 
(b) C—O! stretching region. These spectva were 
5 kindly supplied by Professor G. Wilkinson 
Pi and Mr. R. Burton. 
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of a substance C,H,Fe,(CO),. Burton and Wilkinson ® also obtained C,H,Fe(CO), by 
the reaction of cyclo-octatetraene with Fe,(CO),., and by other methods such as 
the reaction of the tetraene with cycloheptatrienyliron dicarbonyl. Manuel and Stone 
reported that they found only one proton resonance peak in C,H,Fe(CO), and suggested 
that this implied a planar C,H, ring in the compound. Burton and Wilkinson made a 
similar observation and, further, compared the area of this peak relative to the peaks from 
equimolar amounts of C,H, and C,,H,,)Fe; thus they established that the single peak in 
C,H,Fe(CO), corresponds to all eight protons. On the other hand, there are two proton 
resonance peaks of equal intensity separated by 60 cycles in [CsH,RhCl],.2 The purpose 
of this paper is to discuss the nature of the bonding in these compounds with particular 
emphasis on the manner in which a planar C,H, ring may form a delocalised, ‘‘ sandwich ” 
type bond to one or two metal atoms. Since information on interatomic distances is lack- 
ing we have not yet attempted a quantitative treatment. 
1 (a) Jensen, Acta Chem. Scand., 1953, 7, 868; (b) Abel, Bennett, and Wilkinson, J., 1959, 3178. 


2? Manuel and Stone, Proc. Chem. Soc., 1959, 90. 
* Professor G. Wilkinson, Imperial College, London, personal communication. 
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- A further indication of the fact that the C,H,Fe portion of the C,H,Fe(CO), molecule 
has effectively C,, symmetry is obtained from the infrared spectrum. Under the resolution 
obtainable with a lithium fluoride prisms only two C-H stretching frequencies are found, 
one at 3023 cm. and a second, about an order of magnitude weaker, at 3004 cm.1. The 
spectrum is shown in Figure la. For a C,H, ring with C,, symmetry there are C-H 
stretching modes of symmetries A,, B,, E,, E,, and E;. The E, mode is infrared-active 
owing to x and y dipole components and should be quite strong. The only other infrared- 
active mode is the one of A, symmetry, whose activity derives from a dipole component 
in the z direction (direction of the C, axis). For reasons similar to those discussed in the 
case of C;H;T1,* * absorption by this mode is expected to be weak. Thus it seems reason- 
able to assign the 3023 cm. band to the E, mode and the 3004 cm.* band to the A, mode. 
It may be noted that there is a good parallel between these assignments and the frequencies 
of the corresponding modes, v,.(I[R) and v,(R) in benzene which occur at 3099 and 
3062 cm.*, z.e., the symmetric mode in both cases is ~30 cm. lower than the degenerate 
one. A less symmetrical ring in C,H,Fe(CO), would be almost certain to produce an 
observably richer C-H stretching spectrum. In the C-O stretching region (Fig. 15) there 
are strong bands at 2050 and 2000 cm.* and a very weak but resolved peak at 1944 cm.*}. 
For an Fe(CO), grouping with C;, symmetry two infrared-active modes of symmetries A, 
and E would be expected and the strong bands observed can be thus accounted for. The 
spectrum is quite similar to that of C;H;Mn(CO),,° although in the present instance there 
is a slight asymmetry to the 2000 cm. band indicative perhaps of some disturbance of 
the C;, symmetry of the Fe(CO), grouping by the C,H,Fe grouping. The very weak peak 
at 1944 cm." is very likely due to C-O stretching involving °C, present at the level of 
~l atom %. 


Discussion.—It is now very well established that cyclo-octatetraene exists as a non- 
aromatic tetraene with a tub configuration (I).6 In this form it is very similar sterically 


(II) (III) (IV) 


to cyclo-octa-1,5-diene (II), and the most obvious possibility for co-ordination of the 
tetraene to a metal atom would be as a diolefin (III), in a manner completely analogous to 
the co-ordination postulated for cyclo-octa-1,5-diene in several compounds reported 
recently,’ especially [C,H,,RhCl],, the direct analogue of [C,H,RhCl],. The proton 
resonance spectrum of [C,H,RhCI],, showing two peaks of equal intensity, provides excellent 
confirmation of this view. 

In C,HgFe(CO),, however, the fact that all eight protons are equivalent seems to leave 
no alternative but to assume that a planar C,H, ring is involved. For a ring in the next 
most symmetrical form, viz., the (Daz) crown form, there would be four equivalent protons 
on the metal side of the median plane of the ring (endo-protons) and four equivalent protons 
projecting away from the metal atom (exo-protons). Detailed nuclear resonance studies 
by Green, Pratt, and Wilkinson ® on complexes of cyclopentadiene have shown that the 


* The C,, symmetry of this molecule, for which the infrared spectrum was taken as evidence, has 
recently been confirmed conclusively by microwave studies (Tyler, Cox, and Sheridan, Nature, 1959, 
183, 1182). 


* Cotton and Reynolds, J. Amer. Chem. Soc., 1958, 80, 269. 

5 Cotton, Liehr, and Wilkinson, J. Inorg. Nuclear Chem., 1955, 1, 175. 

* See Bastiansen, Hedberg, and Hedberg, J. Chem. Phys., 1957, 27, 1311, for the definitive structure 
determination and references to earlier work. 
? Chatt and Venanzi, Nature, 1956, 177, 852. 
8 Green, Pratt, and Wilkinson, J., in the press. 
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endo- and exo-methylene protons have quite different resonance frequencies. It has also 
been shown by Wilkinson and his co-workers that in the butadiene complex, C,HyFe(CO), 
the endo- and exo-protons have distinctly different chemical shifts. Further, there are 
many other compounds in which protons have anomalously high shielding due to the 
proximity of a metal atom. For instance, in alkyl mercury compounds " and tetraethyl- 
lead," the protons close to the metal atom are far more shielded than in similar compounds 
in which there are light atoms in place of the metal atom. This apparent shielding by the 
metal atom is probably due to high-frequency (paramagnetic) terms in the magnetic 
susceptibility of the metal atom. Thus we expect such a proximity effect in general and 


C,H,7 Metal orbitals (CO),o 
orbita/s orb/ta/s 
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the failure to find any detectable difference in the shielding of the protons in CgHgFe(CO), 
is fairly strong evidence that all eight are rigorously equivalent by symmetry, although it 
is not conclusive. 

Let us then consider, to the approximation of simple LCAO-MO theory, the x-electron 
structure expected for a planar C,H, molecule. Certain details of the treatment will be 
found in the Appendix. In column III of Fig. 2 are the one-electron = molecular orbitals 
of planar C,H,. It is seen that when the eight electrons are placed in these orbitals the 
last two must go unpaired into the non-bonding E, orbital, thus making cyclo-octatetraene 
in this, hypothetical, form a diradical. Evidently, left to itself, it would revert to the 
tetraolefinic form. Although the resonance energy (see Appendix) in the planar form is of 
the order of 30 kcal./mole, there is also strain in the o-bonding in the planar form (or, in 
other terms, loss of s-bond energy due to departure from optimum hybridisation) which 
contributes to the relative stability of the unstrained tetraolefin state. 

Now in order to see the general possibilities for overlap of planar C,H, and (CO), 
orbitals with Fe orbitals we shall introduce a simplifying approximation. We shall 
classify the iron orbitals according to C,, symmetry in considering their interaction with the 
C,H, and according to C,, symmetry in considering their interaction with the CO groups. 
This is shown in column I of Fig. 2. Of course, rigorously, the highest possible symmetry 


® Rheilen, Gruhl, Hessling, and Pfrengle, Annalen, 1930, 482, 161; Hallam and Pauson, J., 1958, 
642 


1 Cotton aud Leto, J. Amer. Chem. Soc., 1958, 80, 4823. 
1 Baker, J. Chem. Phys., 1957, 26, 960. 
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of C,H,Fe(CO),, when the proper relative orientation of C,H, and (CO), is assumed, is C, 
(i.e., there can be just one symmetry plane) but we shall use the above approach for two 
reasons. First, the symmetry in both “ halves ”’ of the molecule suffices to ensure that 
orbitals which would be degenerate in one half alone would also be degenerate in the other 
half alone; thus approximate degeneracy may still be expected in the entire molecule. 
Since we shall only consider qualitative features of the bonding no serious error will be 
incurred, and we are able to maintain recognition of the fact that the orbitals constituting 
the (approximately) degenerate E, and E, levels of the metal have, respectively, one and 
two nodal planes containing the molecular axis. Even when the degeneracies are lifted 
somewhat this factor will still be quite important in governing the overlap with orbitals 
of C,Hg. 

Secondly, if we were to use C, symmetry the picture would become so complicated that 
the essential features would be difficult to recognise and to express and discuss in a simple 
way. This corresponding problem of very low true symmetry in cyclopentadienylmetal 
carbonyl molecules has been treated in a similar approximate way by Orgel.” In 
column II of Fig. 2 are the s-orbitals of the (CO), system. We shall not explicity 
consider the possibility of metal-CO dx->prx bonding although it doubtless occurs to about 
the same extent here as in metal-CO bonds generally, as judged by the frequencies of the 
CO stretching modes. In the final state of the system there do exist filled metal orbitals 
of appropriate symmetry to provide Fe(x)—CO(x) back-bonding. 

The three CO groups interact with an empty pair of E orbitals and an empty A, orbital 
of the metal atom (column IV). The metal E orbital must actually be some combination 
of the three sets of E orbitals, perhaps mainly (f,,p,) with some (d,,,d,) since the latter 
help to give good overlap in the bond direction. The A, orbital used by the metal atom 
will be mainly some combination of sandd,. This will then leave two electrons in the EF, 
orbitals which can pair with the two electrons in the C,H, E, orbitals to form an essentially 
covalent bond of order ~2. There will also be some interaction between the filled A, 
orbital of C,H, and the vacant #,(A,) orbital of Fe, giving some additional stabilisation 
(column V). The E, and B, orbitals of C,H, will contribute very little (indeed, for true 
C,, symmetry, nothing) to the bonding since there are no metal orbitals which have the 
proper symmetry to interact effectively with them. 

The above view of the bonding leads to the expectation that rotation of C,H, relative 
to (CO), should be nearly free, being inhibited only (aside from the effects of van der Waals 
forces) by the tendency of the conflicting symmetries to remove the degeneracy of the E, 
orbitals used in the ring-to-metal bond. It might also be expected that the bound C,H, 
ring would be aromatic to some degree, since a certain amount of z-electron density should 
remain in the ring. For ferrocene }* and x-C;H,Mn(CO)," aromatic character has been 
demonstrated by chemical reactivity, viz., easy Friedel-Crafts acylation. So far this 
reaction, run under a variety of conditions, has failed to yield isolable products with 
C,H,Fe(CO),.315 There may be some connection between the frequencies of C-H stretch- 
ing modes and aromatic reactivity in these systems since such frequencies for ferrocene, 
m-C;H;Mn(CO)3, and benzene are somewhat higher than those for C,H,Fe(CO),. 

It is interesting to consider whether there appears to be any possibility of strengthening 
the bonding of the C,H, planar ring to the metal by donation of its E, electrons. This 
would require the removal of two CO groups in order to make available the necessary 
metal orbitals and would give C,H,FeCO with C,, symmetry. This appears rather 
unlikely, since the strength of the C,H,>Fe dative bonding via the E, orbitals would 
probably be energetically unfavourable relative to the Fe-CO bonding in C,H,Fe(CO), 
for several reasons. The E, orbital of C,H, is much more stable than the (f,,f,) pair on 


12 Orgel, J. Inorg. Nuclear Chem., 1956, 2, 315. 
18 Woodward, Rosenblum, and Whiting, J]. Amer. Chem. Soc., 1952, 74, 3458. 
4 Cotton and Leto, Chem. and Ind., 1958, 1368. 

#8 Professor F. G. A. Stone, Harvard University, personal communication. 
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iron, so that on this basis the bonding would not be strong. Further, a C,H, (E,)>Fe(E,) 
dative bond would result in considerable charge separation which could not be offset by 
any back donation (C,, symmetry being rigorous in CgH,FeCO) since there are no empty 
orbitals in C,H, with the same symmetry as filled orbitals on the iron atom. On the other 
hand, if the E, orbital is used for bonding CO’s, back-donation to x-orbitals on these 
CO’s is possible. Thus in general we may expect bonding of planar C,H, to require the 
use of metal E, orbitals, perhaps to be enhanced if the metal also has an empty A, orbital, 
but to be little influenced by whether or not there are empty E orbitals on the metal. 

The important question of why cyclo-octatetraene is bonded as a 1,5-diolefin in one case 
and as a planar, symmetrical ring in the other cannot be answered with any certainty at 
present. It is clear that rhodium(t), like the isoelectronic palladium(t), is especially well 
suited to form two cis-~ bonds. It is very characteristic of palladium(t) to use dsf*- 
hybrid orbitals for o-bonding, thus leaving the #,-orbital free to hybridise with filled d,,- 


Meta! C,H,* 
orbita/s orbitals 
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and d,,-orbitals so that effective back-bonding to the olefin x-antibonding orbitals may 
occur. Similar behaviour might well be expected for rhodium(!). In order to find 
further examples of the bonding of a planar C,H, ring, efforts might profitably be directed 
to the preparation of such compounds as C,H,Cr(CO), and x-C;H,Co(Rh)C,H,. In such 
cases the configurations of the other ligands would allow the existence of the necessary 
degenerate E, orbitals, and, for the compounds mentioned the electronic structures would 
permit formation of four-electron E,-E, bonds and also of A,—A, dative bonds. 

A second compound noted briefly by Manuel and Stone* has the composition 
C,H,Fe,(CO), and they suggest considering it as (OC),FeC,H,Fe(CO),. There are, how- 
ever, two geometrically distinct ways in which the cyclo-octatetraene might bridge the 
Fe(CO), moieties. First, it could retain its tub configuration, using its 1,5-double bonds 
to bind one Fe(CO), group and its 3,7-double bonds to bind the second Fe(CO), (see IV). 
The second possibility is that the C,H, ring might again be planar. That the first 
alternative is reasonable from the valency point of view is self-evident, but a brief analysis 
is necessary in order to determine whether suitable orbitals will be available in the second 
case. 

Fig. 3 is a schematic diagram of the atomic and molecular orbitals concerned. In 
col. I are the metal orbitals classified according to Cz, symmetry. The FeC,H,Fe grouping, 
with a planar C,H, ring, would have D,, symmetry, but the elements of the simpler group 
Cg, are sufficient to provide as much information about transformation properties as will be 
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necessary here. These eighteen orbitals are all linear combinations of corresponding 
orbitals on the two metal atoms. For example, the combination d,' + d,° is a molecular 
orbital of A, symmetry while the combination d,'-d,* has A, symmetry. In column II 
are shown the qualitative arrangement and occupancy of the metal orbitals after formation 
of the six metal-CO s-bonds, the solid circles representing M-(CO) o-bonding electrons. 
In column III are the x-molecular orbitals of planar C,H, classified in C,, symmetry. 
Column IV indicates the important bonding and anti-bonding orbitals which result from 
interactions between orbitals of the metal atoms and those of C,H,. There will certainly 
be an important contribution to bonding by the E,-F2, interaction and probably some 
significant stabilisation due to A,-A, interactions, but since all other orbitals of 
compatible symmetry in the metal and the C,H, system are filled to begin with, it is un- 
likely that any other interactions can contribute effectively to stability. Thus, while there 
does exist the possibility of forming a stable (OC),FeC,H,Fe(CO), molecule with a planar 
C,H, ring, it is tempting to speculate that the non-planar system with four u-bonds may 
be the more stable. However, the planar configuration cannot be ruled out a priori, nor 
will it be easy to reach a decision by simple physical studies. Both structures will have 
eight equivalent hydrogen atoms so that nuclear magnetic resonance studies will be of no 
help, and only a very searching study and analysis of the infrared spectrum could possibly 
lead to trustworthy conclusions. It would appear that this substance requires X-ray 
study in order to establish its structure with certainty. 

It is perhaps worthwhile to point out that the possibility of C,H,’s being bound in 
planar form to a metal atom and of its being bound to two metal atoms (with whatever 
configuration), may merit consideration in studies of the mechanism of formation of cyclo- 
octatetraene by polymerisation of acetylene with various metal complexes such as bis- 
(pentane-1,2-diono)nickel(11) as catalysts. 


Note added in Proof: After this paper was submitted, Brown ?* gave a survey of 
the symmetry properties of the ring x-orbitals and metal atom-orbitals in the systems 
(C,H,)-M,Y;, with 4 < =< 8. Brown’s paper laid no particular stress upon the C,H, 
case. Aside from a typographical error listing the d,, and d,_, orbitals as of both E, and 
E, symmetry, his results agree with ours. However, his conclusion that a C,H,-M bond 
is “likely to be less stable than those of lower rings,” based upon rough estimates of 
E,-E, type overlaps, appears dubious in view of the rather high stability of C,H,Fe(CO),. 
The preparation of the compounds reported in this paper has now also been reported by 
others.?? 


It is a great pleasure to thank Professor G. Wilkinson of Imperial College for his hospitality, 
for communicating his experimental results, and for much stimulating comment, and also 
Professor F. G. A. Stone of Harvard University for personal communication of some experi- 
mental results and valuable discussion. I also thank the National Science Foundation for a 
travel grant. 


APPENDIX 


Symmetry of x-Orbitals in Planar C,H,.—We assume the C, ring to be a regular, 
plane octagon and further that the orbitals used to form C-C and C-H bonds lie in this plane. 
Each carbon atom, which we number serially from 0 to 7, has a pr-orbital, ¢;, orthogonal to 
the c-orbitals. Using the character table for the group C, we combine these eight px-atomic 
orbitals into eight x-molecular orbitals by standard procedures.* These orbitals are as follows, 


* See, for example, K. S. Pitzer, ‘‘ Quantum Chemistry,” Prentice-Hall, Inc., New York, 1953, 
Appendix 6. 


16 Brown, J. Inorg. Nuclear Chem., 1959, 10, 39. 
17 Rausch and Schrauzer, Chem. and Ind., 1959, 957; Nakamura, Bull. Chem. Soc. Japan, 1959, 32, 


880 
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where their symmetries in C, are indicated in parentheses and pairs of degenerate orbitals are 


bracketed : 
(A) = S4(po + b1 + $2 + os + Ga + bs + be + $2) 
¥(B.) = S4(do — $1 + $2 — bs + da — os + $e — $n) 
ms = S4(+/ 25 + $1 — $s — 2b, — $5 + $2) 
¥(E,) = S4(g, + V2b2 + bs — bs — 26 — $2) 
{yelEs) = (do ni be + ds — de) 
¥6(E2) bes 4(¢, i ds + ds — $7) 
fetes) - S4(4/ 2p ec $1 - $3 “ef V 24 + ds eis ¢;) 
Y(E3) = 84#(—¢, + 2b. — $3 + bs — V/2b6 + $y) 


Overlap being neglected, the energies are readily calculated to be: 


A,:Q + 28 E,:Q 
B,:Q — 28 E,:Q — +/28 
E,:Q2 + +/28 


where Q is the coulomb integral, [jH'Y; dt, and 6 is the resonance integral, [YH +, dr. 

The resonance energy of the system is calculated as follows: Each bonding z-orbital in a planar 
tetraolefinic form would have the energy Q + §, giving a total energy of 8Q + 88. Assigning 
electrons to the above molecular orbitals in increasing order of energy (8 < 0) we get A{E{E? 
for which configuration the energy is 


2(Q + 28) + 4(Q + +/28) + 20 = 8Q + 4(1 + +/2)B. 


The difference, 4(4/2 — 1)8 = 1-668, is 30—33 kcal./mole, when the thermochemical value 
18—20 kcal./mole is used for —8. 


DEPARTMENT OF CHEMISTRY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
CAMBRIDGE 39, MASSACHUSETTS, U.S.A. [Received, June 8th, 1959.] 





77. The Solvolysis of Dibenzyl trans-2-Hydroxycyclohexyl 
Phosphate. 


By D. M. Brown and N. K. HAmMer. 


Dibenzyl tvans-2-hydroxycyclohexyl phosphate is decomposed by base 
in three ways: by competitive attack of the neighbouring hydroxyl group (a) 
on phosphorus with cyclic phosphate formation and (b) on carbon with 
formation of cyclohexene oxide and dibenzyl phosphate (hydroxide and 
t-butoxide); and by attack on phosphorus with expulsion of cyclohexane- 
1,2-diol (by methoxide). Qualitatively similar behaviour is shown by 
dibenzyl 2-hydroxyethyl phosphate. 


DIBENZYL trans-2-hydroxycyclohexyl phosphate (I) is hydrolysed rapidly by aqueous 
alkali and from chromatographic evidence it was deduced? that benzyl 2-hydroxycyclo- 
hexyl hydrogen phosphate (IV) was the sole product, in accord with observations on other 
phosphate triesters having a vicinal hydroxyl group. During a further study of the 
ester (I) it was noted that appreciable amounts of cyclohexene oxide were formed. The 
hydrolysis was therefore re-investigated and the results are here recorded. The effects 
of methoxide and t-butoxide on the ester (I) are also described. 

When the phosphate (I) was heated with 2n-alkali at 100° cyclohexene oxide (0-30— 
0-32 mol.) was produced. These values are minimal, since the method of determination is 
not completely stoicheiometric. Acidification of the hydrolysed solution yielded crystalline 
dibenzyl hydrogen phosphate (0-27—0-29 mol.). Paper chromatography showed that, in 
addition to these two products, benzyl 2-hydroxycyclohexyl hydrogen phosphate (IV) and 


1 Brown and Higson, J., 1957, 2034. 
2 Brown, Magrath, and Todd, J., 1952, 2708. 
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2-hydroxycyclohexyl dihydrogen phosphate were the only other phosphorus-containing 
materials present. Dibenzyl 2-hydroxyethyl phosphate under the same conditions gave 
only 0-01—0-02 mol. of ethylene oxide and dibenzyl hydrogen phosphate, the major 
product being benzyl 2-hydroxyethyl hydrogen phosphate. 

Esters related to the phosphate (I) normally break down by route (a) (see chart).? 
Evidently the phosphate (I) can also undergo base-catalysed fission by route (b) through 
displacement of the dibenzyl phosphate anion by rear-side attack by the hydroxyl group 
on carbon. Displacements of this type have been observed to take place with 2-amino- 3 
and 2-mercapto-groups,‘ but not, heretofore, with a 2-hydroxyl group. It may be noted 
that vigorous hydrolysis of benzyl trans-2-hydroxycyclohexyl hydrogen phosphate (IV) 
gave only 2-hydroxycyclohexyl dihydrogen phosphate. However, the monoethyl® and 
the monobenzyl ® ester of glycerol 1-phosphate under those conditions afforded 0-06— 


Z OH 
° 0 . “O. 0 / 
o a> D4 ang 
O-PO(O-CH;Ph), O ©-CH,Ph O-PO-OH 


+ “O-PO(O-CH,Ph)2 - a) (111) (IV) O-CH,Ph 
fe) 


Se P OH nanan OH 
~OR re 
OR O-PO(O-CH,Ph)2 O- + RO-PO(O-CH,Ph)2 


+ “O:PO(O-CH,Ph), (I) 


0-08 mol. of methyl and benzyl dihydrogen phosphate respectively, in addition to glycerol 
phosphate: in these cases, then, it may be that a small proportion of the reaction involved 
epoxide formation. 

There are two ways additional to (a) and (b) by which esters of type (I) could be 
solvolysed. These, represented by (c) and (d), are of course not specific for esters carrying 
a vicinal hydroxyl group. There is evidence that (d) does not occur in aqueous solution, 
and in other cases evidence is available to show that it must be very much slower than 
reaction (c). 

Since route (b) is the only one which allows the generation of epoxide, the amount of 
the latter is a direct measure of the fraction of ester (I) breaking down in this way. Since 
the amount of dibenzyl hydrogen phosphate formed is almost equivalent to that of the 
epoxide on a molar basis it follows that little or none of the former could have been formed 
by reaction (c). In any event, reaction by path (c) could not explain the unusual lability 
of these esters to alkali. 

Treatment of the phosphate (I) with potassium t-butoxide in t-butyl alcohol likewise 
afforded cyclohexene oxide (0-31—0-34 mol.) and dibenzyl hydrogen phosphate (0-26— 
0-29 mol.). In view of the experimental errors inherent in the methods of estimation 
these values are in remarkably close agreement with those obtained in the hydrolytic 
experiments. They suggest that the relative amounts of the anion (II) breaking down 
by routes (a) and (b) depend essentially on the stereochemistry of the vicinal alkoxide 
group and only to a small extent on the solvent. There is, however, a possible com- 
plicating factor, namely, that the cyclic phosphate (III) might be opened by t-butoxide 
attack, although this would be surprising on general chemical grounds. Our failure 
to obtain crystalline dibenzyl hydrogen phosphate after reaction suggests that traces of 
another water-insoluble phosphate were present. The rather higher yields of epoxide, 
too, might argue in favour of the reversibility of reaction (a), so that a greater proportion 
of the reaction could then proceed by path (b). Paper chromatography, however, gave no 
indication of the presence of t-butyl esters. 


* Brown and Osborne, J., 1957, 2590. 

‘ Heath, J., 1958, 1643. 

5 Fleury, Lecocq, and Le Dizet, Bull. Soc. chim. France, 1956, 1193. 
* Dr. G. E. Hall, personal communication. 
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With sodium methoxide in dry methanol the ester (I) gave no detectable cyclohexene 
oxide and only very small amounts of dibenzyl hydrogen phosphate (0-01—0-03 mol), 
However cyclohexane-1,2-diol was formed, corresponding to 0-85—0-88 mol. Dibenzy| 
2-hydroxyethyl phosphate, too, afforded 0-76—0-79 mol. of glycol. In the case of the 
phosphate (I), which was more thoroughly studied, the amount of diol formed was inde. 
pendent of the time allowed for reaction, in so far as the yield was the same after 0-5 hr. at 
room temperature or 12 hr. under reflux. The nature of the phosphate esters formed was, 
in contrast, markedly dependent on the time of reaction. Under the former conditions 
the major proportion of the phosphorus was present as ether-soluble tertiary phosphates 
which were not further studied. When the latter conditions were employed, over 90% of 
the phosphorus was present as water-soluble diesters, of which dimethyl hydrogen phos- 
phate (60—70%) and benzyl methyl hydrogen phosphate (30%) accounted for almost all 
of the material, as indicated by chromatography. 

Since no epoxide and little dibenzyl hydrogen phosphate were produced, at most 15% 
of the products were formed by paths (a) and (b). The evidence points to reaction (c) as 
the fastest and shows that the diol is expelled preferentially to benzyl alcohol. This is to 
be expected in view of our earlier studies? and because diols appear to be considerably 
more acidic than monohydric alcohols ® (i.e., their anions are more stable). Trans- 
esterification of the initially formed triester, presumably dibenzyl methyl phosphate, and 
then the graduai dealkylation by methoxide of all triesters with alkyl-oxygen fission? 
would then account for the formation of dimethyl and benzyl methyl hydrogen phosphate 
as the stable end products, but these processes must be much slower than reaction (c). 
The absence of epoxide in the reaction mixture might be accounted for by its subsequent 
reaction with methoxide, but no evidence for 2-methoxycyclohexanol could be found, 
treatment of ethereal extracts with 3,5-dinitrobenzoyl chloride affording only the corre- 
sponding derivative of benzyl alcohol. 

It is, at first sight, surprising that there should be a change in solvolytic mechanism on 
changing from hydroxide to methoxide. It appears that this could result from a greater 
nucleophilic power of methoxide than of hydroxide with respect to attack at the phos- 
phoryl group, coupled with the weaker basic strength of the former. Taken together, 
these factors must diminish the importance of the neighbouring group displacements 
[reactions (a) and (b)] in the methoxide solvolysis. These observations, too, are in accord 
with analogous cases in the carboxylic ester series where it is found that, although methoxide 
ion is a weaker base than hydroxide ion, it is a more active nucleophile. The experiments 
of Orloff ct al with dimethyl phenyl phosphate indicate a corresponding difference in 
reactivity between methoxide and hydroxide ions in phenoxide displacement. 


EXPERIMENTAL 


Faper chromatography was carried out with Whatman No. 1 paper and propan-2-ol—water- 
ammonia (d 0-880) (7:2:1). Standard substances were invariably run for purposes of 
identification. 

Dibenzyl trans-2-Hydvoxycyclohexyl Phosphate-——Dibenzyl hydrogen phosphate (1 mol.), 
cyclohexene oxide (1-05 mol.), and dry ether (5 ml. per g. of phosphate) were mixed and kept 
at 30° until no free acid remained (ca. 5 hr.). Light petroleum (2 vol.; b. p. 60—80°) was 
added and the product crystallised (m. p. 77°) and then recrystallised from the same solvent, 
giving needles (78%), m. p. 79—80° (lit.,44 78—80°). 

Reaction of Ester with Sodium Hydroxide.—A weighed quantity of the above phosphate 
ester (0-5—1-5 mmoles) was added to 2N-sodium hydroxide (10 ml.) and steam-distilled until 
50 ml. of distillate had collected. Cyclohexene oxide was estimated in the distillate by Ross’s 

7 Brown, Hall, and Higson, /., 1958, 1360. 

§ Hine and Hine, ]. Amer. Chem. Soc., 1952, 74, 5266. 

® Bender and Glasson, ibid., 1959, 81, 1599. 

10 Inter al., Orloff, Calvin, Worrel, and Markley, ibid., 1958, 80, 724. 

1 Baddiley, Clark, Michalski, and Todd, /J., 1949, 815. 
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method,"? in which reaction of the oxide with thiosulphate is followed acidimetrically. For 
reproducible results the solution was kept at 60° for 0-5 hr. as the oxide reacted slowly, and even 
under the best conditions the reaction was only approximately stoicheiometric. 

The distillation residue (15—20 ml.) was neutralised, extracted with ether (2 x 20 ml.), 
boiled to remove ether, and acidified to pH 1 with dilute sulphuric acid. Dibenzyl hydrogen 

hosphate, m. p. and mixed m. p. 78°, separated in needles during a few hours. In one experi- 
ment with 215 mg. of ester there were formed 45 mg. of dibenzyl hydrogen phosphate (0-28 mol.) 
and cyclohexene oxide (0-31 mol.). 

In another experiment the epoxide was steam-distilled into ethanol (10 ml.) and 2n-sulphuric 
acid (10 ml.), and after neutralisation with sodium hydrogen carbonate the cyclohexanediol 
produced was estimated by periodate titration (Found: 0-31 mol.). 

Paper chromatography indicated the production of diesters of phosphoric acid and 2- 
hydroxycyclohexyl phosphate. 

Reaction of Ester with Sodium Methoxide.—A weighed quantity of the ester (I—2 mmoles) 
was treated with 2N-sodium methoxide in dry methanol for (a) 30 min. at room temperature, 
(b) 12 hr. at room temperature, and (c) 12 hr. under reflux. 

Cyclohexanediol was estimated by neutralising the mixture with glacial acetic acid and 
removing most of the methanol in vacuo. Water (30 ml.) was added, the solution extracted 
with ether (2 x 20 ml.), and solid sodium hydrogen carbonate added to the aqueous phase, to 
saturation. Periodate titration showed the presence of 0-85—0-88 mol., independently of 
reaction time. 

In separate experiments cyclohexene oxide was sought as above; none was found. For 
the estimation of dibenzyl hydrogen phosphate produced, the reaction mixture was evaporated 
in vacuo, the residual solid dissolved in water (20 ml.), and the solution extracted with ether 
(2 x 20 ml.); on acidification, the aqueous layer deposited crystals of dibenzyl hydrogen 
phosphate (0-01—0-03 mol.). 

The distribution between neutral and acidic phosphate esters was investigated by the 
following procedures. The reaction mixture was neutralised with glacial acetic acid, methanol 
was removed under reduced pressure, and the residue dissolved in water (20 ml.). Neutral 
esters were extracted into ether (2 x 20 ml.). In reaction (a), only small amounts of water- 
soluble products were formed, characterised as dibenzyl hydrogen phosphate and, probably, 
benzyl tvans-2-hydroxycyclohexyl hydrogen phosphate by chromatography. The main 
products were ether-soluble neutral esters which were nor further studied. 

In reaction (c), at least 90% of the products were water-soluble, consisting of dimethyl 
hydrogen phosphate (60—70%), benzyl methyl hydrogen phosphate, and traces of dibenzyl 
hydrogen phosphate and benzyl 2-hydroxycyclohexyl hydrogen phosphate, characterised on 
paper chromatograms. 

The ethereal solution contained only traces of esters which on alkaline hydrolysis gave 
benzyl methyl and dimethyl hydrogen phosphate. 

Reaction of Ester with Potassium t-Butoxide.—In a solution of potassium t-butoxide in dry 
t-butyl alcohol (20 ml. containing 1-5 g. of potassium) was dissolved the phosphate ester 
(l1—2 mmoles), and the mixture was kept at 35° for 0-5 hr. Glacial acetic acid (2-5 ml.) was 
added, followed by water (30 ml.) and then sodium hydroxide solution to pH 8-4. The solution 
was steam-distilled and after 100 ml. of distillate had been collected an epoxide estimation was 
performed, as before (Found: 0-31—0-34 mol. of cyclohexene oxide). The steam-distillation 
residue was acidified; dibenzyl hydrogen phosphate separated but did not crystallise; it was 
estimated as orthophosphate in a separate experiment by adding water to the reaction mixture, 
steam-distilling it, and hydrogenating the residual solution over palladium-—charcoal (Found: 
inorganic : total P, 0-29). 

Chromatography of the solution before hydrogenation indicated the presence of fast-running 
diesters of phosphoric acid, which were converted on hydrogenation into 2-hydroxycyclohexyl 
dihydrogen phosphate and inorganic phosphate. 

Dibenzyl 2-Hydvoxyethyl Phosphate.—Dibenzyl hydrogen phosphate (3-0 g.; dried at 0-1 
mm./50° over P,O,;) was dissolved in dry carbon tetrachloride, cooled to 0°, treated with ethylene 
oxide (5 ml.), and kept at 0° for 15 min., then at 30° for 3hr. A test showed the presence of a 
little free acid. The solution was washed with cold sodium hydrogen carbonate solution and 
water, and then dried (Na,SO,). Solvent was removed at 0° and the residual oil dried for 


12 Ross, J., 1950, 2297. 
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12 hr. at 0-1 mm. over phosphoric oxide at 0°. Dibenzyl 2-hydroxyethyl phosphate (2-97 g.) was 
obtained as a colourless oil, m 1-5364 (Found: C, 59-4; H, 6-3. C,,H,,O;P requires C, 59-6: 
H, 5-9%). 

The reactions with sodium hydroxide and methoxide were carried out as described for the 
corresponding tvans-2-hydroxycyclohexy] ester. 

Cyclohexylammonium Benzyl 2-Hydroxyethyl Phosphate-——The above ester (0-8 g.) and 
cyclohexylamine (2 ml.) were boiled in 50% (v/v) aqueous methanol (20 ml.) under reflux for 
6 hr. with exclusion of carbon dioxide. The solution was evaporated below 50° under reduced 
pressure to a pale yellow oil, which was dissolved in dry acetone. On cooling, the product 
separated in needles (0-72 g.), m. p. 153—154° (Found: C, 54-0; H, 8-0; N, 45. C,;H,,O;NP 
requires C, 54-4; H, 7-9; N, 4:5%). 


We thank the Department of Scientific and Industrial Research for an Award, and King’s 
College, Cambridge, for the award of a Harold Fry Studentship (to N. K. H.). 
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78. Methylperylenes. Part II.* Synthesis of 2,8- and 
3,9-Dimethylperylene. 


By (Miss) J. M. ANDERSON, A. D. CAMPBELL, G. W. Emerson, and J. Murray. 


2,8- and 3,9-Dimethylperylene have been prepared by a modification of 
Postovskii and Bednyagina’s synthesis ! of perylene. The ultraviolet spectra 
of methyl-substituted perylenes are discussed. 


In order to study further the effect of methyl substitution on the ultraviolet absorption 
spectrum of perylene we have prepared 2,8- and 3,9-dimethylperylene by a method some- 
what similar to Postovskii and Bednyagina’s synthesis ! of perylene. The only dimethyl- 
perylenes previously described are 2,11-dimethylperylene prepared by Royer,” and a 
dimethylperylene of unknown structure prepared by Buu-Hoi,? but their spectral 
properties are not given. 

2,8-Dimethylperylene.—Reaction of diethyl methylmalonate with 9,10-di(chloro- 
methyl)anthracene gives the expected tetracarboxylic ester (I; R = Me) although the 
yield is not good owing to a competing reaction which affords 9,10-di(ethoxymethy))- 
anthracene. The tetracarboxylic acid obtained on hydrolysis of the ester is smoothly 
decarboxylated in refluxing diphenyl ether to give 9,10-di-(2-carboxypropyl)anthracene. 
Although this acid should give a perylene derivative directly on cyclisation it was found 
that the product of such a cyclisation was rather difficult to purify owing to its insolubility. 
The acid was reduced to the corresponding 9,10-dihydroanthracene derivative (II; R= 
Me) by sodium in pentyl alcohol and then cyclised with anhydrous hydrogen fluoride. This 
gave good yields of the 3,9-dioxoperylene derivative (III; R = Me) if the reduced acid 
(II; R = Me) was added to the anhydrous hydrogen fluoride, but mainly a black tar if the 
anhydrous hydrogen fluoride was poured on the reduced acid. Although the cyclisation 
may proceed in either of two possible directions only one product was obtained in our 
experiments. This is evidently the perylene derivative (III; R = Me) rather than a 
derivative of 1,2-benzopyrene since reduction and dehydrogenation give a compound 
having an ultraviolet absorption spectrum closely resembling that of perylene. This 
compound is then 2,8-dimethylperylene. 

3,9-Dimethylperylene.—Synthesis of 3,9-dimethylperylene was accomplished by using a 
similar reaction series. Hydrolysis and decarboxylation of the tetracarboxylic ester 


* Part I, J., 1959, 3526. 


! Postovskii and Bednyagina, J. Gen. Chem. (U.S.S.R.), 1937, 7, 2919. 
2 Royer, Ann. Chim. (France), 1946, 1, 395, 427. 
3 Buu-Hoi, Rec. Trav. chim., 1956, 75, 1221. 
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(; R= H) obtained from diethyl malonate and 9,10-di(chloromethyl)anthracene gave 
9,10-di-(2-carboxyethyl)anthracene. Postovskii and Bednyagina! described the cylis- 
ation of the chloride of this acid in the presence of anhydrous aluminium chloride, but the 
insoluble refractory nature of the product made it unsuitable for reaction with a Grignard 
reagent. We therefore reduced the acid to the dihydroanthracene derivative (II; R = H) 
and cyclised this in the presence of anhydrous hydrogen fluoride as in the synthesis of 


Es 


R+C(CO,Et), R-CH+CO,H 
(I) (It) (IIT) 

2,8-dimethylperylene. The structure of the resulting 3,9-dioxoperylene derivative (III 
R = H) was confirmed by reduction followed by dehydrogenation to perylene. The di- 
ketone (III; R =H) with methylmagnesium iodide gave three products. The main 
product was a tetrahydro-3,9-dimethylperylene which was readily dehydrogenated in the 
presence of palladium to 3,9-dimethylperylene. The other two products were 3,9-di- 
methylperylene, apparently formed by disproportionation of the tetrahydro-derivative, 
and a ketone which was readily reduced and dehydrogenated to 3-methylperylene identical 
with that described by Buu-Hoi.3 This ketonic material must arise from condensation 
of one mol. of Grignard reagent with one of the diketone. 

The ultraviolet spectra of perylene, 2,8-dimethylperylene, and 3,9-dimethylperylene in 
the region 340—450 my are shown in the Figure: the principal peaks are tabulated in the 
Experimental section. 


Absorption spectra for 95%, ethanol solutions of (A) 
perylene and (B) 2,8- and (C) 3,9-dimethyl- 
perylene. 








Wavelength (mu) 


Ultraviolet Absorption Spectra of Methylperylenes.—The small hypsochromic shift in the 
absorption spectrum (in 95° ethanol) on methylation of perylene at position 1 (reported 
in Part I) suggested a closer examination of the spectra of methylperylenes, since substitu- 
tion in an alternant hydrocarbon should always cause a bathochromic displacement, 
whether or not steric hindrance is present.*5 In fact, the spectra of perylene and of 


* Jones, Chem. Rev., 1943, 22, 1. 
5 Peters, J., 1957, 646. 
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1-methylperylene in cyclohexane show considerable vibrational fine structure, and confirm 
the view that substitution causes a small bathochromic displacement (0-5 my) in the 
positions of the initial p-bands. 

Since perylene can be regarded as two naphthalene molecules joined by two bonds of 
low bond order (cf. ref. 6), it is not surprising that the bathochromic shift (6 my) produced 
in the p-bands by methylation at position 3 (see Part I) should be similar to that produced 
by methylation of naphthalene at position 1 (6 my).5 Positions 1 and 2 in perylene are 
then equivalent to positions 2 and 3 in naphthalene (bathochromic shift on methyl. 
ation 0 my). 

EXPERIMENTAL 

9,10-Di-(2,2-bisethoxycarbonylpropyl)anthracene (I; R = Me).—Diethyl methylmalonate 
(18 g.) was added dropwise with stirring and cooling to a solution made from sodium (2-5 g.) and 
dry ethanol (200 c.c.). The solution was stirred for a further 15 min., 9,10-di(chloromethy)). 
anthracene (15 g.) was added and the mixture was refluxed for 2 hr. When cold the mixture 
was poured into water, and the solid was filtered off and taken up in ethanol containing a little 
benzene, from which the estey (14-5 g.) crystallised as pale yellow prisms, m. p. 93° (Found: 
C, 69-8; H, 6-7. C,,H,,0, requires C, 69-8; H, 69%). 9,10-Di(ethoxymethyl)anthracene 
(9 g.), m. p. 138°, was obtained from the mother-liquor (Found: C, 81-8; H, 7-0. Cale. for 
CypH,,0,: C, 81-6; H, 7°5%). 

9,10-Di-(2-carboxypropyl)anthracene.—The above ester (8 g.) was hydrolysed for 4 hr. with 
potassium hydroxide (15 g.) in boiling 50% aqueous ethanol (60 c.c.). The cooled solution was 
acidified with ~5Nn-hydrochloric acid, and the precipitate was filtered off and air-dried. This 
crude acid (4 g.) was decarboxylated by refluxing it in diphenyl] ether (35 c.c.) for 1 hr. The 
solution was cooled to 40°, and ether was added to precipitate the crude product. This material 
was filtered off, combined with further quantities of the same compound obtained by extracting 
the ether layer with aqueous sodium hydroxide, and recrystallised from ethanol, to give the 
acid (3-1 g.), m. p. 278—-280° (Found: C, 75-8; H, 6-1. C,.H,.O, requires C, 75-4; H, 6-3%). 

9,10-Di-(2-carboxypropyl)-9,10-dihydroanthracene (II; R = Me).—The above acid (3-1 g) 
in pentyl alcohol (50 c.c.) was refluxed on an oil-bath at 210° while sodium (10 g.) was added 
in 2 hr. Further pentyl alcohol (5 x 10 c.c.) was added from time to time. After 3 hours’ 
refluxing, the cooled mixture was poured into water and steam-distilled to remove the alcohol. 
The solution was clarified with charcoal, filtered, and acidified to afford the acid (3 g.). A 
sample, recrystallised from ethanol, had m. p. 258° (Found: C, 74:9; H, 7-0. Cy.H.4O, requires 
C, 75-0; H, 6-9%). 

1,2,3,6b,7,8,9,12b-Octahydro-2,8-dimethyl-3,9-dioxoperylene (III; R = Me).—The crude acid 
(II; R = Me) (3 g.) was added as a powder to anhydrous hydrogen fluoride (100 c.c.). After 
18 hr. at room temperature the mixture was poured on ice, and the precipitate was filtered off, 
washed with aqueous sodium hydroxide, and taken up in ethyl acetate from which yellow 
crystals (1-5 g.) were deposited. These crystals, which redissolved in ethyl acetate with 
difficulty, were recrystallised from benzene, to give the dioxoperylene derivative, m. p. 238—240° 
(decomp.) (Found: C, 83-6; H, 6-3. C,H,» O, requires C, 83-5; H, 6-4%). 

2,8-Dimethylperylene.—The above diketone (0-3 g.) was extracted from a thimble with 
refluxing ether into lithium aluminium hydride (0-3 g.) in dry ether (200 c.c.) during 8hr. Ethyl 
acetate was added to destroy the excess of reagent, the mixture was poured on ice and sulphuric 
acid, and the ether layer was separated and evaporated to dryness. The resulting white solid 
was refluxed for 7 hr. in 2-methylnaphthalene (25 c.c.) containing 5% palladium-charcoal 
(0-2 g.). Most of the solvent was distilled off and the residue was taken up in hexane (50 c.c.) 
and chromatographed on alumina. Elution with hexane removed the 2-methylnaphthalene. 
The yellow band of 2,8-dimethylperylene was eluted with benzene—hexane from which it crystal- 
lised on concentration as yellow needles (0-23 g.), m. p. 249—250° (Found: C, 94-5; H, 5-56. 
C,,H,, requires C, 94-25; H, 5°75%). It gave a picrate, as black needles, m. p. 228—230° (from 
benzene) (Found: N, 7:8. C,.,H,,0,N, requires N, 8-2%), and a derivative with trinitrobenzene 
as black needles, m. p. 247—-248° (Found: N, 8-2. C,,H,,O,N, requires N, 8-5%). 

9,10-Di-(2-carboxyethyl)-9,10-dihydroanthracene (II; R = H).—9,10-Di-(2-carboxyethyl)- 
anthracene (6-3 g.), m. p. 254—255°, in pentyl alcohol (150 c.c.) was heated to reflux in an oil- 
bath while sodium (20 g.) was added in portions during 5 hr. The solution became clear in 
* Donaldson, Robertson, and White, Proc. Roy. Soc., 1953, A, 220, 311. 
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3 hr. and further pentyl alcohol (4 x 25 c.c.) was added when the mixture started to solidify. 
The mixture was poured into water, steam-distilled to remove the pentyl alcohol, clarified with 
charcoal, and acidified. The solid was filtered off and recrystallised from ethanol to give the 
dihydroanthracene derivative as white plates, m. p. 250—251° (4-5 g.) (Found: C, 74-3; H, 6-3. 
CopHgoO, Tequires C, 74-1; H, 6-2%). 

1,2,3,6b,7,8,9,12b-Octahydro-3,9-dioxoperylene (III; R= H).—The acid (II; R =H) 
(4-0 g.) was added to anhydrous hydrogen fluoride (100 c.c.) at room temperature and set aside 
for 16 hr. The mixture was poured on ice, and the solid filtered off and taken up in ethyl 
acetate. After being washed with dilute aqueous potassium hydroxide the extract was dried 
and concentrated, to give the diketone as almost colourless needles (3-1 g.) which quickly 
darkened to a pale golden colour and had m. p. 239—-240° (decomp.) (Found: C, 83-1; H, 5-9. 
CygH 02 requires C, 83-3; H, 5-6%). A sample was reduced with excess of lithium aluminium 
hydride in ether, and the product, without purification, was dehydrogenated and dehydrated by 
refluxing it with 5% palladium-charcoal in 2-methylnaphthalene, to give perylene, m. p. 272— 
273° after purification by chromatography on alumina. 

1,6b,7,12b-Tetrahydro-3,9-dimethylperylene.—The diketone (III; R=H) (2-0 g.) was 
extracted with refluxing benzene during 2 hr. from a thimble into a Grignard reagent prepared 
from methy] iodide (5-0 g.) and magnesium (0-7 g.) in ether which was later displaced by benzene 
(200 c.c.). After a further hour at the b. p. the cooled solution was poured into dilute sulphuric 
acid, and the benzene was removed by steam-distillation. The yellow residue was filtered off 
and recrystallised from ethyl acetate, to give the tetrahydrodimethylperylene (1-6 g.) as yellow 
needles, m. p. 207—208° (Found: C, 92-6; H, 6-9. C..H 9 requires C, 92-9; H, 7-1%) The 
residue from the crystallisation was chromatographed on an alumina column in benzene to 
give 3,9-dimethylperylene (0-1 g.) (see below), followed by ketonic material. The last substance, 
which was not obtained pure, was reduced with lithium aluminium hydride and dehydrated and 
dehydrogenated with 5% palladium-charcoal in 2-methylnaphthalene to give, after chrom- 
atography in hexane—benzene on an alumina column, golden plates of 3-methylperylene, m. p. 
214—215° (Found: C, 94-5; H, 5-2. Calc. for C,,H,,: C, 94-7; H, 5-3%). 

3,9-Dimethylperylene.—The preceding tetrahydroperylene (0-9 g.) in 2-methylnaphthalene 
(5-0 g.) was refluxed for 3 hr. with 5% palladium-charcoal (0-1 g.). The cooled mixture was 
chromatographed in 1: 1 benzene-hexane on alumina, to give the dimethylperylene as yellow 
plates, m. p. 249—250° (Found: C, 94-5; H, 5-6. C,.H,, requires C, 94-3; H,5-7%). It gave 
a picrate from benzene as black needles, m. p. 224° after decomp. (Found: C, 66-2; H, 3-7. 
C,3H,,0,N, requires C, 66-0; H, 3-8%), and a trinitrobenzene derivative as black needles (from 
benzene-ethanol), m. p. 259—260° (Found: C, 68-5; H, 3-6. C,,H,,O,N, requires C, 68-15; 
H, 39%). 

Absorption Spectra.—Quantitative ultraviolet absorption spectra (see Table below) 
were obtained on a Beckman model DK2 spectrophotometer by courtesy of the Nutrition 
Research Department, Otago Medical School. 


Absorption spectra (my and log ¢) in 95°%, ethanol. 
PND Sic sissccsssedinns 208 245 252 266 (infl.) 364 (infl.) 385 406-5 434 
4:73 4-52 4- 3-93 3-60 4-05 4-40 4-54 
2,8-Dimethylperylene 209 247 254 270 (infl.) 372 (infl.) 389 410 436 
4-73 4-52 4-67 4-00 3-62 4-07 4-41 4-51 
3,9-Dimethylperylene 210 248 255-4 268 (infl.) 375 (infl.) 394 415 444 
4-74 4-52 4-65 4:00 3-70 4-14 4-50 4-61 
In cyclohexane at 18°. The most distinct bands are: 
Perylene: 245-5, 253, 264, ——, 352, 369, 387-5, 390-5, 408, 411-5(infl.), 421-5(infl.), 430, 436, 
439(infi.) my. 
1-Methylperylene: 245, 253, 265, 292, 350(infl.), 367-5, 386-5, 390, 408-5, 412(infl.), 422, 
430-5, 436-5, 440(infl.) my. 
3,9-Dimethylperylene: 249, 257, 268(infl.), 295, 418, 442-4(infl.), 448 muy. 
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79. Diphenylenes. Part IV. Bond Structure. 
By Witson Baker, J. F. W. McOmiz, D. R. PREsTOoN, and V. Rocers. 


2-Acetamidodiphenylene (V) undergoes monobromination in position 3 to 
give the compound (VI); this is in accordance with molecular-orbital calcul- 
ations but contrary to expectations on the simplest resonance theory. 
Further bromination gives the addition product 3-acetamido-4,6,2’-tribromo- 
diphenyl (VIII), with rupture of the four-membered ring. Bromination of 
2,6-diacetamidodiphenylene (XII) yields the 3,7-dibromo-derivative (XIII). 

It is concluded that the preferred, reacting Kekulé structure of di- 
phenylene is that shown in formula (I). 


THE chemical reactivity and bond structure of the diphenylene nucleus are of considerable 
theoretical interest, and it was shown in Parts I and III of this series +? that many electro- 
philic and some probably free-radical substitution reactions occur solely in position 2 in 
accordance with theoretical predictions. It was also shown that diacetylation and dinitra- 
tion give only the 2,6-disubstituted derivatives corresponding to meta-substitution in the 
benzene ring, so that there must be effective conjugation between the two six-membered 
rings via the four-membered ring (see XI). These facts, however, do not suffice to establish 
the preferred bond structure of diphenylene which comes into play during reaction. 

Of the five Kekulé structures which may be written for diphenylene, formula (I) 
represents it as a derivative of cyclobutane, (II) and (III) as a cyclobutadiene, and the other 
two (not shown) as a cyclobutene. On the simplest resonance theory it may be assumed 
that these five canonical forms contribute equally to the hybrid molecule (any other 


Ay yy A 


Yai < 
(It) (III) (IV) 


supposition must involve some element of speculation), and so the bonds in positions 1,2 
and 2,3 would have 3/5 and 2/5 double-bond character respectively, and structure (II) 
would be preferred, so that an ortho,para-activating group in position 2 of diphenylene 
should direct an entering substituent into position 1 as it does in the case of naphthalene. 
Longuet-Higgins has pointed out * that molecular-orbital calculations lead to the opposite 
conclusion, namely, that an ortho,para-directing group in position 2 should direct the new 
substituent into position 3, so that the establishment of the experimental facts in such a 
case would provide evidence to support one or other of the two theoretical predictions. 
It may be recalled that Waser and Schomaker ‘ had earlier noticed a discrepancy between 
the relative bond orders of the 1,2- and 2,3-bonds calculated by the resonance and the 
molecular-orbital methods. 

Longuet-Higgins showed that the relative reactivity of the different positions in the 
nucleus of a diphenylene bearing an -ortho,para-directing group in position 2 could be 
calculated by considering the distribution of the extra electron in the carbanion derived 
from 2-methyldiphenylene. The result is shown in formula (IV), and electrophilic 
substitution should clearly occur in position 3, and not in position 1 as might be deduced 
either by the simple resonance theory or by analogy with a similarly substituted 
naphthalene. 

1 Part III, Baker, Barton, and McOmie, J., 1958, 2666. 

2 Baker, Boarland, and McOmie, /., 1954, 1476. 


3 Longuet-Higgins, Proc. Chem. Soc., 1957, 157. 
* Waser and Schomaker, J. Amer. Chem. Soc., 1943, 65, 1451. 
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_ As already briefly recorded ® we have shown that bromination of 2-acetamidodi- 
phenylene (V) gives a 65% yield of 2-acetamido-3-bromodiphenylene (VI) as the only 
isolable product, thus confirming the prediction of the molecular-orbital calculations. The 
bromine atom was shown to occupy position 3, 6, or 7 by hydrolysing the amide (VI) to 
the base with ethanolic sulphuric acid and treating this with sodium nitrite, to obtain 
9-bromodiphenylene (VII) identical with an authentic specimen.* The infrared spectrum 
of the compound contained a strong band at 750 cm. corresponding to 4 adjacent hydrogen 
atoms and a medium band at 870 cm. corresponding to isolated hydrogen atoms. These 
two results prove that the bromination product is 2-acetamido-3-bromodiphenylene. The 
9-acetamidodiphenylene (V) was prepared from 2-acetyldiphenylene by conversion into 
the oxime followed by Beckmann rearrangement with either polyphosphoric acid ! or boron 
trifluoride in acetic acid. 


a NHAc 


(V) 


(VID) (IX) 


An interesting reaction occurred when 2-acetamido-3-bromodiphenylene (VI) was 
treated with bromine in acetic acid at 80°: a molecule of bromine was added, with rupture 
of the four-membered ring to give 3-acetamido-4,6,2’-tribromodiphenyl (VIII). The only 
previously recorded conversion of a diphenylene into a diphenyl is reduction by means of 
Raney nickel in ethanol.!_ The structure of the acetamidotribromodiphenyl was established 
by synthesis as follows. An application of the Gomberg—Bachmann-Hey free-radical 
coupling reaction ? to diazotised m-nitroaniline and bromobenzene in presence of sodium 
acetate gave 2-bromo-3’-nitrodiphenyl (IX), identical with that prepared by Case by a 
crossed Ullmann reaction. Reduction and acetylation then yielded 3-acetamido-2’- 
bromodiphenyl (X), and dibromination in boiling acetic acid—acetic anhydride in presence 


NHAc Br NHAc 
& > tte 
Ac-NH Ac-NH Br 


(XII) (XIII) 


of sodium acetate gave 3-acetamido-4,6,2’-tribromodiphenyl, identical with that prepared 
by the addition of bromine to 2-acetamido-3-bromodiphenylene (VI). Had rupture of the 
four-membered ring of (VI) occurred in the alternative manner the product would have 
been 4-acetamido-2,5,2’-tribromodiphenyl which could not have arisen by the bromination 
of (X). The addition of bromine to the diphenylene (VI) thus follows the course expected 
from the molecular-orbital theory, as the electrophilic attack by the bromine would be 
expected to occur at carbon atom 4a with its high electron availability (see IV), followed 
by addition of the second bromine atom at position 4b. Initial attack at the more nearly 
neutral carbon atom 8a is much less likely. 

During the investigation.of the bromination of 3-acetamido-2’-bromodiphenyl (X) it 


5 Baker, McOmie, and Rogers, Chem. and Ind., 1958, 1236. 
* Baker, Barton, and McOmie, J., 1958, 2658. 

7 Bachmann and Hoffman, Organic Reactions, 1944, 2, 224. 
® Case, J. Amer. Chem. Soc., 1938, 60, 424; 1939, 61, 3487. 
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was found that treatment with bromine in acetic acid gave the known 3-acetamido-6,2’-dj. 
bromodiphenyl § whereas in presence of anhydrous sodium acetate it yielded 3-acetamido. 
4,2’-dibromodiphenyl, the entering bromine atom taking up the ortho- instead of the 
para-position to the acetamido-group. 

The partial bond structure of diphenylene revealed by bromination of 2-acetamidodj- 
phenylene in position 3 is shown to extend to both six-membered rings by a study of the 
bromination of 2,6-diacetamidodiphenylene (XII). 2,6-Diacetyldiphenylene'* (X]) 
was converted into the dioxime, Beckmann transformation of which with polyphosphoric 
acid at 100° or boron trifluoride—acetic acid at 120° gave 2,6-diacetamidodiphenylene (XI]} 
in high yield. Bromination of the diamide (XII) in acetic acid in presence of sodium 
acetate gave 2,6-diacetamido-3,7-dibromodiphenylene (XIII). The similar orientation 
of both bromine atoms was established by the infrared spectrum of the compound which 
has a fairly strong band at 864 cm. characteristic of isolated aromatic hydrogen atoms, 
A similar band appears as a doublet at 867, 886 and 870, 880 cm. in 2,3,6,7-tetramethoxy- 
and 2,3,6,7-tetramethyl-diphenylene respectively (to be published later). 

In trying to synthesise 3-acetamido-4,6,2’-tribromodiphenyl attempts were made to 
effect mononitration in position 5 of 2,2’-dibromodiphenyl, but only dinitration occurred, 
The chief product was 2,2’-dibromo-5,5’-dinitrodiphenyl, whose structure was established 
by synthesis from the known 2,2’-diamino-5,5’-dinitrodiphenyl, and the minor product 
was 2,2’-dibromo-3,5’- or -3,3’-dinitrodiphenyl. The desired mononitro-compound was 
approached by partial reduction of the 5,5’-dinitro-compound by sodium polysulphide, but 
only a trace of 3-amino-6,2’-dibromo-5’-nitrodiphenyl was formed, the bulk of the product 
being 3,6-dinitrodibenzothiophen. 

Ultraviolet absorption maxima of some of our products are summarised in the annexed 
Table. 
Ultraviolet absorption maxima in ethanol. 


Diphenylene derivatives A (mp) log € A (mz) log € A (mp) loge 
2-Acetamido-3-bromo- ............ 257 4-78 350 3-82 368 3-89 
Dioxime of 2,6-diacetyl- ......... 235 4-29 366 3-89 381-5 3-88 

280-5 4-75 
2,6-Diacetamido- ..............006 220 4-25 274-5 4-88 360 4-06 
233-5 4-32 284 4-86 380 4-16 
RB SIE vcndcccccscescicseseses 230 4-02 277 4:33 392-5 3-84 
2,6-Diamino- in aqueous N-HCl 239 4-62 330 3°35 357 3-60 
248 4-88 338-5 3-60 
2,6-Diacetamido-3,7-dibromo- * 242-5 — 362 — 379 
273 -- 


* Too sparingly soluble to allow accurate determination of the concentration; a saturated solution 
was used. 


EXPERIMENTAL 


2-Acetamidodiphenylene 1 (V).—2-Acetyldiphenylene oxime (90—95% yield), when treated 
with polyphosphoric acid, gave a 65% yield of 2-acetamidodiphenylene after purification by 
passage through an alumina column in benzene solution and elution with benzene—chloroform 
(10:1). The elution is conveniently followed in ultraviolet light, the position of the acetamido- 
compound on the column being indicated by a yellow-brown colour. Treatment of the oxime 
(0-3 g.) with a 40% w/w solution of boron trifluoride in acetic acid at 115—120° for 10 min.,’ 
followed by addition to excess of aqueous sodium hydroxide and purification as before, gave 
directly a 53% yield of the pure acetamido-compound. 

Bromination of 2-Acetamidodiphenylene.—To a stirred solution of 2-acetamidodiphenylene 
(0-75 g.) in glacial acetic acid (25 ml.) was slowly added at room temperature a 10% solution of 
bromine in acetic acid (6-5 ml.; 1-1 equivs.). Crystals began to separate after 5 min.; next 
day the mixture was poured into water, and the precipitate was collected, washed, and dried 
(1-00 g.). Recrystallisation from ethanol gave 2-acetamido-3-bromodiphenylene (VI) as cream- 
coloured needles (0-65 g., 65%), m. p. 211—212° (decomp.) (Found: C, 58-4; H, 3-5; N, 5:0; 
Br, 27-5. C,,H,ONBr requires C, 58-3; H, 3-5; N, 4-9; Br, 27-8%). The complex with 
® Hauser and Hoffenburg, J. Org. Chem., 1955, 20, 1482. 
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9,4,7-trinitrofluorenone separates from ethanol as black needles, m. p. 179—181° (Found: C, 
53-4; H, 2:5; N, 9-6. C,,H,,O,N,Br requires C, 53-7; H, 2-6; N, 9-3%). 

Hydrolysis and Deamination of 2-A cetamido-3-bromodiphenylene (V1); Formation of 2-Bromo- 
diphenylene (VII).—The acetamido-compound (100 mg.) was boiled for 20 min. in ethanol (8 ml.) 
containing concentrated sulphuric acid (0-5 ml.), and the hot solution was treated in portions 
with sodium nitrite (200 mg.) in water (1-5 ml.) during } hr. After being boiled for 10 min. the 
dark solution was extracted with ether, the extracts were washed, dried, and evaporated, and 
the residue was sublimed at 70—120°/12 mm., giving a 10% yield of crude 2-bromodiphenylene; 
resublimation gave cream-coloured plates, m. p. and mixed m. p. with an authentic specimen ®? 
65—67°; the infrared spectra of the specimens were identical. Further sublimation of the 
residue gave 2-acetamido-3-bromodiphenylene (11 mg.). 

Addition of Bromine to 2-Acetamido-3-bromodiphenylene (V1); Formation of 3-Acetamido- 
4,6,2’-tribromodiphenyl (VIII).—A 10% solution of bromine in acetic acid (1-3 ml.; 1-1 equiv.) 
was added to 2-acetamido-3-bromodiphenylene (200 mg.) in acetic acid (20 ml.), and the mixture 
was kept at 80° for 2 hr., the colour of the bromine disappearing. The precipitate obtained by 
pouring the mixture into water was washed, dried, and crystallised from benzene-light petroleum 
(b. p. 60—80°), giving 3-acetamido-4,6,2’-tribromodiphenyl (VIII) as colourless needles (180 mg. ; 
58%), m. p. 156—157° (Found: C, 37-4; H, 2-1; N, 3-1. C,,H,gONBr, requires C, 37-5; H, 
2:2; N, 31%). 

2-Bromo-3’-nitrodiphenyl (IX) and 3-Acetamido-2’-bromodiphenyl (X).—m-Nitroaniline (35 g.) 
was diazotised in concentrated hydrochloric acid (80 ml.) with sodium nitrite (20 g.) in water 
(40 ml.), and after addition of bromobenzene (200 ml.) and then of sodium acetate (44 g.; 
hydrated) in water (60 ml.), the mixture was stirred for 12 hr. at room temperature and for a 
further 12 hr. at 60—-70°. The bromobenzene layer and a benzene extract were washed, dried, 
and distilled; the fraction of b. p. 160—175°/0-2 mm. (3-7 g.) solidified on cooling. This was 
crystallised several times from ether, giving finally 2-bromo-3’-nitrodiphenyl (1-47 g.) as pale 
yellow plates, m. p. 77—78° (Found: C, 52-1; H, 3-0; N, 5-4. Calc. for C,,H,O,NBr: C, 51-8; 
H, 2-9; N, 5-0%). 

This nitro-compound (2-0 g.), ethanol (40 ml.), concentrated hydrochloric acid (40 ml.), and 
hydrated stannous chloride (9-0 g.) were heated at 80—90° for 34 hr., excess of aqueous sodium 
hydroxide was added, and the free amine isolated by ether-extraction and acetylated by short 
heating with acetic anhydride in acetic acid and a trace of concentrated sulphuric acid. After 
addition of water the 3-acetamido-2’-bromodiphenyl (1-7 g.) was crystallised twice from 
benzene-light petroleum (b. p. 60—80°), giving plates, m. p. 132—133°. Case ® records m. p.s 
78—79° and 135° for compounds (IX) and (X). 

3-A cetamido-4,6,2’-tribromodiphenyl (VIII).—3-Acetamido-2’-bromodiphenyl (X) (150 mg.) 
and anhydrous sodium acetate (325 mg.) were dissolved in boiling glacial acetic acid (5 ml.) 
and acetic anhydride (0-4 ml.), and to the mixture was added bromine (260 mg.) as a 10% 
solution in acetic acid; boiling was continued for 1 hr. Addition of the solution to ice-water 
gave a solid which was collected, washed, and dried and purified by passage in benzene through 
silica gel and eluted with benzene containing increasing proportions of chloroform. Elution 
with benzene-chloroform (1:1) yielded 3-acetamido-6,2’-dibromodiphenyl, m. p. 140—141° 
after crystallisation from benzene-light petroleum (b. p. 60—80°). The eluate obtained by 
using benzene-chloroform (1:3) yielded a product (15 mg.) which crystallised from benzene- 
light petroleum (b. p. 60—80°), giving needles (10 mg.), m. p. 154—155° and 155—156-5° on 
admixture with the product obtained by the treatment of 2-acetamido-3-bromodiphenylene 
with bromine. The infrared spectra of these two specimens of 3-acetamido-4,6,2’-tribromodi- 
phenyl were identical. 

3-A cetamido-4,2’-dibromodiphenyl.—To a solution of 3-acetamido-2’-bromodipheny] (285 mg.) 
in glacial acetic acid (10 ml.) containing anhydrous sodium acetate (300 mg.) was added bromine 
in acetic acid (1-7 ml.; 10% w/v). After 3 hr. at room temperature and } hr. on a water-bath 
the mixture was diluted with water, and the solid was collected and recrystallised from benzene- 
light petroleum (b. p. 60—80°), giving 3-acetamido-4,2’-dibromodiphenyl (235 mg., 65%), m. p. 
126—127-5° (Found: C, 45-67 H, 3-2; N, 4:2. C,,H,,ONBr, requires C, 45-6; H, 3-0; N, 
38%). The infrared spectrum showed bands at 758vs, 814s, and 894m cm.~1, corresponding 
to 1,2-di- and 1,3,4-tri-substituted rings. 

2,6-Diacetyldiphenylene Dioxime.—A mixture of 2,6-diacetyldiphenylene (XI) (0-5 g.), 
ethanol (250 ml.), 10% aqueous sodium hydroxide (2-5 ml.), and hydroxylamine hydrochloride 

sg 
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(0-6 g.) dissolved in a little water was boiled for 3 hr., cooled, and diluted with water, and the 
precipitate was collected, washed and dried (0-5 g.). This dioxime separated from ethanol as 
lemon-yellow needles, m. p. 290—291° (decomp.) (Found: C, 72-8; H, 5:4; N, 104, 
C,.H,,O,N, requires C, 72-2; H, 5-3; N, 10-5%). 

2,6-Diacetamidodiphenylene (XII).—(a) The powdered dioxime (0-46 g.) was added to poly- 
phosphoric acid (20 g.) at 100° and stirred for 20 min. Water was then added and the solig 
collected, washed, and crystallised twice from ethanol, giving 2,6-diacetamidodiphenylen 
(0-29 g., 62%) as orange needles, m. p. 328—330° (decomp.) (Found: C, 72-3; H, 55, 
C,.H,,O,N, requires C, 72-2; H, 5-3%). (b) Treatment of the dioxime (0-15 g.) with a 40% w/w 
solution of boron trifluoride in acetic acid (5 ml.) at 120° for 10 min., followed by addition of 
aqueous sodium hydroxide and collection and crystallisation as before, gave a 70% yield of 
2,6-diacetamidodiphenylene. 

2,6-Diaminodiphenylene.—2,6-Diacetamidodiphenylene (0-10 g.) was boiled for 1 hr. with 
ethanol (5 ml.), concentrated hydrochloric acid (5 ml.), and water (5 ml.). The dihydrochloride 
of the base separated in part. The alcohol was removed by distillation, aqueous sodium 
hydroxide added, the precipitated base extracted into methylene dichloride (3 x 30 ml.), dried 
(K,CO,), and distilled, and the residue sublimed at 140—150°/0-01 mm. 2,6-Diaminodi- 
phenylene was obtained as a bright yellow powder (50 mg.), m. p. 218—220° after decomp. from 
205° (Found: C, 78-8; H, 5-9; N, 15-0. C,,H, 9N, requires C, 79-1; H, 5-6; N, 15-4%). This 
base darkens when kept, except in vacuo, or in solvents except light petroleum (b. p. 100—120°) 
from which it may be crystallised with difficulty in deep-yellow plates. The dihydrochloride 
crystallises from a 1:1 v/v mixture of concentrated hydrochloric acid and water in maroon- 
coloured needles which sublime above 215° (Found: C, 56-1; H, 4-9; N, 11-4. C,,H,,N,Cl, 
requires C, 56-5; H, 4-7; N, 11-0%). 

2,6-Diacetamido-3,7-dibromodiphenylene (XIII).—2,6-Diacetamidodiphenylene (100 mg.) in 
glacial acetic acid (25 ml.) containing anhydrous sodium acetate (300 mg.) at 80° was treated 
dropwise with a 10% solution of bromine in acetic acid (1-3 ml.; 2-1 equiv.). A solid was 
gradually precipitated and was collected after cooling. This product is almost insoluble in 
organic solvents and was purified by boiling it with dimethylformamide, collecting the remain- 
ing solid, washing this with acetic acid, and drying it. The pale yellow 2,6-diacetamido-3,7-di- 
bromodiphenylene decomposes at ca. 260° (Found: C, 45-4; H, 3-2; N, 6-3. (C,,H,,O,N,Br, 
requires C, 45-3; H, 2-9; N, 6-6%). 

2,2’-Dibromo-5,5'-dinitrodiphenyl (with Dr. J. W. BARton).—(a) Powdered 2,2’-dibromodi- 
phenyl (5 g.) was added in portions to a stirred mixture of concentrated nitric acid (5 ml.) and 
concentrated sulphuric acid (6 ml.), and the mixture was warmed on the water-bath for 1 hr., 
then poured on ice. The washed, dried solid was stirred with ether (200 ml.) for 10 min, 
collected, and crystallised from acetone-methanol, giving 2,2’-dibromo-5,5’-dinitrodiphenyl as 
pale yellow prisms (3-8 g.), m. p. 220—221° (Found: C, 36-4; H, 1-5; N, 7-1. C,,H,O,N,Br, 
requires C, 35-8; H, 1-5; N, 7-0%). 

Evaporation of the ethereal washings (above) and crystallisation from methanol gave 2,2’- 
dibromo-x,x’-dinitrodiphenyl as yellow prisms (0-6 g.), m. p. 120—123°, raised after two further 
crystallisations to 124—125° (Found: C, 36-1; H, 1-3; N, 7-0%). This compound is probably 
2,2’-dibromo-3,5’-dinitrodipheny] or 2,2’-dibromo-3,3’-dinitrodiphenyl. 

(6) 2,2’-Diamino-5,5’-dinitrodiphenyl 1° (2-5 g.) was added to a solution of cuprous bromide 
(20 g.) in hydrobromic acid (60 ml.; d 1-49) which had been previously boiled with copper 
turnings till colourless. A solution of sodium nitrite (3 g.) in water (25 ml.) was then added 
dropwise at 40—50° with rapid stirring which was continued for } hr. After the mixture had 
been heated on the water-bath, concentrated hydrochloric acid (50 ml.) was added, and the 
whole extracted with benzene (3 x 50 ml.). The extracts were shaken with hydrochloric acid 
and then with dilute ammonia, then concentrated and chromatographed on alumina, with 
benzene as the eluant which yielded 2,2’-dibromo-5,5’-dinitrodiphenyl, m. p. and mixed m. p. 
with the specimen previously prepared, 220—221° (1-6 g.) (from acetone-methanol). 

Reaction of 2,2'-Dibromo-5,5'-dinitrodiphenyl with Sodium Polysulphide—An aqueous 
solution of sodium polysulphide (1-0 ml.; prepared according to Purdie ™) was added to a 
stirred, boiling mixture of 2,2’-dibromo-5,5’-dinitrodiphenyl (0-5 g.) in ethanol (40 ml.). After 
15 min. a further amount (0-5 ml.) of the polysulphide solution was added, heating continued 


1 Sako, Mem. Coll. Eng. Kyushu, 1932, 6, 327; Brit. Chem. Abs., A, 1932, 508. 
1 Purdie, J. Amer. Chem. Soc., 1941, 63, 2276. 
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for 14 hr., and the alcohol removed by distillation. The residue was digested with hot 10% 
aqueous hydrochloric acid, and the filtrate basified, giving 3-amino-6,2’-dibromo-5'-nitrodiphenyl 
as a yellow powder which after purification by further precipitation from acid (yield, 17 mg.) 
had m. p. 219—221° (Found: C, 38:3; H, 2-5; N, 7-5. C,,H,O,N,Br, requires C, 38-7; H, 
9-7; N, 7°5%). The acid-insoluble material was recrystallised from acetone, giving 3,6-dinitro- 
dibenzothiophen (0-24 g.) as pale yellow needles, m. p. 350—352° (decomp.) (Found: C, 52-9; 
H, 2:1; N, 10-6; S, 11-8. Calc. for C,,H,O,N,S: C, 52-6; H, 2-2; N, 10-2; S, 11-7%) (Gilman 
and Nobis 2* give m. p. 339—340°). 

We gratefully thank the Department of Scientific and Industrial Research for Studentships 
awarded to D. R. P. and to V. R. 
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12 Gilman and Nobis, J. Amer. Chem. Soc., 1949, 71, 274. 





80. Kinetic and Tracer Studies of the Hydrolysis of 
Phosphourethane. 


By M. HALMANN and A. Lapipot. 


The hydrolysis of phosphourethane in the pH range 1—6 is due mainly to 
reaction of the monoanion. The effect of temperature was determined. 
Various nucleophilic and electrophilic reagents did not affect the rate of 
hydrolysis. In aqueous dioxan hydrolysis was faster than in water. No 
oxygen exchange occurred between water and the phosphoryl group of 
phosphourethane during hydrolysis. The rate of solvolysis in D,O was 
similar to that in water. 


PHOSPHOURETHANE, CO,Et-NH-PO(OH),, has been synthesised. Its rate of hydrolysis 
shows a pronounced maximum at pH 4, at which practically all the phosphourethane is 
in the monoionised form. In acid and in basic solutions, the rate decreases rapidly. The 
rate of hydrolysis of aromatic phosphoramidates? in aqueous dioxan shows a similar 
maximum at about pH 5—6, and a strong decrease in rate at a higher pH. In strongly 
acid solution, acid catalysis was reported, and there was a slight minimum at pH 2. The 
kinetics of hydrolysis of phosphoric esters shows similar features.*-4 

It has been suggested !“ that the pH dependence of rate of hydrolysis of monoalkyl 
phosphates and of phosphoramidates, outside the highly acid range, can be explained as a 
unimolecular decomposition of the monoanion in the rate-determining step. It was 
possible to calculate “5 the expected rate at various pH, since the concentration of the 
monoanion can be derived from the experimentally observed dissociation constants of 
phosphourethane. The following equilibria and reactions are assumed to occur: 


K, K, 
H,A ae HA™~ + H* rea A®- + Ht 
Undissociated Monoanion Dianion 
acid 
| ky | k, | ks 
Products Products Products 


The equilibrium constants are K, = [HA~)[H*)/[H,A] and K, = [A*-][H*)/[HA-]. 
The total stoicheiometric molar concentration of phosphourethane at any moment is 


1 Lapidot and Halmann, /., 1958, 1713. 
* Chanley and Feageson, J. Amer. Chem. Soc., 1958, 80, 2686. 
® Vernon, Chem. Soc. Spec. Publ. No. 8, 1957, p. 17 giving previous references; Herr and Koshland, 
Biochim. Biophys. Acta, 1957, 25, 219. 
* Bunton, Llewellyn, Oldham, and Vernon, J., 1958, 3574, 3588. 
5 Chanley, Gindler, and Sobotka, J]. Amer. Chem. Soc., 1952, 74, 4347. 
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C = [H,A] + [HA-] + [A?-]. From these three equations, the concentrations of the 
undissociated phosphourethane and of the mono- and of the di-anion can be calculated: 
(H,A] = (H*}?"C/{K,(K, + [H*] + [H*}/K,)}; the mole fraction of H,A is [H,AJ/C = 
(H*}?/K,F where F = (K, + [H*] + [H*]*/K,). Similarly, [HA~]/C = (H*)/F ana 
[A®-]/C = K,JF. 

In Table 1 are given the concentrations of these three species in mole fractions, e.g., 
[HA~}/C, as well as the individual first-order rate constants of the three species. The sum 
of the calculated rate constants, Reaic. = ky + ky + Rg, is compared with the observed 


TABLE 1. Partial and overall rate constants for hydrolysis of phosphourethane at 37-0°. 
1 O*Rcate. 10*Rots. 


pH F (H,A}/C [HA]/C [A*]/C ih ky Re (sec) sec.) 
0-96 5-66 0-981 0019 — 0-825 0-845 
1-96 66 x 10% 0833 0167 — 1-05 1-28 
358 295 x 10> 0108 0-892 — 1-98 1-98 
402 1002 x 10% 0-042 0-953 0-005 2-05 2-02 
4-67 230x105 — 0-975 0-025 2-12 2:07 
5-7 250x110 — 0-800 0-200 1-69 1-57 
6-15 21xl0o* — 0-585 0-415 1-18 1-16 
7:5 542x107 — 0-060 0-94 0-015 0-03 
9-0 5-02 x 107 1-00 0-0024 00024 


value Aops. The equilibrium constants are! K, = 2-17 x 10% and K, = 5-01 x 10° 
at 29°. 

The partial rate constants were derived as follows: At pH 9-0 practically all the 
phosphourethane is doubly ionised, and the observed rate is thus equal to k,. At pH 4-67, 
97-5%, of the substrate appears as the monoanion, while 2-5% is doubly ionised. From 
the equation hops. = k,{[HA-]/C + k,[A?-]/C, k, is calculated. This value being used, the 
measurement at pH 0-96 is used to derive kp, since in this case Rots, = Rof[H,A]/C + 
k,{HA-]/C. A check on the partial rate constants is made by calculating the total rate 
constants at other values of pH, and comparing them with the observed rates, as shown 
in the last column of Table 1. 

The temperature-dependence of the hydrolysis of phosphourethane was determined 
at several values of pH. Results are given in Table 2. 


TABLE 2. Hydrolysis of phosphourethane at several temperatures. First-order rate 
constants x 104 (sec."). 


HCl K H tartrate K H phthalate Acetate 
0-100N 0-03M 0-05M 0-2M 
Temp. pH 1-0 pH 3-58 pH 4-02 pH 5-7 
26-7° 0-193 0-403 0-435 0-326 
37-0 0-843 1-98 2-02 1-53 
51-4 5-4 12-4 14-5 10-5 


The partial rate constants were similarly determined at other temperatures. Results 
are given in Table 3, together with heats and entropies of activation. 


TABLE 3. 
Temp. 
26-7° 37-0° 51-4° AE* (kcal. mole“) AS* (e.u.) 
Ro 0-189 0-825 5-4 26-4 +7-7 
ky 0-443 2-12 15-0 27-8 +14-4 


For the hydrolysis of alkyl phosphates, somewhat higher activation energies of around 
30 kcal. mole have been reported; * for aromatic phosphoramidates ? the activation energy 
was about 20 kcal. mole?. 

In the hydrolysis of triphenylmethyl chloride, it was shown that the reaction proceeds 
by two stages—a rate-determining unimolecular heterolysis of the carbon-chlorine bond, 
and a fast combination of the intermediate carbonium ion with some nucleophilic reagent 
such as water or some ions in solution. Several ions, e.g., azide, were very effective in 
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competing with water. Upon change of the ratio of the nucleophilic reagents in solution, 
the ratio of products was changed, but there was no appreciable influence on the rate- 
determining step. 

We attempted to find out if addition of various reagents would affect the rate or products 
ratio in the hydrolysis of phosphourethane in water (W) or water-dioxan (4:1) (WD). 
Results are summarised in Table 4. 


TABLE 4. Effect of various reagents on the solvolysis of phosphourethane. 


Phospho- 

urethane Reagent 
Temp. (mm) Solvent pH (mm) 10*k, (sec.~! 
51-4° 9 Ww 4-0 — 14:7 
51-4 9 WwW 4-0 Urethane (25) 14:3 
37-0 i) Ww 4:0 — 2-0 
36-6 5-5 Ww 4-0 NaF (25) 1-6 
37-0 5-5 WD 4-0 — 18 
37-0 4:5 WD 4-0 Bu",NH (13-7) 1-75 
37-0 5-5 WD 4-0 Bu"SH (5) — 
37-0 3-7 Ww 4-0 AgNO, (10) 1-7 
37-0 8 W 4-0 CuSO, (8) 1-87 
37-0 6 WwW 4-0 La(NO,), (10) 0-6 to 0-8 
37:0 6 WwW 4-0 Ce(NO;), (8) 0-6 
37-0 6 Ww 2 Ce(NO,), (8) 1-0 


Since strictly first-order kinetics were always observed in the hydrolysis of phospho- 
urethane, the reaction products do not affect the rate. This was further shown in a run 
in the presence of added urethane (Table 4). Thus if the hydrolysis were a two-stage 
reaction, the second stage would not be appreciably reversible. There is no analogy to 
the “‘ mass law effect ” in the hydrolysis of triphenylmethyl chloride. Sodium fluoride, 
di-n-butylamine and butane-1l-thiol were investigated as nucleophilic reagents. Neither 
was consumed in competition with water nor did they change the rate of hydrolysis. 
It is thus possible to conclude that the hydrolysis of phosphourethane is not analogous to 
the Sy2 reactions of primary alkyl halides and of organic phosphorus chlorides,’ the rates 
of which are strongly susceptible to nycleophilic reagents, or to the Syl reactions of 
triarylmethyl chlorides, in which such reagents are able to compete with water. 

The reactions with silver and copper salts were carried out to test for susceptibility 
of the hydrolysis of phosphourethane to electrophilic attack. No effect was observed. 
At pH 2, cerium nitrate had no effect on the rate of hydrolysis. At pH 4, insoluble salts 
of phosphourethane seemed to be formed with cerium and lanthanum salts. 

Anilinium Salt of Phosphourethane.—In an attempt to find other solvolytic decom- 
positions of phosphourethane, in addition to hydrolysis, the reaction with aniline was 
investigated. On addition of aniline to an ethanolic solution of phosphourethane, a 
white crystalline precipitate was formed immediately. This was shown to be the anilinium 
salt, (EtO,C-NH-PO,H)-(PhNH,)*. No aminolysis of phosphourethane had taken place 
under the conditions used. 

Hydrolysis in Aqueous Dioxan.—The pH dependence of the rate of hydrolysis of 
phosphourethane in aqueous dioxan (1 : 1 v/v) shows the same general pattern as in water 
(see Table 5). However, two maxima are observed, in buffer solution of potassium 
hydrogen phthalate with hydrochloric acid (measured pH: 4-7) and with sodium hydroxide 
(measured pH: 7:1), while there was a minimum between them in potassium hydrogen 
phthalate alone (measured pH: 5-0). The rate constants at the two maxima (2°35 x 10 
sec. at 36-7°) are larger than that in pure water at the maximum (2-07 x 10% sec. at 
pH 4-67). Nosimilar behaviour had been observed in the hydrolysis of aromatic phosphor- 
amidates.2 The maximum in the presence of hydrochloric acid seems to be due to catalysis 
by chloride ion; in the presence of sodium chloride a marked increase in rate was observed. 


* Swain, Scott, and Lohmann, J. Amer. Chem. Soc., 1953, 75, 136. 
? Dostrovsky and Halmann, /J., 1953, 502, 516. 
P2 
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This is not a general salt effect, because added sodium perchlorate had no influence on 
the rate. 

Test for Oxygen Exchange during Hydrolysis.—Phosphourethane was hydrolysed in 
18Q-enriched water. After being boiled at 100° for 15 min., the phosphoric acid was 


TABLE 5. Hydrolysis of phosphourethane in aqueous dioxan (1:1) at 36-7°. 


Buffer soln. pH of aq. pH of aq. No. of 

(aqueous part) part dioxan 10*k, (sec.-) runs 
HCl i re 1 1-3 0-25 2 
HCl SEER ncoscccceses 2 2-2 0-55 3 
KHP * SOEEE cccvescoece. 3-42 4:7 2-35 3 
+HCl 
KHP * WOES cecsricsccs: 4-02 5-2 1-82 2 
+ NaClO, O-lm_............ 
TE ‘tvceninevesnncrsiesnees 4-02 5 1-75 5 
BHP ®* + (O-1m) ............ 4-02 5-5 2-8 2 
NaCl 
BREE. siesenacnsasenseescecnss 4-7 71 2-35 3 
tie IEE sesessecsoscecesecese 
BR | cerecnsisbterstsecceeies 6-15 8-5 1-1 2 
) £4 
Sodium veronal * ............ 7:8 9-4 0-1 1 
de> Be bcbevetsenieestbebenateaese 
Na,B,O, + HCl _............ 8-13 9-3 0-08 1 


* KHP = potassium hydrogen phthalate mixtures with acid or base, according to W. M. Clark. 
Sodium veronal + HCl buffer solution according to L. Michaelis. 


neutralized with potassium hydroxide. Potassium dihydrogen phosphate was precipitated 
by addition of alcohol. Its %O content was determined by oxygen equilibration with 
carbon dioxide. The following results were obtained: 


Phosphourethane (mM) _ ............ 36 52 B, H,PO,~ (atoms % excess of 8O) 0-88 0:88 
A, Water (atoms % excess of #80) 3-53 3-55 BR artanedessieennetinieaeansinde 0-249 0-248 


Thus within experimental error just one of the four oxygen atoms of phosphoric acid 
was derived from the water, and no measurable oxygen exchange with the phosphoryl 
group of phosphourethane took place during hydrolysis. The extent of oxygen exchange 
of phosphate ions is negligible under the conditions of the hydrolytic experiments.® 

The hydrolyses of the monoanions of methyl* and phenyl ® dihydrogen phosphates 
have similarly been shown to occur without appreciable oxygen exchange between the 
phosphoryl group and the solvent. 

Effect of Deuterium.—The rate of solvolysis of phosphourethane in deuterium oxide 
was found to be equal to that in water. The following results were obtained at 37-0°: 


H,O D,O 
— —A~— re eres ———_————— — 
Solvent pH 10*k, (sec.—) pH 10*R, (sec.~) 
Potassium hydrogen phthalate ... 4-0 2-02 4 2-12 
Hydrogen chloride .............00005 1-05 0-75 0-79 0-71 
DISCUSSION 


The following mechanisms can be postulated to account for the kinetic features of the 
hydrolysis of phosphourethane. 
(a) One stage displacement (Sx2): 
CO,Et*NH:PO(OH)*O- + H,O —— CO,Et*NH~ + H;PO, 
(5) Reversible intermediate formation with quinquecovalent phosphorus: * 


Fast Slow 
CO,Et*NH*PO(OH), + H,O < > CO,Et*NH*P(OH), —— CO,Et’NH, + H;PO, 


® Winter and Briscoe, J., 1942, 631. 
® Stein and Koshland, Arch. Biochem. Biophys., 1952, 39, 229. 
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. (c) Unimolecular heterolysis: * 
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The experimental results enabled elimination of some of the proposed mechanisms. 

Mechanism (a), a one-stage nucleophilic displacement by water, cannot be excluded 
completely, but it seems unlikely because of the lack of effect of other nucleophilic reagents 
on the rate (Table 4). 

Mechanism (8), fast reversible addition of water to the phosphoryl group, seems excluded 
because of the absence of oxygen exchange during hydrolysis. A variant of mechanism 
(b) is slow reversible formation of the same intermediate, which breaks up rapidly to the 
products. This is experimentally indistinguishable from mechanism (a). 

Mechanism (c), with the first step reversible (analogous to the Syl reactions of alkyl 
halides), seems excluded by the observation that addition of urethane did not decrease 
the rate of hydrolysis of phosphourethane, nor was there any uptake of the nucleophilic 
reagents fluoride, di-n-butylamine or butane-1-thiol (Table 4). There was also no effect 
of such electrophilic reagents as silver or copper salts, which may have assisted a rate- 
determining liberation of the PO,~ group. This seems to disfavour an irreversible first 
step. The rates of hydrolysis in H,O and in D,O were equal. A rate-determining hydrogen 
transfer from oxygen to nitrogen would probably be subject to an appreciable isotope 
effect and can thus be excluded. 

Mechanism (d) involving a six-membered cyclic intermediate has been suggested to 
account for the kinetics of hydrolysis of monoalkyl phosphates.*-10 

This mechanism seems to account for the slight difference in rate of hydrolysis of the 
monoanion of phosphourethane in aqueous dioxan compared with that in water (Table 5). 
Thus, the transition state seems to be less polar than the initial state of the reactants.“ 
This is possible in formation of a cyclic intermediate, in which the negative charge would 
be distributed over several oxygen atoms. 


EXPERIMENTAL 


The preparation of urethane, and methods of following its hydrolytic decomposition have 
been described.! 

18Q-Enriched water was obtained from the fractionating plant of this Institute. Deuterium 
oxide (Norsk Hydro-elektrisk Kvaelstofaktieselskab, 99-6% D) buffer solutions were prepared 
by dissolving anhydrous potassium hydrogen phthalate (48 mg.) or concentrated hydrochloric 
acid (0-05 ml.) in 5 ml. samples of D,O. 

80 in orthophosphate ‘ and in water ?* was analysed by equilibration with carbon dioxide, 
and determination of the ratio bf masses 46 to 44, by use of a Consolidated Engineering Corpor- 
ation Model 21—401 mass-spectrometer. 

10 Butcher and Westheimer, J. Amer. Chem. Soc., 1955, '77, 2423. 


1 Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” Cornell Univ. Press, 1953, p. 346. 
 Halmann, J., 1959, 305. 
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Anilinium Hydrogen Phosphourethane.—Aniline (10 mmoles) was added to a solution of 
phosphourethane (2-1 mmoles) in dry ethanol (20 ml.). A white precipitate formed instantly; 
it was centrifuged off, washed several times with ethanol, and recrystallised from hot ethanol, 
The phosphourethane had m. p. 160—162° [Found: C, 41-6; H, 5-6; N, 10-7; P, 11-8%; equiy, 
potentiometrically with NaOH (infl. at pH 9), 256. C,jH,,0;N,P requires C, 41-2; H, 5-7: 
N, 10-7; P, 11-8%; equiv. 262]. 

Hydrolysis of Phosphourethane in the Presence of Various Reagents.—(a) Sodium fluoride, 
The concentration of fluoride ion was determined by titration with 0-01N-thorium nitrate with 
sodium alizarinsulphonate as indicator. No decrease in the fluoride titre occurred during 
hydrolysis. 

(b) Silver nitrate. The presence of silver nitrate interfered with the normal colorimetric 
phosphate determination. The silver ion was therefore precipitated by addition of a small 
excess of sodium chloride. In the filtrate phosphate could be assayed as usual. 

(c) n-Butane-1-thiol. At various intervals aliquot portions of the solution were titrated with 
a standard solution of iodine in potassium iodide. The titre of the thiol solution did not change 
during a time sufficient to cause complete hydrolysis of phosphourethane. No direct deter- 
mination of the rate of hydrolysis was carried out in the presence of the thiol. 

(d) Di-n-butylamine. After completion of hydrolysis the amine (initially 20 mm) was 
recovered from the reaction mixture by addition of sodium hydroxide and extraction with ether. 
Its concentration in ether was determined by titration with aqueous perchloric acid (Found: 
20 mm). 

(e) Lanthanum nitrate and cerium nitrate. Owing to formation of precipitates in solutions of 
phosphourethane at pH 4-0 (phthalate buffer) in the presence of these salts, the procedure for 
kinetic runs was modified by placing aliquot parts of the reaction mixtures in separate flasks 
which were kept in thermostats as usually. At pH 2, in the presence of cerium nitrate, the 
reaction mixture remained clear. 


The authors are indebted for discussions with Professor I. Dostrovsky, Dr. D. Samuel and 
Mr. B. Silver. This investigation was supported by a grant RG-5842 from the National 
Institutes of Health, Public Health Service, U.S.A. 


THE WEIZMANN INSTITUTE OF SCIENCE, 
REHOVOTH, ISRAEL. [Received, May 8th, 1959. 





81. Boron Hydride Derivatives. Part II.* The Separation and 
Identification of Some Ethylated Pentaboranes and Decaboranes. 
By N. J. Bray, J. Wititams, and R. L. WILLIAMs. 


The complex product obtained by reaction of ethylene with diborane has 
been shown by vapour-phase chromatography to contain, inter alia, two 
homologous series, namely, ethylpentaboranes-9 (from B;H,) and ethyl- 
decaboranes (from B,)H,,). Some members of the series have been isolated 
and characterized by their nuclear magnetic resonance spectra, infrared 
spectra, and retention volumes. 


DIBORANE and ethylene at ~100° have been found by Hurd! to produce triethylboron. 
However, it is well known ? that diborane, when heated, decomposes to give higher boron 
hydrides, and since triethyl boron is an ethylating agent for these compounds ? it might 
be expected that under suitable conditions diborane and ethylene would give ethyl 
derivatives of the higher boron hydrides. 
The product from the reaction 
BH, 
CyH, + B,H, —— Ethyldiboranes and triethylboron —— » Product 

heat 

has now been studied and shown to contain such compounds. 


* Part I, Figgis and R. L. Williams, Spectrochim. Acta, 1959, 331. 
1 Hurd, J. Amer. Chem. Soc., 1948, 70, 2053. 


2 Bell and Emeléus, Quart. Rev., 1948, 2, 132; Stone, ibid., 1955, 9, 174. 
* Schlesinger, Horvitz, and Burg, J. Amer. Chem. Soc., 1936, 58, 407. 
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tion of A vapour-phase chromatogram of the product on an Apiezon L column at 180° is shown 
a in Fig. 1, and relative retention volumes are given in Table 1. At this temperature, 
— fourteen peaks are observed. At lower temperatures, however, the peaks of smaller 
e Pe retention volume are found to be composite and six more peaks are resolved. If decaborane 
, Fic. 1. Vapour-phase chromatogram of pyrolysis—ethylation product of diborane. A, 185°; B, 148°; “ 
uoride. C, iv: 56°. 
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(B,oH,4) is added to the reaction product and the chromatogram repeated, it is found that 
peak 3 is considerably increased, thereby identifying this peak. 

959. ] The identity of some of the other peaks follows from a consideration of their retention 
volumes. James and Martin * showed that for normal and iso-alkanoic acids, a plot of 





and : : : : ; 
TABLE 1. Relative retention volumes (Vx) of ethylated boron hydrides with hydrogen 
' carrier on an Apiezon L stationary phase and C22 firebrick support. 
B,Hy_»Et, ByeH yg—nEte B,H,-,Et, Byetig—nE te 
Temp. n Ve n Ve Temp. n Ve n Ve 
185° ¢ 2 0-16 0 0-77 148° ¢ 2 0-16 0 0-78 
3 0-43 1 1-72 3 0-40 1 1-92 
4 0-91 2 3-38 4 0-94 2 4-42 
4 1-04 2 3°72 4 1-04 3 5-07 } 
5 2-13 2 3-98 5 2-38 3 8-96 ' 
3 6-27 3 10-00 
3 7-06 3 10-85 
boron. 3 7-78 100° 0 0-83 
4 11-72 1 3-47 
boron 4 13-07 2 12-41 
might 4 14-73 3 36-29 
1 3 40-29 
ethy 56 0 0-747 
1 4-05 
2 20-6 


* Vp naphthalene = 1. ° Vp n-hexane = 1. 


the logarithm of the retention volume against the number of carbon atoms yielded an - 
almost straight line, and the relation has since been extended to other classes of compound.® 
If this is now applied to our chromatogram two straight lines of similar slope are obtained, 


* James and Martin, Biochem. J., 1952, 50, 679. 
5 Ray, J. Appl. Chem., 1954, 4, 21. 
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as shown in Fig. 2. The two series are: peaks 3, 6, 8-9-10, 11-12-13, and 14: and 1, 2 
4-5, and 7, and at lower temperatures, } and e. 

Since peak 3 is identified as due to decaborane, the first series is that of the compounds 
ByH,y-nEt, (» = 0—4), the groups of peaks around each retention volume being 
due to substitution isomers. This was confirmed by separating most of the components by 
preparative vapour-phase chromatography. The substances were analysed in some 
cases, and their infrared spectra measured (see p. 428). 

The nature of the second series was indicated by the infrared spectra of the components, 
Under standard spectrometer conditions for the infrared spectra of ethyldecaboranes, 
the ratio, R (peak optical density for the 3-5 » alkyl band)/(peak optical density for the 4u 
BH band), could be fitted to the empirical equation R = (ny;/mg) + 0-8, where mg, and ng are 
the numbers of ethyl groups and B-H links in the molecule. When applied to the second 
series this relation afforded my;/nz 0-43, 1-0, 1-54, and 2-58 for peaks e, 1, 2, and 45 
respectively. These results in combination with an approximate carbon figure of 51-8% 
for peaks 4—5 are shown in Table 2, compared with the theoretical values for possible 
ethylated boron hydrides: best agreement is obtained with the pentaborane-9 series, 


TABLE 2. m/z for the second series of products. 
Et 
Homologous series based on: 
= A = 





Sa a sie te 

Peak Obs. B,H, B Hy B;H, B;H), 
e* 0-25 0-33 Et 0-20 Et 0-25 Et 0-33 Et, or 0-60 Et, 
1 0-8 1-00 Et, 0-50 Et, 0-67 Et, 0-60 Et, 1-00 Et, 
2 1-36 3-00 Et; 1-00 Et, 1-50 Et, 1-00 Et, 1-67 Et, 
4—5 2-40 o Et, 2-00 Et, 4-00 Et, 1-67 Et, 3-00 Et, 

C (%) in highest 

homologue...... 51-8 64-4 Et, 58-0 Et,. 54-8 Et, 58-5 Et, 61:7 Et, 


* Incorrectly labelled ¢ in Fig. I¢ 


Subsequently, it was observed that on distilling a small quantity of pure pentaborane-9 
into the pyrolysis product and then repeating the chromatogram peak b was considerably 
increased. This satisfactorily establishes the second series as ethylated pentaboranes, 
B;Hy »Et,, where » = 0—5, especially when taken in conjunction with the analyses in the 
Experimental section and the nuclear magnetic resonance spectra given below. 

Three components of the product, viz., peaks a, c, and d, remain unidentified. They 
form part of another homologous series, since their retention volumes are logarithmically 
related in the same way as the series discussed above. 

1B Nuclear Magnetic Resonance Spectra.—The ™B resonance spectra of pentaborane-9 
and decaborane have been measured and interpreted in terms of their structures * by 
Schaeffer, Shoolery, and Jones.’ For pentaborane, the boron atoms are arranged as a 
tetragonal pyramid and so can be divided into four boron atoms around the base of the 
pyramid and one at the apex. The spectrum consists of two doublets: one at low field, 
of intensity 4, due to the basal borons, and one at high field, of intensity 1, due to the apical 
boron. The splitting into doublets is due to interaction with the nuclear spin of the 
attached protons. When one of these is replaced by a nucleus having no spin the doublet 
collapses to a single peak of double the intensity.?® 

With triethylpentaborane, there are three possible isomers (I)—(III). 

The “B spectrum of isomer (I) should consist of a low-field triplet of relative strengths 
1, 6, 1 and a doublet of strengths 1, 1 on the higher-field side. The spectra of isomers 
(II) and (IIT) should be identical (to a first approximation), consisting of a low-field triplet 
of strengths 2, 4, 2 and a high-field single peak of strength 2. 

The presence of six peaks in the observed spectrum (Fig. 3) shows that all three isomers 
are present. It is possible to estimate the proportion of form (I) from the ratio of the 

® Lipscomb, J]. Chem. Phys., 1954, 22, 985. 


? Schaeffer, Shoolery, and Jones, J. Amer. Chem. Soc., 1957, 79, 4606. 
8 Figgis and R. L. Williams, Spectrochim. Acta, 1959, 331. 
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areas under the two highest-field peaks. The observed ratio is 1-043, from which it 
follows that form (I) constitutes about 50% of the mixture. 

Similar considerations apply to tetraethylpentaboranes (IV) and (V). Isomer (IV) 
should have a single peak at low field, and a high-field doublet of intensities 8, 1, 1, while 
form (V) should possess a low-field triplet and a high-field singlet of relative strengths 


Fic. 2. Plot of logy, (Retention volume) against number 
of ethyl groups. A, Series avon B, series 
B,;Hy-nEtn. The symbols O, @. V refer to isomeric 


forms. us 
Fic. 3. ™B nuclear magnetic resonance 
A 3 spectra of: A, B,H,Et,;; B, B,H,Et,; 
A : C, B,yH,,; D, BygH;,Et. 
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1, 6, 1, 2. The observed spectrum shows that both isomers are present (Fig. 3). The 
ratio of the highest-field peak to its neighbour is 0-33, from which it follows that about 
40°/, of the material is isomer (IV). 

Decaborane consists of two pentagonal pyramids of B atoms, sharing a common edge, 
and numbered ® as in (VI). The “B spectrum consists of a high-field doublet of strengths 
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2, 2, and a low-field triplet of strengths 2, 4, 2. Schaeffer et al.? showed that the doublet 
originated with the apical atoms 2, 4, and that the low-field triplet was the result of the 
accidental coincidence of two doublets. Williams and Shapiro subsequently showed 
that the lower-field doublet of this pair arose from atoms 1, 3:6, 9 and the higher field 
doublet from atoms 5, 7, 8, 10. 

The spectrum of ethyldecaborane is shown in Fig. 4. The high-field doublet has two 


* Shapiro, Lustig, and R. E. Williams, J. Amer. Chem. Soc., 1959, 81, 838. 
© R. E. Williams and Shapiro, J. Chem. Phys., 1958, 29, 677. 
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equal peaks, showing that within experimental error no substitution has taken place in the 
2,4-positions. With the low field triplet, however, only the lowest-field member is yn. 
changed relative to that of decaborane, the other two being lower in intensity and with 


Fic. 4. Infrared spectra of: A, CH;-C,H;; B, ByH,,;-C,H;; C, ByyH,;-H. Solutions in carbon 
tetrachloride, except for the region 825—725 cm. where carbon disulphide was used. 
































A 
8 
: 
a ee 1 |—, 
3000 2800 2600 /800 /600 1/400 1200 /000 800 


Freguency (em:") 


their resolution reduced by broadening. This shows that the doublet arising from atoms 
5, 7, 8, 10 has been affected and that the substance is therefore very largely (+-)-5-ethyl- 
decaborane. 


EXPERIMENTAL 


Methods.—Infrared spectra were measured with a Grubb—Parsons S3A double-beam spectro- 
meter fitted with a rock-salt prism. Solutions of the materials in carbon disulphide and in 
carbon tetrachloride were examined in 0-1 mm. thick cells. A few of the pentaboranes were 
spontaneously inflammable in air, and their solutions were prepared in vacuo but could there- 
after be handled safely in air. 

Nuclear magnetic resonance spectra were measured with a Varian Associates V4310C high- 
resolution spectrometer. ™B spectra were obtained at 12 Mc./sec. and proton spectra at 40 
Mc./sec., in the usual manner with a spinning sample. 

Specimens, separated on the preparative vapour-phase chromatographic column, were 
transferred to sample tubes of 0-3 cm. diameter and, where necessary, the depth of liquid was 
made up to 3 cm. by the addition of carbon disulphide. The tubes were then frozen, evacuated, 
and sealed. 

Vapour-phase chromatograms were measured with a Griffin and George Mark II apparatus, 
at a range of temperatures from 40—210°. The columns were 200 cm. long and 0-6 cm. in 
diameter and were packed with Apiezon L grease (20%) on Johns-Manville C22 firebrick (80%) 
of 72—85 B.S. mesh. Columns packed with silicone MS.550 and silicone high-vacuum grease 
gave similar results. Carefully dried hydrogen was used as carrier gas. 

In preparative work, a column 200 cm. x 1-5 cm. diameter, which accommodated about 
1 g. of material, was mounted in a electrically heated air-bath equipped with a circulating fan. 
A platinum-in-glass katharometer was used and the substances were condensed from the 
carrier gas in traps similar to those described by Whitham." 

Components from the pyrolysis-ethylation were separated and were examined by infrared 
spectroscopy. Some elemental analyses carried out by wet oxidation with Van Slyke com- 
bustion fluid gave satisfactory results for carbon, but boron values were always low because 
of the difficulty of working up the acid solution for boric acid. 

Summarised Results.—Decaborane series. Peak 3. The infrared spectrum of this component 





11 Whitham in Desty’s ‘‘ Vapour Phase Chromatography,” Butterworths, London, 1957, p. 197. 
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was identical with that of decaborane. The extinction coefficient of the red colour given with 
a 5% solution of quinoline in benzene was also the same as that found with decaborane.!* 

Peak 6. Two samples were isolated from different vapour-phase chromatographic 
preparations. Both were colourless liquids; they had identical infrared spectra. The 
extinction coefficients of the coloured reaction products with quinoline in benzene were also 
the same, indicating that reproducible separations were obtained by chromatography. The 
infrared spectrum (Fig. 4) is approximately the sum of that of decaborane and propane, the 
latter being roughly equivalent to a B-CH,°CH, unit. Analysis indicated a monoethyldecaborane 
(Found: C, 16-3; B, 68-7. C,H,*B,)H,3 requires C, 16-0; B, 72-0%). 

Peaks 8, 9, and 10. These peaks could not be separated completely in the column, but 
fractions were obtained which were predominantly peak 8 or peak 10. The former was a 
colourless liquid, while the latter was crystalline but mixed with some liquid. The infrared 
spectra of both fractions had alkyl bands at 3-5, 6-8, and 7-2 u, of the same intensity relative to 
the BH stretching band at 4; the general outlines of the rest of the spectra were also very 
similar, but differed in relative intensities of many peaks. Analysis of the first fraction gave 
B, 57-3%, and of the second fraction B, 56-9%. These values, in conjunction with the similar 
retention volumes and infrared spectra, indicate that the substances are isomers. Elemental 
analyses indicate diethyldecaboranes (Found, for combined fractions 8, 9, and 10: C, 26-8; 
B, 58-0. Calc. for CH, 9B,,.H,,: C, 26-9; B, 60-6%). 

Peaks 11, 12, and 13. Complete separation was not attained. The infrared spectrum was 
similar to that of the previous fractions but with relatively stronger bands due to alkyl vibrations 
at 3-5, 6-8, and 7-2 u. A sample recovered from solution after its spectrum had been measured 
was analysed (Found: C, 36-7; B, 46-6. Calc. for C,H,,B,)H,,: C, 34-9; B, 52-4%). 

Peak 14. Only a small quantity of this material was isolated (Found: C, 41-4. Calc. for 
CsHopBipHy: C, 41-0%). 

Pentaborane-9 series. Peake. Less than 1% of the substance was present in the original 
mixture, and only sufficient material was isolated to give a weak infrared spectrum, which was 
similar to that of pentaborane and apically substituted ethylpentaborane.* As with the latter, 
there were alkyl absorptions of the same intensity at 3-5, 6-8, and 7-2 yu and strong bands at 7, 
11-9, and 15-7 uw, but the spectrum between 7 and 11 yu contained many more relatively weak 
bands. The retention volumes in vapour-phase chromatography at 56° and 100° relative to 
n-hexane were 4-37 and 3-51; the corresponding values of apical ethylpentaborane are 3-72 and 
2:90. These results are consistent with the material’s being ethylpentaborane, with the ethyl 
group substituted in the base of the molecule. 

Peak 1. This was isolated only in a very small amount. Its infrared spectrum was similar 
to that of peaks 2 and 4, but with less intense alkyl absorptions at 3-5, 6-8, and 7-2 wu. 

Peaks 2and 4—5. The substances constitute about 3% and 5% respectively of the product. 
Only a partial separation of peaks 4 and 5 could be made, but peak 2 and the two fractions from 
4—5 showed similar infrared spectra except that the alkyl absorptions of peak 2 were less than 
those of either of the peaks 4—5 fractions. These had alkyl bands of approximately the same 
strength. Steam-distillation of the original pyrolysis—ethylation product yielded an oil whose 
chromatogram showed it to consist largely of peaks 4—5, with a small amount of peak 2. The 
carbon content is consistent with peaks 4—5 being isomers of B,H,Et, (Found: C, 51-8. Calc.: 
C, 54:8%), and peak 2 is therefore B,H,Et,. The results are supported by approximate boron 
analysis from direct combustion of peaks 2 and 4—5 of (B, 33-7 and 30-7%; required 36-7 and 
309% respectively). The ™B nuclear magnetic resonance spectra of the substances are 
consistent with their being pentaborane derivatives. 

Peak 7. This was inseparable from peak 6, ethyldecaborane. However, since the peak 
persists in the chromatogram of the steam-distillate mentioned above, even though the ethyl- 
decaborane has disappeared, it cannot be an isomeric ethyl decaborane. Its retention volume 
identifies it as pentaethylpentaborane. 


We thank Dr. B. N. Figgis for his co-operation in obtaining the nuclear magnetic resonance 
spectra, and Mr. J. V. Griffiths for analysing the samples. 


EXPLOSIVES RESEARCH AND DEVELOPMENT ESTABLISHMENT, 
MINISTRY OF SUPPLY, WALTHAM ABBEY, ESSEX. (Received, May 12th, 1959.) 
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82. Boron Hydride Derivatives. Part III.*  Electrophilic 
Substitution in Pentaborane and Decaborane. 


By N. J. Bray, I. Dunstan, and R. L. WILLIAMs. 


Friedel-Crafts ethylation of pentaborane-9 (B;H,) and decaborane (B,)H,,) 
has been studied and the structures of some of the products have been 
determined by nuclear magnetic resonance spectroscopy. Substitution 
takes place mainly at the apical position, where the charge density is highest. 


TuE structures of the simple boron hydrides have been described by Lipscomb,’ and their 
charge distribution has been predicted theoretically by Eberhardt, Crawford, and Lipscomb? 
In the case of pentaborane-9 (B;H,), which has a tetragonal pyramid of boron atoms, the 
apical boron carries a charge of —e, while the basal borons each possess + je charge (cf. I), 
Decaborane consists of two pentagonal pyramids sharing a common edge with the number- 
ing of atoms 3 as shown (cf. II); the predicted charge distribution is as in (III). 


10 5 +5 +5 
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4 9 6 0 0 
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Electrophilic substitution would be expected‘ to take place at the regions of high 
electron density, viz., the apical positions in both molecules, and this view has been con- 
firmed by structural determinations of the monobromo- and monoiodo-derivatives of 
pentaborane and decaborane by nuclear magnetic resonance spectroscopy ® and of di-iodo- 
decaborane by X-ray crystallography.® 

In the present investigation, the examination of substitution in boranes by electrophilic 
reagents has been extended to Friedel-Crafts ethylation of pentaborane and decaborane. 

Ethylpentaborane was obtained by reaction between pentaborane and ethylene in a 
sealed flask in the presence of aluminium chloride. As expected, substitution occurred at 
the apex of the molecule? and there was little evidence to suggest that the other mono- 
substituted isomer had been formed. 


Relative retention volumes of Friedel-Crafts ethyldecaboranes ByyHy4-nEt, with hydrogen carrier 
on an Apiezon L stationary phase with C22 firebrick support (185°) or Embacel support 
(167°) (Vx naphthalene = 1). 


n: 0 1 2 2 3 3 3 
Vr, at 185°: 0-77 1-58 2-86 3-38 5-56 6-76 7-33 
at 167°: 0-77 1-68 3-28 3-88 6-65 8-22 8-98 


The reaction between decaborane and ethyl bromide in the presence of aluminium 
chloride in boiling carbon disulphide gave mixtures of ethylated decaboranes, the degree of 
ethylation varying with the conditions. Vapour-phase chromatograms of these products 
invariably gave four or five well-spaced peaks, the first two of which were singlets and the 
remainder doublets. The retention volume of the first peak showed that it arose from 
decaborane and it was observed that log,, (Retention volume) of the peaks could be plotted 


* Part II, preceding paper. 

' Lipscomb, J. Chem. Phys., 1954, 22, 985. 

? Eberhardt, Crawford, and Lipscomb, ibid., 1954, 22, 989. 

% Shapiro, Lustig, and Williams, J]. Amer. Chem. Soc., 1959, 81, 838. 

* Lipscomb, J. Chim. phys., 1956, 58, 515. 

5 Schaeffer, Shoolery, and Jones, J. Amer. Chem. Soc., 1958, 80, 2670. 
® Schaeffer, ibid., 1957, 79, 2726. 

7 Figgis and Williams, Spectrochim. Acta, 1959, 331. 

















heir 
nb.? 
the 


ber- 


righ 
con- 
s of 
»do- 


hilic 


in a 
d at 
ono- 


rvier 
port 


‘ium 
2e of 
ucts 
| the 
rom 
tted 





(1960) Boron Hydride Derivatives. Part III. 431 


linearly against the integers, m = 0—3 (Fig. 1), indicating that a series of compounds 
BiHig-nEt, was present. This behaviour is similar to that of the polyethylated deca- 
boranes described in Part II. However, the retention volumes of the Friedel-Crafts 
products (see Table) are all slightly less than those of the corresponding compounds in the 
latter series, implying that substitution isomers are being produced. This was confirmed 
by an examination of the infrared spectra and the “B nuclear magnetic resonance spectra 
of ethyl- and the two diethyl-decaboranes isolated from the Friedel-Crafts product by 
chromatography on a preparative scale. 

The “B nuclear magnetic resonance spectrum of decaborane (Fig. 2) consists of a low- 
field triplet of relative intensities 2, 4, 2 and a high-field doublet of intensities 1,1. It has 
been shown ®® that the doublet arises from the apical 2,4-boron atoms while the triplet 
consists of two overlapping doublets, the lower-field component of which results from boron 
atoms 1, 3, 6, and 9 and the higher-field component from atoms 5, 7, 8, and 10. 

The corresponding spectrum of ethyldecaborane shows several changes relative to that 
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of decaborane. The high-field doublet, peaks 4b and 5, shows a reduction in intensity, 
compared with decaborane, coupled with the growth of a new peak, 4a, just on the low- 
field side of the doublet, which results from the collapse of the doublet on substitution of 
the hydrogen in positions 2and 4. If all the substituting ethyl groups had entered these 
positions, the ratio of peak 5 to the composite peak 4 would have been 1:3. However, 
the mean value from four spectra was 0-57, which corresponds to a concentration of at 
least 55°, of 2-ethyldecaborane in the mixture. 

The reduction in areas of peaks 1b and 2, together with the growth of a new peak la, 
on the low-field side of these peaks, shows that the remainder of the mixture is either 1- 
and/or 6-ethyldecaborane. There is no direct evidence as to which of these points has been 
substituted. However, the reaction of decaborane with acetonitrile at the 6,9-positions,” 
and the preferential deuteration of these points with deuterium oxide,® both imply that 
6,9-positions are the most electropositive in the molecule and would therefore be unlikely 
to be attacked by an electrophilic reagent. This view is in agreement with the suggestion 

* Schaeffer, Shoolery, and Jones, J. Amer. Chem. Soc., 1957, 79, 4606. 


* Williams and Shapiro, J. Chem. Phys., 1958, 29, 677. 
© Reddy and Lipscomb, J. Amer. Chem. Soc., 1959, 81, 754. 
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by Williams and Shapiro ® that the charge distribution calculated by Eberhardt et al.2 for 
positions 1, 5, and 6 in decaborane is in error. It therefore appears probable that the 
second isomer of ethyldecaborane is the l-ethyl form. 

Since the 2,4-positions and to a smaller extent the 1,3-positions are the most reactive, 
further ethylation of the mixture of 2- and 1-ethyldecaboranes would be expected to yield 
2,4- and 1,2-diethyldecaborane. This is confirmed by the “B nuclear magnetic resonance 
spectra for the two peaks corresponding to diethyldecaborane in the vapour-phase 
chromatogram. 

In the spectrum of the first isomer of diethyldecaborane emerging from the column the 
high-field doublet has collapsed to a single peak of double the intensity, while the low-field 
triplet is largely unaltered from that of decaborane. Both ethyl groups are therefore in 
the apical 2,4-positions. 

In the spectrum of the second diethyldecaborane isomer, there has been only a partial 
collapse of the high-field doublet, the area of peak 4a,b to peak 5 being 2:8, in satisfactory 
agreement with the required value of 3 for one apical ethyl group. The reduction in height 
of peak 2 and the partial replacement of peak 1b by a new one at la show that the second 
group is in the 1-position and that the substance is the 1,2-diethyl compound. 

The relative areas of the two diethyldecaborane peaks on the chromatogram show that 
about 40% of the diethyldecaborane is the 2,4-isomer, the remainder being the 1,2- 
isomer. This mixture corresponds to ethylation of 70% of all apical positions and proves 
that this is the chief point of attack in Friedel-Crafts ethylation. 


EXPERIMENTAL 


Ethylpentaborane.—Finely powdered aluminium chloride (0-93 g., 0-00697 mole) was placed 
in a 150 c.c. seal-off reaction flask and this was attached to a vacuum-line and evacuated. 
Pentaborane (0-44 g., 0-00698 mole, measured as gas) and ethylene (600 c.c. at N.T.P.; 
0-0268 mole) were distilled into the flask, which was then sealed off. After the mixture had 
been heated at 60° for 5 hr. the vessel was cooled in liquid nitrogen and opened on the line. A 
small amount of permanent gas was removed by pumping; the mixture was then held at 
— 78-5° while unchanged ethylene (15-8 c.c. at N.T.P.) was distilled into a trap cooled in liquid 
nitrogen. The reaction flask was allowed to warm to room temperature and the product, a 
colourless liquid (0-6 c.c.), was collected by distillation into a trap cooled in liquid nitrogen. 

The product, which was spontaneously inflammable in air, was shown by vapour-phase 
chromatography to consist of pentaborane (57%) and ethylpentaborane (43%). A sample of 
ethylpentaborane (Found: B, 58-5; C, 26-4; H, 13-3. Calc. for C,H;B;H,: B, 59-3; C, 26-3; 
H, 14-4%) obtained by preparative-scale vapour-phase chromatography had a vapour pressure 
of 29 mm. at 19-5°, b. p. 104°, and m. p. —85°. The infrared and nuclear magnetic resonance 
spectra have already been discussed.’ 

Ethylation of Decaborane.—Decaborane (4:14 g., 0-0339 mole) was dissolved in carbon 
disulphide (50 c.c.) in a 3-necked 250 c.c. round-bottomed flask fitted with mercury-sealed stirrer, 
gas inlet and reflux condenser. A slightly positive pressure of hydrogen chloride gas was 
maintained in the apparatus throughout the experiment. Powdered aluminium chloride 
(4-53 g., 0-0339 mole) and ethyl bromide (1-68 c.c., 0-022 mole) were added and the mixture was 
heated under reflux for 5 hr. Further ethyl bromide (1-68 c.c., 0-022 mole) was added and 
heating continued for a further 8 hr. The mixture was filtered and the solution evaporated, to 
yield a mixture of ethylated decaboranes as a red liquid (4-64 g.), and unchanged decaborane 
as a yellow solid (0-36 g., 8-7%). The crude product, distilled in a molecular still 
(150°/10°* mm.), gave fractions F, (0-96 g.) and F, (1-93 g.) which were shown by vapour-phase 
chromatography to have the composition: F,, decaborane 0-4, ethyldecaborane 32-8, diethyl- 
decaborane 49-5, triethyldecaborane 17-4. (Found: B, 62-4; C, 24-0. Calc. for this mixture: 
B, 63-1; C, 24-7%); F,, decaborane 10-9, ethyldecaborane 38-0, diethyldecaborane 36:3, 
triethyldecaborane 7:5% (Found: B, 65-0; C, 21-2. Calc. for this mixture : B, 66-7; C, 21-1%). 

Separation by preparative-scale vapour-phase chromatography gave ethyldecaborane as a 
colourless liquid, vapour pressure <1 mm. at 25°; when the b. p. was determined by 
Siwoloboff’s method the sample began to darken at 175° and decomposed rapidly at 217°. It 
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melted at —25° (Found: B, 70-9; C, 15-7. C,H,B,)H,,; requires B, 72-0; C, 16-0%). The 
infrared spectrum was consistent with that expected for an ethyldecaborane. 

A fraction corresponding to the combined diethyldecaborane peaks was similarly obtained 
as a colourless viscous liquid (Found: B, 59-4; C, 26-0. C,H 9B, oH,, requires B, 60-0; C, 
26.9%). The infrared spectrum was similar to that of ethyldecaborane, but with relatively 
more intense alkyl absorptions in the regions 3, 6-8, and 7-2 p. 

Analytical vapour-phase chromatograms were measured with a Griffin and George Mark II 
apparatus, at a range of temperatures around 170°. Columns, 2 m. long and 0-6 cm. in diameter, 
were packed with Apiezon L grease (20%) on Embacel (80%). Carefully dried hydrogen was 
used as carrier. The preparative chromatographic apparatus is described in Part II. For 
diethyldecaborane, though there were two peaks on the analytical chromatogram, only one 
broad one was observed with the preparative column. However, it was possible to resolve this 
peak by dividing it into three fractions. When the first and last fraction were examined on the 
analytical column they corresponded respectively to the first and the second peak of diethyl- 
decaborane in the reaction product. The preparative process was then repeated with 
the middle fraction until sufficient material was obtained for nuclear magnetic resonance 
examination. 

Nuclear magnetic resonance spectra were measured with a Varian Associates V.4310C high- 
resolution spectrometer. The ™B spectra were obtained at 12 Mc./sec. Specimens from the 
chromatographic column were sealed in vacuo in tubes of 0-3 cm. diameter. 

Infrared spectra were measured in carbon disulphide and carbon tetrachloride solutions with 
a Grubb-Parsons GS2 double-beam grating spectrometer. 


We thank Dr. B. N. Figgis for his co-operation in obtaining the nuclear magnetic resonance 
spectra and Mr. J. V. Griffiths for analysing the samples. 


EXPLOSIVES RESEARCH AND DEVELOPMENT ESTABLISHMENT, 
MINISTRY OF SUPPLY, WALTHAM ABBEY, ESSEX. [Received, August 15th, 1959.) 





83. The Synthesis of Two Dinaphthothiophens. 
By W. L. F. ARMAREGO. 


Dinaphtho-[1,2-b:2’,1’-d]- ‘and  -[1,2-b:2’,3’-d]-thiophen have been 
synthesised. The former was shown to be different from a sulphur com- 
pound isolated by Henriques.* 


TREATING di-(2-hydroxy-l-naphthyl) sulphide (I) withsulphuric acid, Henriques ! isolated 
an oxygen-free substance giving analyses for a dinaphthothiophen. Smiles e¢ al. found 
that it was obtained in low yield and only from the unstable form of the sulphide (I). 
Although structure (II) was claimed, the mechanism of the formation of such a compound 
is not clear (cf. Hartough and Meisel *), and we have therefore undertaken its synthesis. 

The first attempt involved reaction of 2,2’-binaphthyl with sulphur in the presence of 
anhydrous aluminium chloride according to Gilman and Jacoby’s method.‘ Some reaction 
occurred, as hydrogen sulphide was liberated, but no organic sulphur compound could be 
isolated. 

The second attempt was along lines similar to those developed by Armarego and 
Turner * for the synthesis of dibenzothiophens. Tobias 5 acid was converted into potassium 
2-iodonaphthalene-1l-sulphonate by Cummings and Muir’s method.® Conversion into the 
sulphonyl chloride required long heating, probably because of steric hindrance. The 
chloride gave the ester (III) which with copper bronze at 170—175° produced the biphenyl] 

1 Henriques, Ber., 1894, 27, 2993. 

* Smiles, Ross, and Crymble, J., 1912, 101, 1146. 

* Hartough and Meisel, ‘‘ Compounds with Condensed Thiophen Rings,’’ Interscience Publ. Inc., 
New York, 1954, p. 349. 

* Gilman and Jacoby, J. Org. Chem., 1938, 3, 108. 


’ Armarego and Turner, J., 1956, 1665; 1957, 13. 
* Cummings and Muir, J. Roy. Tech. Coll. (Glasgow), 1936, 3, 562. 
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derivative (IV) in excellent yield. Hydrolysis of this by sodium butoxide in butan-]-9] 
required 4 hr. and gave only a 31% yield of the disodium sulphonate (contrast refs, 
5 and 7). The resulting salt with phosphorus pentachloride gave the 2,2’-disulphony| 
dichloride which, when reduced with hydriodic acid in boiling glacial acetic acid, gave 
the dinaphthodithiin (V) in 96% yield. This disulphide was converted by copper bronze 
at 260—280° into dinaphtho[1,2-b:2’,1’-d]thiophen (II), which differed from the compound 
described by Henriques. 


C > 
BiG ~ Z 

t 
Qe my ~ Gy 


(V1) Oo. (VIN, (VIII) 








A priori it was possible that the last step could give the isomer (VIII) though this is 
unlikely because such skeletal rearrangement was not found in earlier work and because 
cyclisation to (VIII) would involve ring closure on to a less reactive (8) position of a 
naphthalene nucleus. Nevertheless the doubt was resolved by synthesis. 

The starting material was benzo[g]thionaphthen (VI) which was prepared essentially 
as described by Davies et al.8 Although the overall yield was very poor, this was found 
to be the best method available. This compound was converted by phthalic anhydride 
and anhydrous aluminium chloride in nitrobenzene into mixed acids which with poly- 
phosphoric acid at 100° gave the quinone (VII) in 15% overall yield. The quinone was 
not reduced by zinc dust and ammonia, but Clar’s method ® afforded dinaphtho- 
[1,2-6:2’,3’-d]thiophen (VIII) in 11% yield. The structure of this product was confirmed by 
desulphurisation with Raney nickel to 2,2’-binaphthyl. The compounds (II) and (VIII) 
gave a depression in a mixed m. p. determination and their ultraviolet spectra were 
different. This also confirms the structure of compound (II). The nature of the product 
isolated by Henriques will be investigated further. 


EXPERIMENTAL 


2-Iodonaphthalene-1-sulphonyl Chloride (cf. Cummings and Muir *).—Sodium 2-iodonaphth- 
alene-l-sulphonate (15 g., 1 mol.; dried at 150° for 2 hr.) was ground with phosphorus penta- 
chloride (8-8 g., 1 mol.), and phosphoryl chloride (5 ml.) added to start the reaction, which was 
complete on a boiling-water bath in 1 hr. The mixture was poured into water at 0°, and the 
solid filtered off and dried (KOH). It crystallised from light petroleum (b. p. 60—80°) in 
needles, m. p. 109—110° (14 g., 93%) (Cummings and Muir gave m. p. 109-5°). 

Phenyl 2-Iodonaphthalene-1-sulphonate.—The preceding chloride (9-0 g., 1 mol.) was heated 
with phenol (2-6 g., 1-1 mol.) in pyridine (10 ml.) in a boiling-water bath for l hr. The solution 
was poured into cold water, and the ester was isolated, dried, and crystallised from methanol 

7 Armarego and Turner, J., 1956, 3668. 

® Davies, Banfield, Ennis, Middleton, and Porter, J., 1956, 2603. 

* Clar, “‘ Aromatische Kohlenwasserstoffe,’’ Springer, Berlin, 1952, p. 107. 
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as prisms, m. p. 78—79° (8-4 g., 80%) (Found: C, 46-5; H, 3-0. (C,,H,,O,IS requires C, 46-8; 

2-79 a ° 
- och 2,2’-Binaphthyl-1,1’-disulphonate-—The above phenyl ester (10-4 g.) was heated 
with copper bronze (10 g.) at 170—175° (temperature of bath not above 220°). When the 
reaction subsided the mixture was kept in the bath at 210° for 15 min. and then extracted with 
poiling chlorobenzene. The extract was filtered, concentrated, and cooled. The ester that 
crystallised recrystallised from large volumes of butan-l-ol or acetic acid as rhombs, m. p. 
210—211° (6-6 g., 95%) [Found: C, 67-85; H, 41; S, 115%; M (Rast), 651. C,,H,,0,S, 
requires C, 67-8; H, 3-9; S, 11-3%; M, 567]. 

Disodium 2,2’-Binaphthyl-1,1’-disulphonate.—The binaphthy] ester (6-6 g., 1 mol.) was treated 
in boiling butan-1-ol (600 ml.) with a solution from sodium (2-14 g., 8 atom-equiv.) in butan-1-ol 
(50 ml.). The mixture was boiled under reflux for 4 hr., then concentrated in vacuo, poured 
into water (100 ml.), acidified to pH 2, and extracted with ether. The aqueous solution was 
neutralised, boiled with charcoal, filtered, concentrated, and cooled. The disodium salt 
separated as an oil, so the solution was evaporated in vacuo at 100°. The sulphonate was 
extracted from the residue with boiling ethanol and recovered as very hygroscopic plates 
(1-8 g., 31%) which were stored in vacuo after drying at 120° for } hr. 

2,2’-Binaphthyl-1,1’-disulphonyl Dichloride.—The disodium salt (1-4 g., 1 mol.) was heated 
with an equal weight of phosphorus pentachloride in a boiling-water bath for lhr. The product, 
isolated in the usual manner, was dried (KOH) and crystallised from glacial acetic containing 
4% of acetic anhydride in prisms; m. p. 236—237° (decomp.) (900 mg., 65%) (Found: C, 53-6; 
H, 3-0; S, 14:4. Cy9H,,0,S,Cl, requires C, 53-2; H, 2-7; S, 14-2%). 

Dinaphtho{1,2-c:2’,1’-e]-[1,2]-dithiin.—The preceding chloride (431 mg.) in boiling glacial 
acetic acid (30 ml.) was treated with 55% w/w hydriodic acid (20 ml.). After a few minutes the 
dithiin started to separate but the mixture was left overnight at room temperature. It was 
poured into water and decolorised with sulphur dioxide, and the dithiin was filtered off, dried, 
and crystallised from acetic acid, forming yellow needles, m. p. 195-5—196° (292 mg., 96%) 
(Found: C, 76-2; H, 3-8. C,9H,.S, requires C, 75-9; H, 38%). It did not dissolve in alkali 
and was unaffected by mild oxidants. 

Dinaphtho{1,2-b:2’,1’-d]thiophen.—The dithiin (200 mg.) was heated with copper bronze 
(400 mg.) at 260—280°. After 15 min. unchanged disulphide started to sublime. Heating was 
continued and 30 min. later a white solid sublimed. Sublimation was complete after 14 hours’ 
heating. The product (I1) (90 mg., 50%) crystallised from benzene or benzene-light petroleum 
(b. p. 60—80°) in plates, m. p. 255—-256°. With concentrated sulphuric acid it charred and did 
not give the blue-green solution indicated by Henriques ! (Henriques gave m. p. 146—147°), 
Hina. 254 my (log ¢ 46), Amax, 262, 274-5, 284-5 my (log e 4-8, 4-7, 4-7 in 95% EtOH containing 
0-1% of CHCl,) [Found: C, 84-5; H, 4:35; S, 11-4%; M (Rast), 285. C.9H,.S requires 
C, 84-4; H, 4-3; S, 11-3%; M, 284], which was homogeneous in chromatography on alumina 
in benzene-light petroleum. 

Dinaphtho{\,2-b:2’,3’-d]thiophen-7,12-quinone (VII).—Benzo[g]thionaphthen (VI) (2-15 g., 
1 mol.) and phthalic anhydride (1-73 g., 1 mol.) in nitrobenzene (50 ml., redistilled) were 
treated with powdered anhydrous aluminium chloride (3-56 g., 2-3 mol.) and kept for 3 days 
at room temperature, then mixed with 5n-hydrochloric acid (50 ml.) and distilled in steam. 
The residue was dissolved in saturated sodium carbonate solution, boiled for 5 min. (charcoal), 
filtered, and acidified. The solid (2-9 g.) that separated was filtered off and dried. 

The crude acids were heated with polyphosphoric acid (50 ml.; 82—84% of P,O,) in a 
boiling-water bath with constant shaking for 3 hr., then poured into cold water, and the solid 
that separated was filtered off. This was then boiled for 5 min. with ammonia (100 ml.; 
d 0-880) and the mixture filtered. The residue was dried and sublimed at 250—300°/0-4 mm. 
The orange-yellow sublimate of quinone crystallised from a large volume of acetic acid in orange 
needles, m. p. 299—300° (rapid heating) (540 mg., 15%) (Found: C, 76-3; H, 3-3; S, 10-2. 
C.9H,,0,S requires C, 76-4; H, 3-2; S, 10-2%). 

Dinaphtho[1,2-b:2’,3’-d]thiophen (VIII).—The quinone (VII) (100 mg.) was ground with 
zinc dust (1-0 g.), sodium cHloride (1-0 g.), and anhydrous zinc chloride (5-0 g.) and kept in the 
air for 5 min. to absorb a small quantity of water, then was placed in a metal-bath at 180°, 
the temperature being gradually raised to 320°. After 30 sec. at 320° the mixture was allowed 
to cool to room temperature (longer heating decreased the yield), suspended in excess of 5N- 
hydrochloric acid (to dissolve the inorganic material) and filtered. After drying, the 
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residue was dissolved in chloroform, and the mixture was filtered, concentrated to a small 
volume, placed in an alumina column (6” x 4”; B.D.H. grade), and eluted with benzene-light 
petroleum (b. p. 40—60°). The proportion of benzene was increased until the band which had 
a white fluorescence in ultraviolet light was completely removed. The fluorescent eluates were 
combined, boiled with charcoal, filtered, concentrated to ca. 3 ml., and cooled. The produgs 
crystallised in flakes (10 mg., 11%), m. p. 316—317° [mixed m. p. with (II) was 222—235%), 
Aina, 252 my (log ¢ 4-4), Amax. 262, 269-7, 279-8 my (log ¢ 4-7, 4-7, 4-9 in 95% EtOH containing 
0-1% of CHCl,). This was sublimed at 250°/0-7 mm., crystallised from ethanol and then 
benzene, and shown to be chromatographically pure as in the previous case. (Found: C, 84-5; 
H, 4:8; S, 113%). Boiling this product in xylene with an excess of Raney nickel for 5 hr, 
gave 2,2’-binaphthyl. 


The author thanks Professor W. Davies for helpful discussions and the Central Research 
Laboratories (I.C.I.A.N.Z., Melbourne) for the use of their Perkin-Elmer ‘ Spectracord.” 
Microanalyses were carried out by Dr. K. W. Zimmermann and his staff. 
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84. Nuclear Resonance Spectra of the Polymorphic Forms of 
Glycerides. 


By D. CHApMAN, R. E. RicHarps, and R. W. YorKE. 


Nuclear resonance spectra have been obtained at temperatures between 
20° k and room temperature for a number of fatty acid glycerides in various 
crystalline modifications. The spectra are discussed in terms of the different 
types of molecular motion which occur in the various crystalline modifications 
at room temperature. The method proves to be complementary to infrared 
spectroscopy. The a,- can be very readily distinguished from the 6,- and B,’- 
forms, and in some cases, where there is a double bond in one of the chains or 
a significant difference in chain length, all three forms can be classified easily. 


Many long-chain compounds show polymorphism, 1.e., exist in more than one crystalline 
form. The glycerides of the long-chain fatty acids may assume as many as three or four 
modifications and it is sometimes important in the analysis of natural oils and fats to be 
able to determine the polymorphic forms of glyceride present. 

The crystalline modifications have been studied extensively by X-ray } and by infrared 
spectroscopy; ? the latter is particularly convenient for detecting orthorhombic packing 
of the hydrocarbon chains but is not so good for distinguishing between triclinic and 
hexagonal packing. 

The hydrogen resonance spectra of a number of glycerides have now shown that the 
degree of molecular motion in the crystals at room temperature varies with the crystalline 
modification. These spectra therefore give further insight into the structures of these 
crystals and provide a method of distinguishing between them. 


EXPERIMENTAL 


The nuclear magnetic resonance spectra of the polymorphic modifications at the various 
temperatures were obtained with the apparatus which has been described by Richards and 
Smith, and by Pratt and Richards. 

The glycerides were very kindly supplied by Dr. D. Chapman of Unilever Limited. They 
were all in the stable polymorphic forms obtained by recrystallization from solvents. 

Tristearin and Tripalmitin——The compounds were received in the ®,-modifications. The 


1 Lutton, J. Amer. Oil Chemists’ Soc., 1950, 27, 276. 

* Chapman, J., 1957, 4489. 

* Richards and Smith, Trans. Faraday Soc., 1951, 47, 1261; Pratt and Richards, ibid., 1953, 49, 
744. 
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a-forms were prepared by quenching the melted samples in ice-water. The (,’-form of tri- 
stearin was obtained by melting the sample and allowing it to cool very slowly and to crystallize 
in a bath at 61°, i.e., several degrees above the m. p. of the a-form (545°). The sample was 
kept at this temperature for 30 min. 

The 8;’-form of tripalmitin was obtained in a similar way by cooling the melted sample very 
slowly and placing it to crystallize in a bath at 52° for 0-5 hr. Nuclear resonance measurements 
on the samples were carried out at the temperatures indicated in Tables 1 and 2. 


Compound 
Tristearin 


Tripalmitin 
1,2-Distearin 


1,2-Dipalmitin 
1,3-Distearin 

1,3-Dipalmitin 
1-Monostearin 


1-Monomyristin 
2-Monopalmitin 
1-Stearodimyristin ... 
1-Oleodistearin 
1-Oleodipalmitin 


2-Oleodistearin 
1-Mono-olein 


Triolein 


Compound 
Tristearin 


Tripalmitin 
1,2-Distearin 


-Dipalmitin 
ERM cccsceccs 
Dipalmitin 
fonostearin 


1,2 
1,3- 
1,3- 
1-N 
1-Monomyristin 


2-Monopalmitin 


1-Stearodimyristin ... 


1-Oleodistearin 


1-Oleodipalmitin 


2-Oleodistearin 
1-Mono-olein 


Triolein 
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Line widths. 


a Sub-p 
6-8 + O-1 


13-1 + 0-2 
40+ 0-1 

12-6 + 0-4 
4:3 + 0-2 


6-5 + 0-2 
0-8 
10-5 + 0:3 
14:0 + 0-6 
0-8 
14-4 + 0-2 
0-8/4-2 + 0-2 


9-4 + 0:8 


Second moments. 


a Sub-« 
11-1 +03 


Sub-f 


20-0 + 1:3 


19-8 + 1-4 
p ae 


0 
0-4 
1) 


0-6 (<1) 
0-5/6-6 + 0-6 16-1 + 0-5 


13-7 + 1-2 


Temp. (K) 
293° 
90 
20 
293 
293 
90 
293 
293 
293 
293 
323 
293 
303 
293 
293 
293 
195 
90 
293 
90 
293 
293 
273 
273 


Temp. (K) 
293° 
90 
20 
293 
293 
90 
293 
293 
293 
293 
323 
293 
303 
293 
293 
293 
195 
90 
293 
90 
293 
293 
273 
273 


1,2-Distearin and 1,2-Dipalmitin.—Samples of these compounds were received in the 


8,’-forms. 


them to crystallize at room temperature. 
1,3-Distearin and 1,3-Dipalmitin—The ®y’-forms were prepared from the $y-forms by 
melting the samples and allowing them to cool slowly to room temperature. 


The lower-melting a ,-forms were obtained by melting the samples and allowing 
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1-Monostearin and 1-Monomyristin.—The sub-a,-forms were prepared by melting the 
8,-forms and allowing them to crystallize at room temperature. The sub-ay-form of 1-mono. 
stearin changes reversibly into the a,-form at 47°. The nuclear resonance spectrum of the 
«form was therefore obtained at 50°. Similarly the transformation between the a,- and the 
sub-a,-form of l-monomyristin occurs at 24°. To obtain the pure «,-form it was necessary 
to melt the glyceride and cool it to 30°, at which the nuclear magnetic resonance spectra were 
measured. 

2-Monopalmitin.—This compound only occurs in the 8;-form. The crystals were melted, 
the melt was allowed to crystallize at room temperature, and the measurements were repeated, 

1-Stearodimyristin.—The a-form was obtained by quenching the molten B,-form in ice. 
water. The §,’-form was prepared by keeping the a,-form at 36° for about 10 min. The 
S,-form was also regenerated from the melted crystals by maintaining the a,-form at 47° 
for 10 min. 

1-Oleodistearin and 1-Oleodipalmitin.—The a ,-forms of these compounds were prepared by 
melting the §,;,’-forms and quenching them in ice-water. Preparation of the sub-a,-form of 
1-oleodistearin was attempted as it probably undergoes transformation at 0° from the sub-a;- 
into the a,-form. The $;’-form was melted and placed in the sample coil, and the screening 
can was quickly soldered into position. The assembly was plunged into acetone cooled with 
solid carbon dioxide in a Dewar vessel at —12°. Runs were carried out at —10°. The 
experiment was repeated at —20°. The sample was then allowed to warm to 0° and runs were 
carried out at this temperature. Measurements were also made on both the 8,’- and the 
ay-form of l-oleodistearin at —78°. 

2-Oleodistearin.—The molten {;-form of this compound was quenched in ice-water. Nuclear 
resonance measurements were then made at room temperature. This heat treatment would be 
expected to give a mixture of the a,- and the sub-8;-form. The sample was crystallized at 0° 
by placing the melted sample in the coil, quickly soldering the screening can into position, and 
plunging the assembly into a Dewar vessel containing ice-water. Measurements were then 
made at this temperature. The sample was melted and allowed to crystallize at about 30°. 
The spectra were quickly measured at room temperature. Finally, the sample was melted and 
then allowed to cool very slowly to room temperature over a period of one week. The spectra 
were then measured again at room temperature. 

1-Mono-olein.—The modification obtained by recrystallization from a solvent is believed 
to be the 8;-form. This was melted, and then quenched in ice-water, and measurements were 
obtained at room temperature. Under these conditions the {;,’-form should be present. Finally 
the preparation of the «,-form was attempted by crystallizing the sample at 0° and making the 
measurements at this temperature. 

Triolein.—This substance is liquid at room temperature. It was cooled in solid carbon 
dioxide—acetone, soldered into the sample holder, and allowed to come to equilibrium at 0° 
for the nuclear resonance measurements. According to Ferguson and Lutton ‘ the 8;,-form 
should be present at 0°. 


RESULTS 


The line widths and second moments of the nuclear magnetic resonance recordings given 
by the different polymorphic forms of the glycerides at various temperatures are summarised 
in Tables 1 and 2. The values are placed in the various columns according to the type of 
polymorphic form in which the glyceride is believed to be present from recent X-ray and infrared 
investigations (see below). Each value is the mean of six separate determinations and the 
standard deviations are included in the Tables. 

Some of the recordings have very interesting shapes. Many of the glycerides studied gave 
a line shape similar to that in Fig. 1. This occurred at room temperature as well as at the 
lower temperatures. The line shape from the §,’-form of 1-stearodimyristin is illustrated 
in Fig. 2. 

At room temperature the «,-form of 1l-oleodistearin gave a very narrow line, and repeated 
conversion among the various modifications and back to the «,-form always gave identical 
results. A slow conversion into the $,’-form was indicated by the appearance of a broader line 
of second moment 14-9 gauss*. The overall line shape is illustrated in Fig. 3. Over a period 


* Ferguson and Lutton, J. Amer. Chem. Soc., 1947, 69, 1445. 
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of a week this broad section became somewhat greater in area. No alteration in the line width 
of the «y-line was noticed in this time. 

When 2-oleodistearin was melted and then quenched in ice-water and measurements were 
made quickly at room temperature, a narrow line of the shape shown in Fig. 4 and with a second 
moment of 6-6 gauss* was obtained. After 10—15 min. the line shape had changed to that 
in Fig. 5 where the broad section had a second moment of 16-1 gauss* and the narrow section a 
second moment of less than 1 gauss*. These observations could be repeated without difficulty. 
Such treatment would be expected to give a mixture of the ay- and the sub-8;-form of 2-oleo- 
distearin. Similar phenomena were obtained when molten 2-oleodistearin was cooled to 0° 
and runs were carried out at this temperature. The final line shape was identical with that at 


Fie. 1. Fic. 2. 
Fic. 3. 
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Derivative of hydrogen resonance of 
(Fic. 1) tristearin in B-form, (Fic. 2) 
l-stearodimyristin in B’-form, (Fic. 
3) l-oleodistearin, mixture of a- and 
B’-forms, (Fics. 4 and 5) 2-oleo- 
distearin (see text). 














room temperature. When the melted sample was allowed to crystallize at about 30° and runs 
were quickly carried out at room temperature, the final line shape was obtained immediately, 
with apparently no sign of the line shown in Fig. 4. Finally the line shape of Fig. 5 was obtained 
when the melted sample was allowed to cool very slowly to room temperature during one week. 


DISCUSSION 


In all our compounds, long hydrocarbon chains constitute the major part of the 
molecule. The packing of the chains has been shown by X-ray! and infrared spectro- 
scopic methods 2 to be similar to that which occurs with long-chain hydrocarbons with 
orthorhombic, triclinic, or hexagonal sub-cells. 

The second moment of the proton resonance at low temperatures can be estimated in 
much the same way as for the pure hydrocarbons. For an infinite chain of rigid CH, 
groups the total second moment would be about 27 gauss?, but the contribution of terminal 
methyl groups is usually less than this because of rotational motion even at the lowest 
temperatures.6 The CH group of the glycerol also makes a rather smaller contribution 
and so, although an exact estimate of the expected second moment of a glyceride cannot 
easily be made, its hydrogen resonance is likely to have a low-temperature value of about 
25 gauss*. The intermolectlar contributions in the orthorhombic and the triclinic forms 
are not significantly different. The line shape is expected to be structureless, but the 
small second-moment contribution of the methyl groups and of the CH group of the 


* Andrew, J. Chem. Phys., 1950, 18, 607. 
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glycerol residue may cause the absorption curve to have a weak but narrow component. 
This is observed in many cases and an example is shown in Fig. 1. 

At higher temperatures the hydrocarbon chains are expected to undergo hindered 
reorientational motion about the chain axis,® and when this motion is rapid enough the 
resulting second moment is reduced. This motion occurs with the long-chain hydro. 
carbons in the hexagonal forms, and the reduced intramolecular contribution to the 
second moment is 6-8—11-6/( + 1) for the hydrocarbon C,He,,2.5 If this formula js 
applied to a glyceride such as 1,2-distearin (n = 18), the intramolecular contribution to 
the second moment is found to be 6-2 gauss?. For a hydrocarbon the intermolecular 
broadening ° is about 2-6 gauss? and this would give a total of 8-8 gauss. 

If, instead of undergoing hindered reorientation, the chains oscillate about the chain 
axis, a reduction of the second moment is also expected. The greater the amplitude of 
oscillation the greater the reduction of second moment § and, for example, if the oscillation 
amplitude is 60°, 45°, or 30° the reduction in second moment is 56%, 43%, or 25%, 
respectively. Reduction of second moment less than that expected for rapid reorientation 
could therefore be interpreted as arising either from incomplete reorientation (torsional 
oscillation) of all the chains or from complete reorientation of only part of the chains, 

At temperatures not above 90° K all the compounds studied have second moments of 
24—25 gauss? and thus have “rigid lattices’’ at these temperatures. At room tem- 
perature the (;-, @’,-, sub-«;-, and sub-8,-forms have large second moments, although 
they are to varying degrees smaller than the low-temperature values. The results for 
the individual compounds are discussed in detail below. The «;,-forms, however, all have 
second moments at room temperature which are much smaller than the low-temperature 
values, so that there is considerable molecular motion at room temperature. This type 
of molecular motion occurs in the hexagonal modifications of hydrocarbon crystals and, 
indeed, the formation of the hexagonal packing itself indicates that the chains have 
acquired cylindrical symmetry. The low second moment of the «-forms of the glycerides 
therefore strongly supports the assignment of the hexagonal configuration to the crystal 
structures. This general conclusion is in accord with recent X-ray and _ infrared 
measurements.? 

A great deal of work has been done on the polymorphism of glycerides, using thermal, 
X-ray, and infrared-spectroscopic methods. On the basis of thermal and X-ray methods, 
Malkin? postulated that the lowest-melting form was vitreous. This modification, 
obtained by rapid crystallization, was considered to possess the characteristics of a glass 
rather than of a true crystal. The difficulty with an X-ray investigation, according to 
Clarkson and Malkin,® was that the vitreous and «,-forms give rise to the same side spacings 
and it is therefore impossible to state whether or not a specimen giving the «,-form 
spacings contains any vitreous material. The infrared method ® was unable to detect any 
persistence of the vitreous state in the crystals. None of the crystals gave a spectrum 
similar to that of the liquid glyceride. The infrared measurements and X-ray measure- 
ments by Lutton™ suggest that the lowest-melting form is an «;-modification with 
hexagonal packing rather than a vitreous form, whilst the next higher-melting form, 
designated « by Malkin, was almost certainly not a form with hexagonal packing of the 
hydrocarbon chains and was thus wrongly designated. The nuclear magnetic resonance 
spectra support these conclusions, as discussed below. 

Tristearin and Tripalmitin.—The ordinary stable crystalline 8,-forms of these glycerides 
have triclinic packing of the hydrocarbon chains. The second moments at room tem- 
perature show that in this modification the chains are not reorienting themselves at 


® Richards and Yorke, unpublished work. 

7 Malkin, ‘‘ Progress in Chemistry of Fats and other Lipids,” Vol. II, Pergamon Press, London, 
1954. 

§ Clarkson and Malkin, J., 1934, 666; 1948, 985. 

® Chapman, J., 1956, 2522. 

10 Lutton, J. Amer. Chem. Soc., 1945, 67, 524. 








ponent, 


indered 
igh the 
hydro- 
to the 
Nula js 
ition to 


lecular 


e chain 
tude of 
illation 
ir 25%, 
ntation 
sional 
Lins, 

ents of 
n tem- 
though 
ilts for 
ll have 
rature 
S type 
ls and, 
> have 
cerides 
crystal 
ifrared 


ermal, 
thods, 
cation, 
2 glass 
ing to 
acings 
.-form 
ct any 
ctrum 
asure- 
- with 
form, 
of the 
mance 


erides 
tem- 
res at 


ondon, 


[1960] Spectra of the Polymorphic Forms of Glycerides. 441 


frequencies greater than 100 kc./sec. The second moments at room temperature are, 
however, slightly lower (about 2 gauss*) than the rigid value at low temperatures, and this 
may be interpreted in terms of reorientation of a few small segments of the chain or as 
torsional oscillation of the whole chain about its axis. In the case of the tristearin an 
amplitude of oscillation of about 17° would be required. Tripalmitin, with a second 
moment of 20-4 gauss*, evidently has a slightly greater freedom of motion and this is 
consistent with its lower melting point. 

The a,-forms of tristearin and tripalmitin at room temperature have second moments 
of 11-1 and 9-8 gauss® respectively, close to the value of 9 gauss? estimated (see above) 
for a crystal in which the hydrocarbon chains are freely reorienting about the chain axis. 
This suggests that the crystal structure is hexagonal and confirms the interpretation of 
infrared and X-ray measurements by Chapman ® and Lutton.!” The glycerol residue in 
the glycerides may hinder the free motion of the hydrocarbon chains slightly and this 
would explain why their second moments are greater than that estimated for straight- 
chain hydrocarbons. 

The a;-form in other glycerides is believed 1!" to be transformed reversibly into a 
sub-«;-polymorph at lower temperatures. It is likely therefore that with tristearin at 
90° k this transformation has taken place and the sub-«-form, which probably has ortho- 
thombic packing of the hydrocarbon chains, is present. 

The @’,-forms have second moments which are the same as those for the 8,-forms, 
consistently with the orthorhombic packing attributed to this modification by Chapman ® 
on the basis of infrared measurements. 

1,2-Distearin and 1,2-Dipalmitin.—These substances occur in two polymorphic forms 
only. They also differ from the triglycerides in that the highest-melting form obtained by 
crystallisation from a solvent probably has orthorhombic packing of the hydrocarbon 
chains and is classified as 6’. However, the second moments of this §’;-form are practically 
identical with those of the 6-forms of tristearin and tripalmitin, and the same conclusions 
therefore follow with respect to the oscillation of the chains. The second moments of the 
lower-melting «,-forms are very close to the value of 9 gauss? expected for free reorientation 
of the chains. This confirms the view that here again the «,-form has hexagonal packing 
of the hydrocarbon chains. 

1,3-Distearin and 1,3-Dipalmitin.—The two forms of these substances are classified as 
8y and @’y, but the X-ray and infrared measurements ™ indicate that both forms probably 
have triclinic packing of the chains and differ only in their tilt. The second moments of 
the 6. and $8’ forms differ by less than 1 gauss* for both compounds, and the high 
values are consistent with triclinic packing in which the chains have some slight freedom 
of torsional motion. 

1-Monostearin and 1-Monomyristin——In the {;,-forms the large second moments 
indicate a triclinic structure similar to that in 1,3-distearin. It is interesting that the 
second moments of these two compounds are very similar, although the palmitins usually 
give a slightly lower value than the stearins. This may be connected with the alternating 
melting points of these compounds. 

The sub-«;-forms also have large second moments, in confirmation of the orthorhombic 
packing indicated by the X-ray short spacings ™ and the doublet at 720 cm.* in the 
infrared absorption.” 

For the «,-forms, however, the second moments are very small (4-5 at 50°c and 5-7 
gauss” at 30°c respectively), and in this case it is clear that the chains have considerable 
freedom of motion, not only about the chain axis. The reduction of second moment from 
about 9 to about 5 gauss” ceuld be caused by some lateral and longitudinal motion of 
the chains in the crystal. The structure in this form is therefore very probably hexagonal, 


4 Lutton and Jackson, J. Amer. Chem. Soc., 1948, 70, 2445. 
2 Chapman, J., 1956, 55. 
13 Chapman, /., 1957, 2715. 
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as in the previous compounds. It may, however, be that this particular «-modification 
has some vitreous character. 

2-Monopalmitin.—The value of 18-2 gauss* for the second moment of the ordinary 
crystalline $;-form of this substance is as expected and may be compared with the value 
of 18-5 gauss* for 1,3-dipalmitin. 2-Monopalmitin exists only in the 8,-form, because 
after various thermal treatments the same value of second moment was always obtained, 

1-Stearodimyristin.—The ordinary crystalline form of this substance is the $,-modific- 
ation, in agreement with the second moment of 19-1 gauss?. The long spacings of the 
X-ray lines indicate, however, that this polymorphic form has a triple-chain-length 
structure, unlike tristearin and tripalmitin which have a double-chain-length structure, 
The triple-chain-length structure can probably be represented as in Fig. 6a. It has been 


Fic. 6. Packing of hydrocarbon chains in (a) “‘ triple-chain-length”’ structure, (b) ‘* double-chain- 
length ’’ structure, (c) 1-oleodistearin, and (d) 2-oleodistearin. 
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called a “‘ chair” structure in contrast to the “‘ tuning fork” types of tristearin and 
tripalmitin. The §’,-form of 1l-stearodimyristin has a double-chain-length structure, 
however, and can be represented as in Fig. 6b. These diagrams are given merely to show 
the qualitative comparison between the “ chair” and “ tuning [fork ” types. The X-ray 
and infrared measurements indicate that the normal orthorhombic packing of the 
chains occurs in the 8’,-form. The second moment for this modification would have been 
expected to have been about 18 gauss*, but in fact it is found to be 15-1 gauss?. The line 
shape, which is illustrated in Fig. 2, is also different from that obtained from any §’,-form 
above and suggests that it may be made up of two superimposed parts, one of which has a 
much narrower line width than the other. Inspection of the difference between the 
triple-chain-length structure of the 6,-form and the double-chain-length structure of the 
8’,-form suggests that in the latter the stearic chains (which are four carbon atoms longer 
than the myristic chains) may not be so well packed as in the 8;-form. Presumably the 
potential barriers hindering motion of these chains are then lowered enough for part of 
them to undergo various forms of oscillation which produce a very much narrower line. 
The second moment of 9-3 gauss* for the «,-form presents no unusual feature. The second 
moment obtained from samples recrystallised from a solvent and from melting were the same. 

1-Oleodistearin and 1-Oleodipalmitin.—The normal form of 1-oleodistearin is the #’- 
modification. This compound gave a line shape and second moment almost identical 
with those of the 8’;-form of 1l-stearodimyristin. Evidently a portion of the molecule 
undergoes greater motion than the remainder. This form has a triple-chain-length 
structure and can be represented as in Fig. 6c. In this structure the stearoyl chains are 
closely packed so that reorientation of the hydrocarbon chains is difficult. The oleoyl 
chains, however, have a double bond which disturbs the regularity of the chains, so that 
they probably pack less tightly and therefore have greater reorientational freedom. This 
would explain the line shape observed, which appears to be made up from a narrow and a 


M4 Jackson and Lutton, J. Amer. Chem. Soc., 1949, 71, 1976. 
15 Chapman, /., 1958, 3186. 
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broad component. If y is the second moment of the oleoyl chain and the stearoyl chains 
have the same second moment as in tristearin (22-2) then 


Observed second moment = 14-9 = % x 22-2 + 4y gauss* 


and y has a value of 0-3 gauss *. This would explain the very narrow line in the spectrum, 
causing the unusual line shape. 

At room temperature the «,-form gives a very narrow line with a second moment of 
less than 1 gauss®. A line width as low as this is rather unusual in a solid and evidently 
other forms of motion apart from simple rotation are occurring, such as translational 
motion and flexing of the chains. 

Thermal and X-ray evidence 1® has been given to show that 1-oleodistearin probably 
has a reversible sub-«;- to «,-transformation at 0°c. The sub-«,-form was obtained by 
chilling the melt to low temperatures, but oleodipalmitin showed no sub-«,-form (although 
it was not examined below 0°c). After thermal treatment in an attempt to give the 
sub-«,-form measurements at —10° and —20° showed the same line shape as above with 
a strong narrow a;-line. When the sample was allowed to warm again to 0°, the 
same line shape was obtained. The persistence of the broad line below 0° shows that 
either the $’,-form is still present, or some conversion occurs into the sub-«,-form which, 
from the work on 1l-monostearin, would also be expected to give a broad line. The 
persistence of the narrow component below 0°, which implies that a significant amount 
of a-form remains, may possibly be caused by the low thermal conductivity of the 
glycerides. 

As the temperature is lowered still further, the second moment increases to 17-8 gauss? 
at —78° and reaches the fully rigid value of 24-9 gauss? at 90°K. At —78°c the second 
moment of the melted form is slightly lower (by 2-6 gauss) than the @’,-form. 

2-Oleodistearin.—The ordinary crystalline form has the @,-structure, unlike 1-oleodi- 
stearin which occurs in the #’y-modification. It has a triple-chain-length structure !” 
which can be represented as in Fig. 6d. The second moment and line shape are very 
similar to those obtained from the @;-forms of the other glycerides studied. It therefore 
appears that, although the double bond confers motional freedom in the orthorhombic 
packing of 1-oleodistearin and 1-oleodipalmitin, it permits a rigid structure in the triclinic 
packing of 2-oleodistearin. 

When the 2-oleodistearin was melted and then quenched at 0°, the hydrogen resonance 
at room temperature gave a second moment of 6-6 gauss? and a line shape as in Fig. 4 
which changed in a few minutes to that of Fig. 5, with a broad component of second 
moment 16-1 gauss* and a very sharp component. 

This heat-treatment should give a mixture of «,- and sub-$;-modifications, but the 
packing in the sub-8;-form is not known.?” 

The observed line shape could be interpreted in two ways. It may be that the original 
absorption curve (Fig. 4) arises from the «,-modification (as its second moment of 6-6 
gauss? is in line with that of the other «,-forms of glycerides) and that after 15 min. 
at room temperature some sub-8;,-modification is formed which may give a curve similar 
to that of the 8’;-form of 1-oleodistearin with the component due to the remaining «,-form 
lost beneath it. Alternatively, the initial result may be only a glassy state with a second 
moment of 6-6 gauss’, crystallization occurring after 15 minutes at room temperature. 
The narrow component would then be interpreted as due to the «,-form (as in 1-oleodi- 
stearin and 1-oleodipalmitin) and the broad component as due to the sub-$,-form. 

Repeating these experiments at 0° instead of at room temperature gave similar results. 
If, however, the sample was melted, allowed to crystallize at 30°c, and then measured 
immediately at room temperature, the line shape obtained was as in Fig. 5, and there was 


© Lutton, J. Amer. Chem. Soc., 1951, 78, 5595. 
” Lutton, J. Amer. Chem. Soc., 1946, 68, 676. 
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apparently no indication of the presence of the form giving the curve of Fig. 4. Unfor. 
tunately this does not resolve the ambiguous interpretation of these curves, because either 
the glassy state may not have been formed under these conditions, or the «,-form (with 
m. p. of 22-4°) may not be formed in appreciable quantities under these conditions. 

The line shape of Fig. 5 is also obtained if 2-oleodistearin is melted and allowed to coo] 
slowly to room temperature during 10 days, and this treatment has been said to produce 
the sub-8;-form.18 

1-Mono-olein.—X-Ray and thermal measurements by Malkin and Carter ™ were 
interpreted in terms of four modifications, but on the basis of other work on glycerides ® 
these results would be regarded as due to three forms, az, @’;, and ; with postulated 
m. p. of 12-5°, 25°, and 35°, respectively. Hydrogen resonance curves were obtained for 
the normal form at room temperature and again after two types of heat-treatment which 
were designed to produce the «,- and the $’;-form. In each case the line shape and 
second moments were identical within experimental error. This means either that only 
one modification existed under these experimental conditions, or that the degree of mole- 
cular motion in the different modifications is remarkably constant. According to Daubert 
and Lutton,” 1,3-diolein occurs only in one form. 

Triolein.—The 6,-form of this substance at 0° gave a second moment of 16-7 gauss*. 
As in the case of 1-mono-olein, the second moment is lower than that for the 8;-form of the 
saturated glycerides, and again this may arise from the effect of the double bond on the 
packing of the chains. 

Conclusion.—The nuclear magnetic resonance method proves to be complementary 
to infrared spectroscopy in the study of the crystalline modifications of the glycerides, 
The «,-forms can be very readily distinguished from the $;- and $’,-forms, and in some 
cases, where there is a double bond in one of the chains or a significant difference in chain 


length, all three forms can be classified easily. The method appears to fail only when all 
the chains are unsaturated. 


We are grateful to Unilever Limited, Port Sunlight, for providing the samples. We thank 
the Department of Scientific and Industrial Research for a maintenance grant (to R. W. Y,), 
and the National Coal Board and Hydrocarbon Research Group of the Institute of Petroleum 
for grants in aid of apparatus. 


PuysIcAL CHEMISTRY LABORATORY, SOUTH PARKS ROAD, OXFORD. 
RESEARCH DEPARTMENT, UNILEVER LIMITED, PORT SUNLIGHT, 
CHESHIRE. [Received, July 9th, 1959.) 


18 Lavery, J. Amer. Oil Chemists’ Soc., 1958, 35, 418. 
19 Malkin and Carter, J., 1947, 554. 
20 Daubert and Lutton, J. Amer. Chem. Soc., 1947, 69, 1449. 
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85. The Alkaloids of Kreysigia multiflora Reichb. Part I. 
Isolation. 


By G. M. BADGER and R. B. BrapsBury. 


Four alkaloids, kreysigine (C,,H,,O;N), floramultine (C,.H,,0O;N), krey- 
siginine (C,,H,,O;N), and floramultinine (C,,H,,O,N) have been isolated 
from Kreysigia multiflora Reichb. They were detected by paper chromato- 
graphy, and separated on cellulose columns. Some of their physical and 
chemical properties are described. 


Tue genus Kreysigia, order Liliaceae, is represented in Australia by only one species, 
Kreysigia multiflora Reichb,* which is a plant growing up to eighteen inches high and 
having a knotty rhizome. 

The dried whole plant ¢ was finely ground and extracted successively with ether and 
alcohol. Achloroform solution of the combined concentrated extracts was shaken with dilute 
aqueous hydrochloric acid, and the aqueous extract after several extractions with chloroform 
was basified with ammonia and re-extracted with chloroform. Evaporation of this extract 
gave the crude base (0-5%), which showed four main spots on paper chromatography. 
Separation was achieved by partition on a cellulose column, paper chromatography being 
used to test homogeneity. 


Physical and chemical properties of the alkaloids of Kreysigia multiflora Reichb. 


Light absorption Cc 
Bands OMe NMe skele- 


Yield Rp Emax. 
Alkaloid (%) M.p. [a]p Formula (15°) (at my) (cm.!) groups group ton 
Krey- 0-03 = 188° Inactive Cy.H,;0;N 0-55 53,890 (221) 4 1 C,, 
sigine 15,600 (260) 
6600 (293) 1608, 1577 
Flora- 0-19 230 [a]p'®—77° C,.H,,O;N 0-51 45,100(220) 3559* 3 1 Cys 
multine (de- (c, 1-19 in 13,400 (259) 3448 
comp.) CHCI,) 6500 (287) 1597, 1565 ¢ 
Krey- 0-05 149 [a]p%*+89° C,,H,,O;N 0-40 36,220(218) 3086* 3 1 Cy, 
siginine (c 1-98 in 2240 (274) 1613, 1593 ¢ 
EtOH) 1510 
1667 ¢ 
Flora- 0:005 165 [a]p*® +118° C,,H,,O,N 0-30 13,870(217) 3484* 2 1 Cys 
multinine (c 0-169 in 1960 (275) 1603, 1515 t 
EtOH) 1634 t 


* OH Absorption. ft Aromatic C=C. { Aliphatic C=C. 


Yields and some physical and chemical properties are listed in the Table. These 
alkaloids are not identical with any previously described, and it is possible that they 
represent a new class. From their spectra they appear to be aromatic, and floramultine 
contains two phenolic groups. Simple mixtures of floramultine and kreysiginine can be 
separated readily by taking advantage of this property, since kreysiginine is not phenolic. 
Furthermore, floramultine and diazomethane give dimethoxyfloramultine, so that all the 
oxygen functions can be accounted for in floramultine by three methoxyl and two phenolic 
hydroxyl groups. Kreysigine contains four methoxyl groups, but no hydroxyl, as indicated 
by the infrared spectrum, so that the fifth oxygen atom is probably present as an ether 
linkage. Kreysiginine contains three methoxyl groups and one alcoholic hydroxyl group 

* A preliminary examination of material supplied by Mr. L. J. Webb was made by Messrs. I. J. 
McCarthy, K. G. Martin, and Bs Thompson, working under the direction of Dr. H. J. Rodda; they 
isolated crude kreysigine and multiflorine. 

+ This plant material was collected at the Moonpah State Forest and at Coff’s Harbour, New South 


hee by Mr. H. C. Hayes of the Forestry Commission of New South Wales, to whom we are greatly 
indebted. 


Bailey, ‘‘ The Queensland Flora,” Pt. V, H. J. Diddams & Co., Brisbane, 1902, p. 1642. 
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which is apparent from the infrared band at 3086 cm. (Nujol), and this is confirmed by 
determination of active hydrogen. It has a band also at 1667 cm., which is probably 
due to an aliphatic double bond since it disappears on hydrogenation. Both kreysiginine 
and floramultinine show spots on paper which after being stained with iodine and exposure 
for some hours to the air become deep orange-coloured, whilst the spots due to kreysigine 
and floramultine remain a pale yellow. After hydrogenation, kreysiginine shows the 
typical yellow spot. Floramultinine has two methoxyl groups, but insufficient materia] 
precluded more detailed examination. All four alkaloids contain a N-methyl group, and 
kreysigine and kreysiginine form methiodides, indicating that the nitrogen atom is tertiary, 
A carbon skeleton of 17 is therefore deduced for kreysigine and kreysiginine and of 18 for 
floramultine and floramultinine. 


EXPERIMENTAL 


All m. p.s are corrected. Analyses were carried out by the C.S.I.R.O. Microanalytical 
Service at Melbourne University. 

Isolation of the Alkaloids.—The air-dried, finely ground whole plant (4 kg.) of Kreysigia 
multiflora Reichb., collected at Coff’s Harbour on February 2—5, 1959, was extracted three 
times with cold ether, and the combined extracts were concentrated. The plant material was 
then extracted three times with hot alcohol and the concentrate combined with the ether 
extract. Previous tests had shown that a further extraction with dilute hydrochloric acid gave 
only small amounts of base. The combined concentrate was dissolved in chloroform, and this 
extract shaken with 2-5% aqueous hydrochloric acid (3 x 500 ml.). The separated aqueous 
acid extract was re-extracted once with chloroform, made alkaline with ammonia solution and 
extracted with chloroform (6 x 200 ml.). The chloroform extract was dried (Na,SOQ,) and 
distilled to dryness to give crude alkaloid (22-7 g.). This material when tested by paper 
chromatography, the solvent being the upper phase obtained by shaking 5% aqueous acetic 
acid with an equal volume of butanol, and staining with iodine, showed the presence of four 
spots at Ry values given in the Table. Attempts were first made to separate the bases on 
alumina, and although kreysigine could be obtained pure in this way a complete separation of 
the other bases was not achieved and a considerable amount of floramultine was lost due to its 
phenolic properties. A cellulose column proved satisfactory provided that the mixed fractions 
were recycled. A column (83 x 5 cm.) holding about 750 g. of powdered cellulose was packed 
by tamping with a perforated plunger, butanol—acetic acid—water being used as solvent. The 
crude base (22-7 g.) was dissolved in the minimum of solvent and put on the top of the column, 
followed by more solvent. Fractions (50 ml.) were collected automatically,? and tested for 
homogeneity by paper chromatography. The pure fractions were combined separately, whilst 
the mixed fractions were put through the same column again. Four such columns separated 
all but 4-8 g. of a mixture of floramultine and kreysiginine, and another fraction of crude flora- 
multinine. The mixture of floramultine and kreysiginine (4-8 g.) was warmed with 10% aqueous 
potassium hydroxide (20 ml.), and extracted with chloroform (3 x 20 ml.). The combined 
chloroform extracts were dried and distilled to give pure kreysiginine (0-96 g.), as shown by 
paper chromatography and recrystallisation (m. p. 149-5°). The aqueous solution was then 
treated with aqueous (1:5) hydrochloric acid (14 ml.); a solid separated. The solution was 
made strongly alkaline with ammonia solution and extracted with chloroform. The dried 
chloroform extract gave pure floramultine (2-7 g.). 

The crude floramultinine fraction was passed through a cellulose column (48 x 3-5 cm.); 
fractions (25 ml.) were collected and again tested for purity by paper chromatography. Pure 
floramultinine (0-16 g.) was obtained. 

Kreysigine.—Kreysigine had m. p. 187—188°, from alcohol (Found: C, 68-4; H, 7-0; 
N, 42; O, 21-0; OMe, 32-1; N-Me, 3-4%; M (Rast), 381. C,,H,,O;N requires C, 68:5; 
H, 7:1; N, 3-6; O, 20-8; 40Me, 32-2; N-Me, 3-9%; M, 385). This compound is optically 
inactive, and insoluble in aqueous sodium hydroxide; it gives a dark red colour with concen- 
trated nitric acid and a faint green with ferric chloride. The ultraviolet and infrared data are 
shown in Table 1. 


? Box and Bradbury, J. Sci. Instr., 1957, 34, 183. 
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Kreysigine Methiodide.—Kreysigine (0-33 g.), methanol (5 ml.), and methyl iodide (10 ml.) 
were refluxed for 1 hr., and the excess of solvent and methyl iodide removed. The + aoa 
when recrystallised from alcohol, gave prisms, m. p. 265—266° (Found: C, 52-2; H, 5:8; 
N, 2:6; O, 15-6. C2H,,O,N,CH,I requires C, 52-4; H, 5-7; N, 2-7; O, 15-2%). 

Floramultine.—From alcohol or benzene it had m. p. 230° (decomp.), [aJ,,!8 —77° (c 1-19 in 
chloroform) [Found: C, 68-5; H, 6-9; N, 3-6; O, 21-4; OMe, 24-5; N-Me, 3- 3%; Equiv. 
(by titration), 398. C,.H,,0;N requires C, 68-5; H, 7-1; N, 3:6; O, 20:8; 30Me, 24-2; 
N-Me, 39%; M, 385). 

Dimethoxyfloramultine.—A solution of floramultine (0-4 g.) in methanol (25 ml.) was added 
to a solution of diazomethane in ether [from methylnitrosourea (10-3 g.)] and kept for 16 hr. 
The solution was taken to dryness; attempts to recrystallise the product from alcohol and 
benzene-light petroleum failed even after further chromatography. The hydrobromide, 
prepared by exact neutralisation with 0-1N-hydrobromic acid and evaporation of the solution, 
had m. p. 243° (decomp.) from alcohol (Found: C, 56-3; H, 6-3; OMe, 32-0. C,,H;,0,N,HBr,H,O 
requires C, 56-2; H, 6-7; 50Me, 30-3%). The water of crystallisation could not be completely 
removed at 116° in a high vacuum. 

Kreysiginine.—This was obtained as large prisms (from ether or from a concentrated alcohol 
solution), m. p. 149°, [a),,2# + 89° (c 1-98 in ethanol) [Found: C, 67-6; H, 7-4; N, 3-7; O, 21-4; 
OMe, 24:7; N-Me, 3-6; C-Me, ail; active H, 0-:19%; Equiv. (by titration), 375; M (Rast), 
373. C.,H,,0O;N requires C, 67-5; H, 7-3; N, 3-7; O, 21-4; 30Me, 24-9; N-Me, 4-02; 1 active 
H, 0-27%; M, 373). 

Kreysiginine Methiodide.—Kreysiginine (0-25 g.), methanol (5 ml.), and methyl iodide 
(10 ml.) were refluxed for 1 hr. The solvent was removed and the residue recrystallised from 
acetone. Prisms softening at 150°, with swelling but showing no true melting point, 
were obtained [Found: C, 52:3; H, 64; N, 2-2; O, 169; I, 22-1; C-Me, 1-7. 
C,,H,,0;N,CHgI,(CHg),CO requires C, 52-3; H, 6-3; N, 2-4; O, 16-8; I, 22-1; 1C-Me, 2-6%]. 

The infrared spectrum of this compound showed a carbonyl band at 1704 cm. which was 
not present in kreysiginine; this confirms the presence of acetone of crystallisation. 

Kreysiginine Hydrobromide.—The alkaloid (0-102 g.) was dissolved in hot ethanol (5 ml.), 
and titrated with 0-1N-hydrobromic acid to the Bromocresol Green end-point. The solution 
was evaporated, extracted with ether, and then evaporated to dryness. The dry residue was 
dissolved in alcohol, the solution poured into ether, and the precipitated hydvobromide dried 
at 78° in vacuo; it had m. p. 142—143° (Found: C, 53-1; H, 6-5; N, 3-0. C,,H,,O;N,HBr,H,O 
requires C, 53-4; H, 6-4; N, 3-0%). 

Hydrogenation of Kreysiginine.—Kreysiginine (0-102 g.), platinum oxide (0-1 g.), and acetic 
acid (10 ml.) were shaken in the presence of hydrogen for 5 hr., and then kept for 18 hr.; 
approximately 2 mol. of hydrogen were absorbed. The product, after the removal of the 
platinum and the solvent, was an oil, {«],,?* + 59° (c 0-20 in ethanol). The ultraviolet spectrum 
showed maxima at 218 and 285 mu, the band at 275 my in kreysiginine being absent. The 
band at 1669 cm. is also absent. It is notable also that the spots obtained on paper after 
staining with iodine did not become orange-coloured but remained the normal yellow. 

Attempts to prepare a perchlorate were unsuccessful, but a hydrobromide was prepared 
as described above (Found: C, 52-2; H, 7-0; N, 2-9. C,,H,,0;N,HBr,H,O requires C, 52-9; 
H, 7:2; N, 2-9%). 

Floramultinine. —This compound was soluble in water. It was purified by precipitation 
from benzene with light petroleum, and had m. p. 165°, [a],,2° + 118° (c 0-17 in ethanol) (Found: 
C, 64:5; H, 7-1; N, 3-8; OMe, 16-7; N-Me, 3-1. C,,H,,0O,N requires C, 64-8; H, 7-0; N, 3-6; 
20Me, 15-9; N-Me, 3-1%). 


We are grateful to Mr. A. G. Moritz for the infrared spectra and for assistance in their 
interpretation, and to Dr. H. J. Rodda for helpful discussions. 


UNIVERSITY OF ADELAIDE, 
ADELAIDE, SOUTH AUSTRALIA, (Received, July 10th, 1959.) 
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86. The Photolysis of Triethylamine, and Reactions of Methyl 
Radicals with Triethylamine and Diethylamine. 


By P. J. Kozak and H. GEssER. 


The photochemical decomposition of triethylamine has been investigated 
over the temperature range of 0—254°c. The gaseous products were 
hydrogen, methane, ethane, ethylene, propane, and butane. The primary 
photochemical product is hydrogen, with methyl and ethyl radicals produced 
from triethylamine in an excited state. A mechanism is proposed to account 
for the products. ‘ 

Hydrogen-abstraction of methyl radicals with triethylamine and diethyl- 
amine was investigated over the temperature range of 123—~260° c and the 
activation energies of the reactions were found to be about 5-3 and 5-7 
kcal./mole respectively. 

Evidence is given for the inversion or free-radical displacement reactions 


CHg* + (CgHs)sN ——t CyHg + *CHe°N(C2Hs)9 
CHg° + (CyHg)aNH ——t> CyH, + “CH,°NH'C,H, 


PuoTotysis of trimethylamine has been shown? to be complicated by the presence of 
hydrogen amongst the gaseous products. The primary process postulated was the 
formation of methyl radicals from an excited trimethylamine molecule. The hydrogen 
was considered to be formed by secondary reactions of the dimethylamino-radical. 
Photolysis of triethylamine has now been investigated to see if the above photochemical 
reactions are common to tertiary amines; and to explain some of the results obtained, a 
study was made of the reactions of methyl radicals with triethylamine and diethylamine, 


EXPERIMENTAL 


The apparatus used was similar to those previously described. The source of radiation 
was a Hanovia S-500 medium-pressure mercury arc. The light beam was collimated with a 
quartz lens and a stop. The full unfiltered arc was used in the photo-decomposition of tri- 
ethylamine. A Corning filter No. 9863 was used when nitric oxide was added to triethylamine 
and a Corning filter No. 7740 was used when acetone and amine mixtures were photolysed. 
The quartz cell used at high temperatures was 2-5 cm. in diameter and 10 cm. long and was 
enclosed in an open-ended brass-block furnace 14 cm. long. The temperature was controlled 
within 1° c. 

The analytical system consisted of a trap for solid nitrogen to separate the non-condensable 
gases from the ethylene and higher hydrocarbons, a LeRoy still for the fractional distillation 
of the condensable hydrocarbon products, a micro-hydrogenator ? for determination of the 
unsaturated hydrocarbons, a copper—copper oxide furnace at 210° for determination of hydrogen 
and carbon monoxide, and a platinum-wire combustion furnace for oxidation of hydrocarbons. 

Triethylamine (Eastman’s White Label grade) was fractionally distilled from anhydrous 
barium oxide. It was-further dried, fractionated, and degassed in the vacuum-line by bulb-to- 
bulb distillation. Eastman’s ‘‘ Spectrograde ’”’ acetone was distilled from anhydrous copper 
sulphate and further fractionated by bulb-to-bulb distillations in the vacuum-line, the middle 
third fraction being retained. Trimethylamine was identical with that previously used.! 
Diethylamine (Eastman’s White Label grade) was dried over anhydrous barium oxide and 
fractionated in the vacuum-line. 

The mixture of acetone and amine was stirred for 15 min. by an all-glass stirrer before the 
start of each photolysis. 


RESULTS AND DISCUSSION 


Photolysis of Triethylamine.—The gaseous products from the photolysis of triethylamine 
were identified as hydrogen, methane, ethane, ethylene, propane, and butane. Nitrogen, 


1 Gesser, Mullhaupt, and Griffiths, J. Amer. Chem. Soc., 1957, '79, 4834. 
2? Shepp and Kutschke, Canad. J. Chem., 1954, 32, 1112. 
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pene, and butene were shown to be absent within the limits of the analytical techniques 
employed. 

The results of preliminary experiments in the low-temperature cell! are recorded in 
Table 1. They show that the rates of formation of products, with the exception of hydrogen 
and ethylene, in general increase with decrease in pressure of reactant. The high extinction 
coefficient for triethylamine * means almost complete absorption of the effective mercury 
lines. This is analogous to the results obtained for trimethylamine and indicates that the 
products, except hydrogen, are formed by dissociation of an excited triethylamine 
molecule which can be pressure-quenched. 


TABLE 1. Photolysis of triethylamine. 
Illumination time = 1 hr. Illumination vol. = 130 cm.*. 


[(CgHs),N] 
(molecules/cm.?) Rew, Ru, Ren, Row, Row, Rew 
Temp. x ioe? (molecules cm.~* sec.-!) x 1074 
0° 3-7 2-0 16-0 8-1 11-5 6-2 6-3 
0 1-7 2-7 12-4 4:3 13-4 6-6 8-8 
27 15-4 2-2 19-6 3-8 10-0 2-6 3-9 
27 6-6 2-0 16-9 3-6 11-0 3-2 4-1 
27 2-0 2-0 11-9 4:0 13-1 5-5 5-8 
TABLE 2. Photolysis of triethylamine. 
Illuminated vol. = 196 cm.’. 
j [(CyH,) NJ 
Time (molecules cm.-*) Ru, Rem Row, Row Row, Rew, 
Temp. (sec.) x 10°37 (molecules cm.-* sec.-!) x 1071 
Full arc 
76° 3600 8-0 13-3 2-6 4:5 18-8 5-9 2-1 
120 1800 8-4 15-5 3-5 5-7 26-1 6-8 2-2 
28 3600 71 9-0 1:8 3-0 16-8 5-0 1:8 
76 1800 8-3 12:8 2-2 4-7 16-4 5-4 1-9 
169 1800 8-5 14-0 5-3 6-0 32-0 7-4 1-6 
208 1800 8-4 12-9 9-7 9-3 49:1 7:7 3-1 
254 1800 8-2 11°5 35-5 12-2 150 13-7 5-6 
253 600 8-4 12-0 7:3 14:0 116 14-5 6-6 
Corning filter No. 9863 
30 1800 10-7 O* 3-8 Nil 0-12 0-24 Nil Nil 
30 3600 10-7 §* 4-0 Nil Nil Nil Nil Nil 


* Pressure of nitric oxide (in mm.). 


When triethylamine was photolysed in the presence of excess of nitric oxide (Table 2) 
only hydrogen (with small amounts of nitrogen and nitrous oxide formed from the photolysis 
of nitric oxide) was formed in yields approximately equal to that obtained in the absence 
of nitric oxide. This seems to indicate that hydrogen is formed by a molecular process, 
whereas the hydrocarbon products are formed by free-radical reactions probably involving 
both methyl and ethyl radicals. 

The results of the photolysis of triethylamine at approximately constant concentration 
at elevated temperature are recorded in Table 2 and show that the rate of formation of 
hydrogen is constant within 10% and that the rates of formation of the hydrocarbon 
products increase with increase in temperature. This is consistent with the low-tem- 
perature results and the requirements of an excited triethylamine intermediate. 

The annexed mechanism best explains the results. Recombination of the amino- 
radicals to form liquid produ¢ts is expected. Other reactions are required to explain the 
relative yields of hydrocarbon products at low temperature. Reactions (12) and (14) are 
required to explain the high yields of propane (and ethane) at high temperatures. Evidence 


* Tannenbaum, Coffin, and Harrison, J. Chem. Phys., 1953, 21, 311. 
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for a weak «8 carbon-carbon bond in amines has been obtained by Collin. A similar 
reaction,® H: + C,H;-NH, —» CH, + *CH,"NH,, can account for the high yields of 
methane in the reaction of hydrogen atoms with ethylamine.® 








“a a 4 

(CyH;)3N + hv — 
p> (CH;)3N * 2 ge 4 ef meee 3) ee 
PR (GHaAN +H: 2... ee ee. 

(CgHs)3sN * — 
Le (CxH)sNCHy+CHy . . ..-....@ 
(CyHs)sN* + (CoHy)sN—t2(GHy)sSN - ee eee. 
OeGi. . 2 Se we. ae 

C3H;° + C,H;° 

Ret thew oe BS ee eS oe 
CHy + CHe——@ CH, . 2 ttt tl el tS 
“ 0 ae ee 

CH," + C,H,» — 
ae eee ae ee et oe 
Pm (CeHaNCHe + CH, ©. 2 ee ee ID 

CH, + (C;H;)sN — 
ee ee ee 
i (CHING + CH, 86. wl wk ele 

CsHs° + (C,Hs)3N — 





Le (CHysNCHy +C,H, - -.--..- - (4 


Reaction of Methyl Radicals with Triethylamine and Diethylamine-—When acetone 
alone is photolysed above 120° c the following reactions account for the methane and ethane 
produced: 


CHyCOCH, + feat A +OO 2 wl tl te 
Cee 
CH,* + CHy°CO*CH, —w CH, + °CHyCO'CH, . ..... . (16) 


and the relation Rog,/(Ro,x,)*[A] = y,/kgt is obeyed (R refers to rate of formation, and 
[A] represents the concentration of acetone). The value of k,,/k,t obtained at various 
temperatures agreed with those reported by Trotman-Dickenson and Steacie ” (cf. Fig. 1). 

In the presence of an added gas with an abstractable hydrogen atom, an additional 
reaction can occur, namely: 


CHy + RH——wmCH,+R. . . . . ©. . ee ee ID 


and the expression Rox,/(Ro,z,)* = kyg[A]/kgt + 2y2[RH]/kgt is then valid.8 At any 
temperature, all the values except k,,/k,+ are known and hence it is possible to calculate 


* Collin, Bull. Soc. chim. belges, 1954, 68, 500. 

5 Jamieson, Ph.D. Thesis, McGill University, 1956. 

* Wright, Jamieson, and Winkler, J. Phys. Chem., 1958, 62, 657. 
7 Trotman-Dickenson and Steacie, J. Chem. Phys., 1950, 18, 1097. 
8’ Trotman-Dickenson and Steacie, zbid., 1951, 19, 329. 





Similar 
elds of 


> (I) 


- Q 
- Q 


- (4) 
: @) 
: © 


> ® 
- &% 


- (10) 
ai1)) 


. (12) 
. (13) 


. (14) 


acetone 
ethane 


(15) 
(8) 
(16) 
n, and 
various 
Fig. 1). 
litional 


(17) 


it any 
Iculate 








[1960] The Photolysis of Triethylamine, etc. 451 


this ratio from the rates of formation of methane and ethane, the concentration of acetone 
and amine, and from the known values of h4¢/hg*. 

Methyl radicals were first caused to react with trimethylamine to check the effectiveness 
of the stirring and other experimental techniques. The results are recorded in Table 3. 
The activation energy for the reaction 


CHg: + (CHs)s3N —> CH, + (CH)3N'CHy sw eee IB) 
was found to be 8-0 kcal./mole from the Arrhenius plot of ’,./k,t against 1/T shown in 


Fic. 1. Arrhenius plot of ky /kgt- Fic. 2. Arrhenius plots of k,,/k,t and 
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Fig. 1, where also comparison is made with the results of Trotman-Dickenson and Steacie ® 
who obtained a value of 8-8 kcal./mole. This agreement is considered to be reasonably 
good. 


TABLE 3. Reaction of methyl radicals with trimethylamine. 


[(CH3),N] [A] Reco Ren, Row, Ryg/hgt 
Time (molecules cm.~*) (molecules cm.~* sec.~) (cm. molecules-t sec.-#) 
Temp.  (sec.) x 10°77 x 10 x 1018 
132° 1800 10-0 10-0 117 75-2 43-6 31 
208 900 10-0 10-0 198 255 19-9 146 
269 900 11-8 11-8 256 496 6-8 375 


The results of the reaction of methyl radicals with triethylamine and diethylamine are 
recorded in Tables 4 and 5 respectively. Hydrogen was not obtained in any of these 
experiments, or in those with trimethylamine. Arrhenius plots for the activation energies 
of reactions (11) and (19) (Fig. 2) give the values of 5-3 kcal./mole for E,, and 5-7 kcal./mole 
for E,,. A large error of about +1 kcal./mole is estimated for these activation energies. 
The approximate values for A,,/A,t and Aj9/A,t are 3 x 10° and 9 x 10° respectively. 


CHgt + (C2H,)2NH ——t CH, + CyHyNH'C,H, - 2 ee ee IY) 


The fact that the values of E,, and EF, are similar seems to indicate that the same type 
of hydrogen atom is abstracted in each case. For diethylamine this means that hydrogen 
is abstracted from the carbon atom rather than from the nitrogen atom, though there is 
no evidence to indicate whether the «- or the 6-carbon has the weaker carbon—hydrogen 
bond. 
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for a weak a8 carbon-carbon bond in amines has been obtained by Collin. A similar 
reaction,® H+ + C,H,,NH, —» CH, + -CH,*NH,, can account for the high yields of 
methane in the reaction of hydrogen atoms with ethylamine.® 


rr 

(CyHs5)3N -+ hv — 
Ee ee 
(CyHysN' + CHe . - - . 2 ee ew 

(CgH,)3N * 
(CH )yNCHy+CHy 2. 2... 1. @ 
(CaHs)sN* + (CgHs)s3N—— 2(C,Hs)sN ee ee ee. 
oo . i ee 
C3H;° + C,H;° 

eee: 4.9 se ae BOR & oe a 
CHy+CHy——mGH, .......--.. @ 
Ne a 

CHs: + C,H,» — 
0 Serres ee ee 
pi COUGH Oe dt wt 

CH,’ + (C,H;);N — ; 

Le (CyHs)sN'CHy +CH, . . . . . ID 
rm (CH NCHe+CH 2. see ee AD 

C3Hs° + (C,Hs)3N — 
Lp eS! 





Reaction of Methyl Radicals with Triethylamine and Diethylamine——When acetone 
alone is photolysed above 120° c the following reactions account for the methane and ethane 
produced: 


CHyCOCH, + beat 2H +0O 2... wee ee 
Cp +CtpeeteGh 6 ee i ee ee 
CH,’ + CHy°CO*CH, — CH, + *CHyCO'CH, . . . ~~. - (16) 


and the relation Rog,/(Ro,x,)*{[A] = kyg/k,t is obeyed (R refers to rate of formation, and 
[A] represents the concentration of acetone). The value of k,,./k, obtained at various 
temperatures agreed with those reported by Trotman-Dickenson and Steacie ? (cf. Fig. 1). 

In the presence of an added gas with an abstractable hydrogen atom, an additional 
reaction can occur, namely: 


Cp+ Riau. tR. . . tt tte ee 


and the expression Rox,/(Ro,u,)* = kyg[A]/kgt + ky,[RH]/k,t is then valid.8 At any 
temperature, all the values except k,,/k,t are known and hence it is possible to calculate 


* Collin, Bull. Soc. chim. belges, 1954, 68, 500. 

® Jamieson, Ph.D. Thesis, McGill University, 1956. 

® Wright, Jamieson, and Winkler, J]. Phys. Chem., 1958, 62, 657. 
? Trotman-Dickenson and Steacie, J. Chem. Phys., 1950, 18, 1097. 
8 Trotman-Dickenson and Steacie, ibid., 1951, 19, 329. 
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this ratio from the rates of formation of methane and ethane, the concentration of acetone 
‘and amine, and from the known values of k,,/k,+. 

Methy] radicals were first caused to react with trimethylamine to check the effectiveness 
of the stirring and other experimental techniques. The results are recorded in Table 3. 
The activation energy for the reaction 


CHsg* + (CHs)sN —— CH, + (CHy)gN'CHy =» se eee 8) 
was found to be 8-0 kcal./mole from the Arrhenius plot of ’,,/k,t against 1/T shown in 


Fic. 1. Arrhenius plot of kyg/kgt. Fic. 2. Arrhenius plots of k,,/k,t and 
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Fig. 1, where also comparison is made with the results of Trotman-Dickenson and Steacie ® 
who obtained a value of 8-8 kcal./mole. This agreement is considered to be reasonably 
good. 


TABLE 3. Reaction of methyl radicals with trimethylamine. 
[(CHs)3N] [A] Reo Ren, Rom, hyg/ gt 


Time (molecules cm.~%) (molecules cm." sec.~) (cm.# molecules-? sec.-#) 
Temp. (sec.) x 10° x 107 x 10% 
132° 1800 10-0 10-0 117 75-2 43-6 31 
208 900 10-0 10-0 198 255 19-9 146 
269 900 11-8 11-8 256 496 6-8 375 


The results of the reaction of methyl radicals with triethylamine and diethylamine are 
recorded in Tables 4 and 5 respectively. Hydrogen was not obtained in any of these 
experiments, or in those with trimethylamine. Arrhenius plots for the activation energies 
of reactions (11) and (19) (Fig. 2) give the values of 5-3 kcal./mole for E,, and 5-7 kcal./mole 
for E,,. A large error of about +1 kcal./mole is estimated for these activation energies. 
The approximate values for A,,/A,t and Aj,/A,t are 3 x 10° and 9 x 10° respectively. 


CHy: + (CaH,)gNH ——t CH, + C,HsNH'CAH, » - . ee ee IY) 


The fact that the values of E,, and Ej, are similar seems to indicate that the same type 
of hydrogen atom is abstracted in each case. For diethylamine this means that hydrogen 
is abstracted from the carbon atom rather than from the nitrogen atom, though there is 
no evidence to indicate whether the «- or the 6-carbon has the weaker carbon—hydrogen 
bond. 
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A similar low value of 4-8 kcal./mole was obtained by Brinton and Volman ® for the 
activation energy for methyl-radical abstraction of hydrogen from ethyleneimine. How- 
ever, these authors assumed that the amine-hydrogen was abstracted, and the possibility 
of a weak carbon-hydrogen bond in ethylenimine must now be considered. 

The break in the slope of the Arrhenius lines at high temperatures indicates the presence 
of another process for the formation of ethane, which in both reactions is probably the 
radical-displacement mechanism (12) and (20): 


CHg* + (CgHs)gNH —— Coy + CyHsNH'CH, . . - . . . . (%) 


The presence of ethylene, propane, and butane at the high temperature can best be 
explained by assuming that the amine radicals formed in reactions (11), (12), (19), and (20) 


TABLE 4. Reaction of methyl radicals with triethylamine. 


d ky, /kgt (cmd 
[(C,Hs)3N] [A] r molecules 
Time (moleculescm.-*) co Ron, Rom, Rew, Row, Rew sec.-4) 
Temp. (sec.) x 10-7 (molecules cm.-* sec.-!) x 107 x 108 
123° 600 8-7 17-5 134 139 20-4 —- — —_ 103 
169 1800 8-4 19-7 228 298 45-3 2-3 _— —= 133 
213 900 8-3 23-6 327 511 209 13-2 45-3 12-2 23 
263 900 8-3 19-9 400 714 966 32-0 61-2 38-2 x 
151 900 8-6 19-3 184 225 27-9 = —- os 136 
143 900 8-3 18-8 156 184 23-6 —— —- — 129 
126 1200 8-9 19-2 130 142 22-0 — — -— 99 
132 900 8-4 17-6 133 145 23-0 — — —— 103 
— signifies an immeasurable amount of product, if any. 
* represents a negative value. 
TABLE 5. Reaction of methyl radicals with diethylamine. 
Ryo/Rgt (cm 
((CgHs)2NH] [A] molecules“t 
Time (molecules cm.") Reo Ren, Row, Row, Ro,n, Roy, sec.~}) 
Temp. (sec.) x 10-7 (molecules cm.-* sec.") x 107 x 10% 
123° 1800 7-5 7-5 76 98-4 15-2 -- — _- 103 
155 1800 8-4 8-2 111 167 12-5 _- — — 168 
175 1800 8-8 8-8 135 216 12-5 ~- -- = 202 
204 1800 9-3 10-7 190 330 36-0 —- a _- 148 
249 900 10-2 11-1 252 550 236 10-5 15-3 30-6 15 
140 1800 9-4 9-4 100 146 21-1 — — — 135 


decompose thermally into ethyl radicals and ethylene. Butene is probably formed by 
reaction (7). Since k,/k, can be taken as 0-12 and h,/ky, as 0-04 (ref. 11), and if 
ethylene is formed solely by reactions (6) and (9), then Ro,q,/(0-12Ro,n,, + 0-04Ro,n,) 
should be unity. However, this ratio is experimentally greater than unity and this implies 
an additional ethylene-forming reaction, probably the decomposition of the amine radicals. 


Grateful acknowledgment is made to the National Research Council of Canada for financial 
assistance. 
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® Brinton and Volman, J]. Chem. Phys., 1952, 20, 25. 
10 Kutschke, Wijnen, and Steacie, J. Amer. Chem. Soc., 1952, '74, 714; Brinton and Steacie, Canad. 
J. Chem., 1955, 38, 1840. 
11 Ausloos and Steacie, Canad. J. Chem., 1955, 38, 1062. 








r the 
Tow- 
vility 


sence 
’ the 


(20) 


(20) 


(cm.3 
les“t 
yi3 


awe we Sw wy 


d by 
nd if 
Ro,n,) 
aplies 
cals. 


uncial 








Goldberg and Wragg. 


87. Spasmolytics derived from Xanthen. Part II} 
By A. A. GOLDBERG and A. H. Wracc. 


Some 9-(2-dialkylaminoethy]l)- and 9-(2-dialkylaminoethylidene)-xanthens, 
and their alkyl bromides, have been synthesised and examined for spas- 
molytic activity. 


In Part 11 of this series some dialkylaminoalkyl esters of xanthenyl-formic, -acetic, and 
-glycollic acid and xanthenylideneacetic acid were reported. These contained the 
pharmacologically effective C-CO-O-C-C-N group resembling the natural prototype hyoscine. 
The high spasmolytic activity? of 1-(3,3-diphenylpropyl)- (Efosin) and 1-(1-methyl- 
3,3-diphenylpropyl)-piperidine showed the grouping C-C*C-NR, to be effective pharmaco- 
logically since these compounds possess respectively 10% and 50% of the antimuscarine 
activity of atropine. 3-Dialkylamino-1,l-diphenylprop-l-enes * and but-l-enes* have 
high antimuscarine and antihistamine activities and, in addition, effect conduction 
anesthesia and analgesia; * these activities are maintained when the umbrella phenyl 
groups were replaced by thienyl,® pyridyl,® or cyclohexyl.’ 

Accordingly we synthesised some 9-(2-dialkylaminoethyl)- and 9-(2-dialkylamino- 
ethylidene)-xanthens and examined them for spasmolytic activity. 9-(2-1’-Piperidinyl- 
ethyl)xanthen has been prepared by Rosicky * from sodioxanthen, a method previously 
used by Cusic ® for obtaining substituted aminoalkylxanthens; the methobromide of this 
base was shown by Eichenberger and Emmrich” to be a powerful parasympatholytic 
agent having low mydriatic activity and little inhibitory effect on salivation. 

Reaction of 9-xanthenylacetyl chloride with secondary amines gave the corresponding 
amides which were reduced smoothly by lithium aluminium hydride to the required com- 
pounds in good yield. NN-Dialkylxanthen-9-carboxyamides similarly gave 9-(dialkyl- 
aminomethyl)xanthens. 

9-Xanthenylideneacetic acid failed to yield the chloride on treatment with thionyl 
chloride in refluxing benzene or ether; apparently addition to the double bond takes place. 
The acid, however, was converted by the Horenstein-Pahlicke ™ procedure into the methyl 
ester which in refluxing piperidine gave the required amide. The latter was reduced by 
lithium aluminium hydride without the double bond being affected. 

Spasmolytic Activities (with B. K. Epwarps).—The spasmolytic activities of the 
tertiary amines and quaternary salts against acetylcholine bromide and histamine spasm 
of isolated guinea-pig ileum were determined by the Magnus method and are recorded 
in the Table. The spasmogen dilution (pD) given at the head of each column produced 
ca. 40°/, reduction of the normal length of the ileum segment in all cases. The activities 
of the spasmolytic agents are recorded as the dilution potential (pD) which effects 50% 
release of the spasm; the figures given are the means from 6 strips. Dilutions are given 
on the pD scale; pDx means 1 part of spasmolyte in 107 parts of solution. 

The following deductions can be made from the tabulated results: 9-(2-1’-Piperidinyl- 
ethyl)xanthen methobromide has 25% of the antimuscarine activity of atropine and 30% 


1 Part I, Goldberg and Wragg, J., 1957, 4823. 
* Report No. PB 981 Office of the Publication Board, Dept. of Comm., Washington, D.C.; quoted 

by Bergel and Parkes in ‘“‘ Progress in Organic Chemistry,” J. W. Cook (Ed.), No. 1, p. 180, Butter- 

worths, 1952. 

% Adamson, J., 1949, S144. 

* Adamson and Green, Nature, 1950, 165, 122. 

5 Adamson, J., 1950, 885; B.P. 657,301. 

* Adamson and Billinghurst; J., 1950, 1039. 

? Adamson, Barrett, and Wilkinson, J., 1951, 52. 

® Rosicky, Swiss P. 316,550, 322,804. 

® Cusic, U.S.P., 2,676,971, 2,368,006. 

% Eichenberger and Emmrich, Schweiz. med. Wochenschr., 1956, 86, 1102. 

" Horenstein and Pahlicke, Ber., 1938, 71, 1644. 
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of the antihistamine activity of chloropromazine. 9-(2-1’-Pyrrolidinylethyl)xanthen has 
little antimuscarine activity but has twice the antihistamine activity of chloropromazine: 
quaternisation increases activity against acetylcholine and decreases activity against 
histamine spasm. Introduction of the double bond into the propane chain effects a pro- 
found change in activity; 9-(2-1’-piperidinylethylidene)xanthen methobromide has little 
antimuscarinic activity but nearly 3 times the antihistamine activity of chloropromazine, 
Shortening the carbon chain greatly reduces the antimuscarine but increases the anti- 
histamine activity. 


Spasmolytic activities of (B) the base and (M) the methobromide. 


Acetylcholine Histamine 
bromide pD 7-08 pD 7-08 
9-Derivative of xanthen B M 

Me,N-’CH,°CH, 5-30 5-64 
Et,N-CH,°CH, 6-06 6-04 
[CH,],>N-*CH,°CH, 6-49 6-96 
[CH,],>N-CH,°CH, 6-66 7-48 * 
{(CH,],°CHMe}> N-CH,°CH, 6-95 -—— 
{[CH,],>N-CH, 6-11 6-42 t¢ 
[(CH,],>N°CH,-OH= 5-82 6-44 

Other compounds 
Atropine 8-85 
Papaverine 5-04 
Chloropromazine 5-67 

* Ethobromides 7-03 and 6-19 respectively. + Methiodide. 
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EXPERIMENTAL 


Molecular weights were determined by titration with anhydrous perchloric acid. 

1-(9-Xanthenylacetyl)pyrrolidine.—A solution of 9-xanthenylacetic acid! (24 g., 0-1 mole) 
in dry benzene (200 c.c.) and thionyl chloride (18 c.c., 0-25 mole) was refluxed for 14 hr. The 
solvent was distilled off at reduced pressure; benzene (100 c.c.) was added and then distilled 
off; addition of a further 100 c.c. of benzene and its removal at reduced pressure left the acid 
chloride as a pale yellow solid. This was refluxed in benzene (250 c.c.), and anhydrous pyrrolid- 
ine (17-8 g., 0-25 mole) added slowly with stirring. After a further 2 hours’ refluxing and 
storage at room temperature overnight the precipitated pyrrolidine hydrochloride was removed 
and washed with benzene. The filtrate was washed with dilute hydrochloric acid and water, 
dried, and distilled, yielding 1-(9-xanthenylacetyl) pyrrolidine (28-3 g., 96%), b. p. 226—230°/1-5 
mm. (Found: C, 77-5; H, 6-41; N, 4-7. C,,H,,O,N requires C, 77-8; H, 6-5; N, 4:8%). 

In the same manner were prepared: 1-(9-Xanthenylacetyl)piperidine, needles (70%) [from 
benzene-ligroin (b. p. 60—80°)], m. p. 72° (Found: C, 78-3; H, 6-7; N, 4:5. C,9H,,0,N 
requires C, 78-2; H, 6-8; N, 46%.) 

2-Methyl-1-(9-xanthenylacetyl) piperidine, b. p. 244—248°/1-5 mm. (97%) (Found: C, 78-1; 
H, 7:2; N, 4-3. C,,H,;0,N requires C, 78-5; H, 7:2; N, 4:4%). 

NN-Diethyl-9-xanthenylacetamide, b. p. 220—224°/1 mm., needles (90%), m. p. 60—62° 
(Found: N, 4:7. Cy, ,H,,O,N requires N, 4-6%). 

NN-Dimethyl-9-xanthenylacetamide (prepared from the acyl chloride in acetone and 
aqueous dimethylamine), needles (from ethanol), m. p. 110—112° (72%) (Found: C, 76-4; 
H, 6-3; N, 5-4. C,,H,,0O,N requires C, 76-4; H, 6-4; N, 5-3%). 

1-9’-Xanthenylcarbonylpiperidine (from the acyl chloride and piperidine), needles (84%) 
(from alcohol), m. p. 152—154° (Found: C, 78-4; H, 6-4; N, 4-7. C,,H,,O,N requires C, 77-9; 
H, 6-4; N, 48%). 

9-(2-1’-Pyrrolidinylethyl)xanthen.—1-(9-Xanthenylacetyl)pyrrolidine (14-65 g.) in anhydrous 
ether (100 c.c.) was added dropwise in 20 min. to a stirred suspension of lithium aluminium 
hydride (4-75 g.) in ether (250 c.c.) at 10°. The mixture was stirred for a further 5 min., then 
refluxed for 3 hr., cooled in ice-water, and treated with alcohol (50 c.c.) followed by water 
(50 c.c.). Next morning the solution was filtered and the residue washed with ether. The 
ether solution was washed with water (100 c.c.) and extracted with 2n-hydrochloric acid 
(3 x 50 c.c.). The combined extracts were basified with 10N-potassium hydroxide, and the 
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liberated oil extracted with ether (3 x 100 c.c.). The ethereal solution was washed with a 
jittle water, dried (Na,SO,), and evaporated. The residual amine solidified ‘to needles 
(12-5 g., 90%), m. p. 80° (Found: M, 280. Calc. for C,,H,,ON: M, 279). It gave a hydrogen 
oxalate, needles (91%) (from alcohol), m. p. 192—194° (Found: M, 367. Calc. for C,,H,,0,N: 
M, 369); methobromide (reaction at room temperature for 6 days) (92%), m. p. 196—198° 
(Found : C, 64-2; H, 6-4; N, 3-4. C,9H,,ONBr requires C, 64-2; H, 6-4; N, 37%), and 
methiodide, pale buff rhombs, m. p. 174—176° (Found: N, 3-3; I, 29-2. C,)9H,,ONI requires 
N, 3:3; I, 30-2%). 

The following were obtained in the same way: 

9-(2-1’-Piperidinylethyl)xanthen, b. p. 198—202°/2 mm. (88%) (Found: M, 291. Calc. for 
CypH,;ON: M, 293) [hydrogen oxalate, plates (from alcohol), m. p. 200° (decomp.) (Found: 
C, 69-0; H, 6-5; N, 34%; M, 379. C,,H,,O,N requires C, 69-0; H, 6-5; N, 3-7%; M, 383); 
methobromide (80%), needles, m. p. 200—202° (Found: N, 3-4. C,,H,,ONBr requires N, 
36%); methiodide, pale buff prisms (93%) (from ethanol-ethyl acetate), m. p. 172° (Found: 
C, 58°5; H, 5-9; N, 3-3; I, 28-8. C,,H,,ONI requires C, 58-4; H, 6-0; N, 3-2; I, 29-2%)). 

9-(2-2’-Methyl-1'-piperidinylethyl)xanthen hydrochloride (from the base and ethereal hydrogen 
chloride) (82%), m. p. 225—-226° (Found: C, 73-5; H, 7-4; N, 3-8; Cl, 10-7. C,,H,,ONCI 
requires C, 73-3; H, 7-6; N, 4-1; Cl, 10-3%). 

9-(2-Diethylaminoethyl)xanthen hydrogen oxalate, needles (70%) (from alcohol—acetone), 
m. p. 129—130° (Found: C, 68-1; H, 6-6%; M, 373. C,,H,;0O,N requires C, 68-0; H, 6-7%; 
M, 371); methobromide, hygroscopic needles (94%), m. p. 120—122° (Found: M, 377. 
CypH,,ONBr requires M, 376), and pale yellow, hygroscopic methiodide (96%), m. p. 108—110° 
(Found: M, 426. C,9H,,ONI requires M, 423). 

9-(2-Dimethylaminoethyl)xanthen hydrogen oxalate, needles (95%) (from ethanol), m. p. 
198° (decomp.) (Found: C, 66-1; H, 6-3; N, 3-7. C,,H,,O;N requires C, 66-5; H, 6-1; N, 
41%), and methobromide, needles (95%), m. p. 226° (Found: M, 346. C,,H,,ONBr requires 
M, 348). 

9-1’-Piperidinylmethylxanthen, needles (84%), m. p. 78—80° (Found: C, 81-6; H, 7-4; 
N, 5:0. C,gH,,ON requires C, 81-7; H, 7-5; N, 50%) [hydrogen maleate needles (96%), m. p. 
168—170° (Found: C, 69-8; H, 6-4; N, 36%; M, 397. C,;H,,O;N requires C, 69-9; H, 6-3; 
N, 36%; M, 395); methiodide (obtained by refluxing the base and methyl] iodide in ether for 
5 days), fawn needles (17%), m. p. 196—198° (Found: M, 427. C,)H,,ONI requires M, 421)}. 

9-(2-1’-Piperidinylethylidene)xanthen.—9-Xanthenylideneacetic acid! (11-7 g.), potassium 
carbonate (7-5 g.), methyl iodide (41 g.), and dry acetone (300 c.c.) were refluxed for 96 hr. 
The acetone was distilled off, water (300 c.c.) added, and the whole extracted with ether 
(2 x 100 c.c.). The extract was washed with aqueous sodium carbonate and water and 
evaporated; methyl 9-xanthenylideneacetate (12-0 g., 97%) remained as a yellow solid, m. p. 
72—74° (Found: C, 76-6; H, 5-0. (C,,H,,0, requires C, 76-2; H, 4:8%). 

The ester (12 g.) and anhydrous piperidine (25 g.) were refluxed together for 14 days. The 
excess of piperidine was distilled off in vacue and the residual oil dissolved in benzene (100 c.c.), 
washed with water, 2N-hydrochloric acid, and water, and recovered. Reduction of this crude 
amide in ether (200 c.c.) with lithium aluminium hydride (7-5 g.) in ether (250 c.c.) yielded the 
pale yellow solid amine. This was added in hot ethanol (10 c.c.) to oxalic acid dihydrate 
(27 g.) in hot ethanol (10 c.c.).  9-(2-1’-Piperidinylethylidene)xanthen hydrogen oxalate 
separated as plates (3-1 g.), m. p. 182° (decomp.) (Found: C, 69-1; H, 5-9; N, 3-8. C,,H,,0O;N 
requires C, 69-3; H, 6-0; N, 3-7%). 

The free amine was obtained from the oxalate by means of ether and aqueous sodium 
hydroxide. The methobromide separated slowly in pale cream-coloured plates, m. p. 150— 
152° (Found: M, 389. C,,H,,ONBr requires M, 386). 


The authors thank Mr. R. J. Crabbe for technical assistance. 
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88. Reaction of «-Cyanobenzyl Bromide with Some Nucleophilic 
Reagents. 


By J. E. BANFIELD. 


The outcome of such reactions depends on the reactivity of the nucleophile 
competing with the basicity of the reagent. 


SyNTHEsIs of «-substituted benzyl cyanides and their derivatives by nucleophilic replace. 
ment of the halogen of «-cyanobenzyl chloride or bromide is restricted by the well-known 
reaction! of these halides with bases to yield trans-«8-dicyanostilbene.2 However, a 
number of such syntheses has been reported, e.g., reactions with nitroso-compounds? 
mercury,4 thiourea,> ethyl xanthimide,* ammonium thiocyanate,’ sodium hydrogen 
sulphide,? and sodium sulphide,’ the products being frequently accompanied by the 
stilbene and in one case ® by a derivative thereof. 

Reaction of a number of thiophenols with «-cyanobenzyl bromide is now reported; the 
products were the aryl «-cyanobenzyl sulphides usually accompanied by the dicyano- 
stilbene. The constitution of the phenyl derivative PhS*CHPh-CN was confirmed by 
hydrolysis to the known carboxylic acid. «-Cyanobenzyl p-tolyl sulphide was hydrolysed 
by ethanolic guanidine to «-carbamoylbenzyl p-tolyl sulphide p-C,H,Me-S-CHPh-CO-NH,, 
and by alkali to the known acid. Sodium toluene-f-sulphinate reacted with «-cyano- 
benzyl bromide to yield «-cyanobenzyl p-tolyl sulphone which was also prepared by 
oxidation of the corresponding sulphide. 

Neutral guanidine salts did not react with «-cyanobenzyl bromide in refluxing aqueous 
ethanol or under a variety of other conditions, whereas guanidine carbonate and the 
bromonitrile gave the dicyanostilbene. With an excess of ethanolic guanidine it yielded 
a substance apparently derived from «$-dicyanostilbene, as indicated by its hydrolysis to 
diphenylmaleinimide, though satisfactory analyses were not obtained. 

Thus it is apparent that the product of reaction of «-cyanobenzyl bromide with a 
nucleophile depends critically wpon the nucleophilic reactivity on the one hand and the 
basicity of the reagent on the other; the mechanism?! assumed for formation of the 
dicyanostilbene is the abstraction of a proton from the reactive a-position of the nitrile, 
the carbanion produced then competing with the nucleophile for carbonium ions formed 
from the bromo-nitrile in an Syl-type reaction. Racemisation of «-cyanobenzy] chloride 
is known to be accelerated by alkali® which suggests that the formation of the anion 
involves rapid equilibration followed by rate- and product-determining steps. 

9-Fluorenyl nitrate has been reported ® to react (presumably by the Syl mechanism) 
with thiophenols and with sodium toluene-f-sulphinate, and with acetamide it gave 
N-9-fluorenylacetamide whereas under basic conditions the «-hydrogen was eliminated 
with the production of fluorenone.® Thus it seemed likely that the a-cyanobenzyl car- 
bonium ion might react with acetamide under appropriate conditions; however, attempts 
to isolate «-acetamidobenzyl cyanide from the products of reaction of «-cyanobenzyl 
bromide with acetamide in dioxan or ethanol were abortive, the bromide being destroyed 
with the production of ammonium bromide and minute amounts of diphenylmaleinimide 
and (probably) «$-diphenylsuccinodinitrile. Reaction of these components in formic 

' Coe, Gale, Linstead, and Timmons, /J., 1957, 123, and refs. 1—6 therein. 

2 Williams and Le Feévre, J., 1957, 2425. 

3? Barrow and Thornycroft, /., 1934, 722; 1939, 775. 

4 Kretov and Abromov, J. Gen. Chem. (U.S.S.R.), 1937, 2? 1572. 

5* Miller, Sprague, Kissinger, and McBurney, J. Amer. C 2+ “oc., 1940, 62, 2099; ® Davies, Maclaren, 
and Wilkinson, J., 1950, 3491; and * Chase and Walker, } 955, 4443. 

® Davies and Maclaren, /J., 1951, 1434. 

7 Kretov and Panchenko, J. Russ. Phys. Chem. Soc., 1929, 61, 1975. 

§ Smith, Ber., 1938, 71, 634. 


* Cheeseman, J., 1959, 448; see also J., 1958, 117 for Syl reaction of amides with diphenylmethyl 
nitrate, and /., 1959, 452 for that with triphenylmethy] nitrate. 
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acid (known to be a good ionising solvent for Sy1 reactions ™) gave a substantial recovery 


ic “ of the bromide and no «-acetamidobenzyl cyanide was isolated. 












































EXPERIMENTAL 


Crude «-cyanobenzyl bromide (Defence Research Laboratories, Maribyrnong, Victoria) 
decomposed extensively when precise fractionation on a large scale was attempted under 
moderate vacuum. Accordingly the crude material was distilled rapidly and the fraction of 
»place- b. p. 125—138°/20 mm. was collected. This material, to which quantities given below refer, 
known contained benzyl cyanide as the main impurity and was of ca. 50% purity (by bromine analysis). 

a-Cyanobenzyl Phenyl Sulphide.—A mixture of thiophenol (5 ml.), a-cyanobenzyl bromide 





ver, a (15 ml.), ethanol (40 ml.), and a drop of phenolphthalein solution was stirred under nitrogen 
yunds,$ whilst aqueous 2N-sodium hydroxide was added at such a rate that the mixture remained 
drogen colourless. The mixture was stirred for 2 hr., then the pale yellow oil was separated and 
oy the crystallised by trituration with small portions of ethanol. Extraction of the solid (9-3 g.) with 
ethanol left a residue of trans-a8-dicyanostilbene, m. p. 161—162° (from light petroleum). The 
d; the extract was diluted with water to yield, after repeated recrystallisation from light petroleum, 
cyano- a-cyanobenzyl phenyl sulphide in tabular crystals, m. p. 51-5—52° (Found: N, 6-3; S, 14-7; 
1ed by 138. C,,H,,NS requires N, 6-2; S, 14-2%). 
rolysed The sulphide (1 g.) was refluxed with water (5 ml.), sulphuric acid (5 ml.), and acetic acid 
)NH (5 ml.) for 3 hr., the mixture was diluted with water, the precipitated solid was collected and 
2 extracted with alkali, and the extract was acidified, to give «-carboxybenzyl phenyl sulphide 
— in needles, m. p. 101—102° (from 20% aqueous ethanol) (lit.,12 102—103°). 
red by a-Cyanobenzyl p-Tolyl Sulphide.—p-Thiocresol (5 g.) reacted with «-cyanobenzyl bromide 
(10 ml.) by the above method to give the sulphide (6-1 g.) (from 50% ethanol), repeated 
queous recrystallisation of which from 30% acetic acid yielded a sample, m. p. 64-5—66° (Found: 
nd the C, 75-5; H, 5-9; N, 5-9; S, 13-2. C,,H,,NS requires C, 75-3; H, 5-5; N, 5°85; S, 13-4%). 
yielded Less pure sulphide was obtained from the aqueous-ethanolic mother-liquors. 
lysis to The sulphide (3 g.) was hydrolysed as above to «-carboxybenzyl p-tolyl sulphide (1-6 g.), 


m. p. 130—131-5° (lit.,1* 128°) (from aqueous ethanol) (Found: S, 11-9. Calc. for C,;H,,0,S: 
with a S, 12-4%). 


nd the a-Cyanobenzyl p-tolyl sulphide (6 g.) was refluxed with guanidine (2 g.) in ethanol for 2 hr. 
of the The cold mixture deposited a-carbamoylbenzyl p-tolyl sulphide (1-5 g.), m. p. 200-5° (from 
nittile ethanol) (Found: C, 70-2; H, 5-8; N,.5-4; S, 12-5. C,,;H,,ONS requires C, 70-0; H, 5-9; 


N, 5-4; S, 12-5%), which was not readily soluble in hot hydrochloric acid or hot sodium 


formed hydroxide solution. 
hloride a-Cyanobenzyl p-Tolyl Sulphone.—(a) A mixture of sodium toluene-p-sulphinate (16 g.), 
> anion water (40 ml.), ethanol (80 ml.), and a-cyanobenzyl bromide (20 ml.) was refluxed for a short 


time to yield the sulphone, m. p. 152—153° (from ethanol) (Found: N, 4-93. (C,,H,,0,NS 
1anism) requires N, 5-16%). 





it gave (b) a-Cyanobenzyl p-tolyl sulphide in acetic acid with 30% hydrogen peroxide under reflux 
ninated for a few seconds gave the sulphone, m. p. and mixed m, p. 146—149°. 

ry] car- Reaction of a-Cyanobenzyl Bromide with Some Thiols.—p-Methoxythiophenol (5 ml.) with 
‘tempts a-cyanobenzyl bromide (11 ml.) gave by the above method a solid (3-6 g.) which, purified from 
shensel light petroleum, gave «-cyanobenzyl p-methoxyphenyl sulphide, m. p. 53—54° (Found: C, 70-5; 
pa H, 5-1; N, 5°7. C,;H,,ONS requires C, 70-6; H, 5-1; N, 55%). 3,4-Dimethoxythiophenol 
as (2 g.) with a-cyanobenzyl bromide (4 ml.) gave an oil which solidified when triturated with 
inimide 


. ethylene glycol. The solid (2-3 g.) had m. p. 48—52° and was repeatedly recrystallised from 
formic light petroleum to yield «-cyanobenzyl 3,4-dimethoxyphenyl sulphide, m. p. 67-5—68° (Found: 
C, 67-2; H, 5-4; N, 4-7; S, 11-0; OMe, 21-6. C,,H,,O,NS requires C, 67-4; H, 5-3; N, 4-9; 
S, 11:2; 20Me, 21-8%). 

p-NN-Dimethylaminothiophenol 14 had b. p. 162—168°/25 mm. and was conveniently 
obtained in 70% yield when p-dimethylaminophenyl thiocyanate (20 g.) was refluxed with 
sodium sulphide (nonahydrate; 40 g.), sodium hydroxide (5 g.), and ethanol (200 ml.) under 

1 Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,”’ Bell, London, 1953, p. 321. 

™ Fuchs, Monatsh., 1929, 53/54, 441. 

# Arventi and Robn-Burnuz, Amn. Sci. Univ. Jassy, 1940, 26, 3025. 
ylmethyl 3 Leuckart, J. prakt. Chem., 1890, 41, 208. 

’ ™ Gilman and Fullhart, J. Amer. Chem. Soc., 1949, 71, 1428. 
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nitrogen for 4 hr., the mixture poured on ice, ammonium chloride (100 g.) added, and the 
mixture extracted with ether. This thiophenol (4 ml.) and a-cyanobenzyl bromide (6 ml.) in 
ethanol (30 ml.) gave by the above method (4 hr.) a solid (3-2 g.) which was collected and 
stirred with hot 2N-hydrochloric acid. The mixture was cooled and the residual trans-af- 
dicyanostilbene (m. p. and mixed m. p. 160—162°; from ethyl acetate; 0-8 g.) was collected 
and the filtrate was basified, to give a-cyanobenzyl p-dimethylaminophenyl sulphide, m. p, 
90-5—91° (from light petroleum) (Found: C, 71-6; H, 5-8; N, 10-2; S, 12-1. C,,H,,N,S 
requires C, 71-6; H, 6-0; N, 10-4; S, 12-0%). 

A warm solution of §-thionaphthol (8 g.), and «-cyanobenzyl bromide (11 ml.) in ethano] 
(40 ml.), treated under nitrogen with sodium hydroxide solution and then stirred for 2 hr., 
deposited «-cyanobenzyl 2-naphthyl sulphide, m. p. 88—90° (11-5 g.) which, recrystallised from 
acetic acid and then ethanol, formed pale yellow crystals, m. p. 94-5—96° (Found: C, 78-2: 
H, 4:8; N, 4:8. C,,H,,NS requires C, 78-5; H, 4-8; N, 5-1%). 

a-Cyanobenzyl bromide reacted with o-thiocresol, m-thiocresol, p-nitrothiophenol, and 
2,4-dinitrothiophenol severally to give trans-«8-dicyanostilbene, viscous oils also being obtained 
in the reactions with o- and m-thiocresols. Toluene-w-thiol (5 ml.), «-cyanobenzyl bromide 
(10 ml.), and ethanol (30 ml.) with sodium hydroxide gave trans-«{s-dicyanostilbene (1-2 g)) 
and an oil which decomposed extensively on distillation. Sodium methyl sulphide and 
a-cyanobenzyl bromide in boiling aqueous ethanol gave trans-«8-dicyanostilbene and unchanged 
bromide. 

Reaction of «-Cyanobenzyl Bromide with Guanidine Carbonate.—Guanidine carbonate (1 g.), 
a-cyanobenzyl bromide (2 ml.), ethanol (15 ml.), and water (1 ml.) were refluxed for 0-5 hr. 
The cold mixture deposited tvans-a8-dicyanostilbene (0-4 g.), m. p. and mixed m. p. 162—163° 
(from ethanol); when the filtrate was basified and treated with benzenesulphonyl chloride, 
benzenesulphonylguanidine (m. p. and mixed m. p. 214-5—215-5°) separated. Details of 
similar unsuccessful experiments are in the Ph.D. thesis of J. E. B. (University of Melbourne, 
1951). 

Reaction of «-Cyanobenzyl Bromide with Guanidine.—A mixture of guanidine nitrate (100 g.) 
potassium hydroxide (55 g.), and ethanol (250 ml.) was stirred for 0-5 hr., filtered, and stirred 
during the addition of «-cyanobenzyl bromide (50 ml.) in ethanol (100 ml.) in 0-5 hr. The 
mixture was set aside for several days, whereupon yellow crystals (21 g.), m. p. ca. 207° (decomp.), 
were deposited. This substance was insoluble in the usual solvents; it was hydrolysed in 
boiling 50% sulphuric acid (5 min.) to diphenylmaleinimide (2-6 g. from 5 g.), m. p. and mixed 
m. p. 216—217-5° (Found: C, 76-8; H, 4-2. Calc. for C,,H,,O,N: C, 77-1; H, 4:4%), which 
with sodium hydroxide gave diphenylmaleic anhydride, m. p. and mixed m. p. 158—159-5°. 

Reaction of «-Cyanobenzyl Bromide with Acetamide.—(a) The bromide (10 ml.) and acetamide 
(7 g.) in dioxan (20 ml.) were refluxed until a portion, diluted with water, extracted with ether, 
and washed with water, was free from bromine (8 hr.). The mixture was diluted, and material 
extracted with benzene was chromatographed on alumina. Benzene eluted a red oil which 
deposited crystals (0-1 g.) of probably meso + pL-«8-diphenylsuccinodinitrile, m. p. 214—221°, 
undepressed by the sample mentioned below (from benzene; Found: N, 12-3%) (lit.,!® 224°; 
Gale, Linstead, and Timmons ! give m. p. 225° for the meso-compound and note that Chalanay 
and Knoevenagel '* give m. p. 240° for the meso-compound completely free from the racemic 
form), and ether eluted diphenylmaleinimide (0-08 g.), m. p. and mixed m. p. 215—216° (Found: 
N, 58. Calc. for C,,H,,O,.N: N, 5-6%). «-Acetamidobenzyl cyanide had m. p. 114—114-5° 
(Found: C, 68-95; H, 5-60; N, 16-03. Calc. for C,)H,,ON,: C, 69-0; H, 5-8; N, 16-1%) 
(lit.,17 113°) and was sparingly soluble in cold benzene and was readily eluted by benzene from 
alumina. 

(b) Reaction of the above components in ethanol gave ammonium bromide and a little 
a8-diphenylsuccinodinitrile, m. p. 210° (from ethanol) [Found: C, 82-4; H, 5-2; N, 12-1%; 
M (Rast), 187. Calc. for C,,H,,N,: C, 82-8; H, 5-2; N, 12:1%; M, 232]. 

(c) In absence of solvents, at 97°, gave similar results. 

(d) Acetamide (10 g.), 98—100% formic acid (20 ml.), «-cyanobenzyl bromide (3 ml.), and 
sodium acetate (1-5 g.), kept at 55—60° for 48 hr. yielded, after chromatography, a yellow 
lachrymatory oil (1-05 g.), b. p. ca. 120°/8 mm. [Found: Br (by saponification and Volhard), 

18 Tronov and Aksenenko, Zhur. obshchei Khim., 1956, 26, 1393. 


16 Chalanay and Knoevenagel, Ber., 1892, 25, 285. 
7 Reihlen, Von Hessling, Hiihn, and Weinbrenner, Annalen, 1932, 493, 20. 
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444%; corresponding to 35% of «-cyanobenzyl bromide]. Reaction at 90—95° for 8 hr. gave 
a similar oil (1-55 g.; Found: Br, 11-8%). 


The author thanks Professor W. Davies for suggesting this topic, for some preliminary 
experiments, for helpful advice and discussions, and for permission to publish this work. The 
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NOTES. 
89. Electronic Correlation of Molar Refraction. 


By Santi R. Pauit and G. R. SOMAYAJULU. 


Tue molar refraction of a given molecule is customarily treated as the sum of the refractions 
of atoms, groups, and bonds in it. However, the molar refraction R can also be correlated 
with the number of electrons, , in the molecule, and this gives additional information 
about the electronic structure of the groups present. We take the methylene group as 
standard, for which the average refraction, R,, per electron is 0-581 c.c. at 20° in sodium D 
light. The refraction R,|X of any group, containing ”, electrons, attached to the methylene 
group is given by 
R, = n,R. — px ele wR oe arie a 


where e, is an empirical constant characteristic of the group. In general, for a molecule 
Rewi— Fe «+ sss oe & 


Using eqn. (2) and the data of Vogel and his co-workers,! we have calculated p for 
various atoms and groups in organic compounds (see Table). The calculated average 
deviations are generally low, and the agreement between observed and calculated values 
of R are usually good. Even so, the practical calculation of molar refractivities is usually 


Atom Average Atom Average 
or Refraction p deviation o or Refraction p deviation a 

group (c.c.) (eqn. 2) ofp __ feqn. 3) group (c.c.) (eqn. 2) ofp = (eqn. 3) 
‘CH; 4-648 0 0 -NH, 4-449 0-78 0-04 0-087 
-H 0-991 —0-41 0-02 —0-410 NH 3-638 1-01 0-05 0-126 
- 0-799 4-43 0-05 0-493 =N 2-787 1-28 0-11 0-183 
Cl 5-857 4-02 0-03 0-236 —NO, 6-723 6-64 0-01 0-289 
-Br 8-765 11-57 0-02 0-331 —-NO, 9-941 8-07 0-04 0-260 
— 13-953 16-84 0-04 0-318 -O-NO 7-233 6-13 0-03 0-266 
~~ 1-748 2-90 0-03 0-362 >N-NO 7-882 4-90 0-06 0-223 
—— 7-936 1-36 0-05 0-085 -C=N 5-453 2-10 0-03 0-162 
ss 16-072 2-52 0-04 0-079 -SCN 13-519 3-43 0-06 0-118 
-OH 2-569 2-66 0-03 0-296 -C,H,, 26-717 0-59 0-08 0-012 
-SH 8-767 1-11 0-03 0-065 -—C,H, 22-119 0-54 0-03 0-014 
-CHO 5-965 2-85 0-05 0-190 -C,H, 17-831 0-18 0-03 0-006 
~CO,H 7-263 6-10 0-05 0-265 -C,;H; 13-473 —0O-11 0-03 — 0-005 
co 4-644 3-49 0-04 0-249 -C,H, 25-471 — 1-65 0-03 — 0-040 
-0-O0CH 7-513 5-85 0-06 0-254 -—CH=CH, 9-815 —1-10 0-05 —0-073 


more easily done in the ordinary way from those of the groups present, and we have 
recorded such values in the Table which we regard as better than those at present in the 
literature. The interest lies in the significance of p, which is brought out by rewriting 


1 Vogel, J., 1945, 133; 1948, 607, 610, 616, 624, 644, 654, 1804, 1809, 1820, 1825, 1833; Jeffery 
and Vogel, J., 1948, 658, 674; Vogel, Cresswell, Jeffrey, and Leicester, J., 1952, 514. 
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eqns. (1) and (2) as (3) and (4), where o is now a constant representing the average value 
of e per electron for each group and may be taken as representing that part of the expected 


R,=,(Re— ox) + + (3); R = Yn,(Re — o3) - & 


refraction which each electron of the group fails to show. This failure may result from 
the following factors: (i) the inner-shell electrons of an atom are usually little polarised 
and contribute little to the total refraction; (ii) electrons forming bonds contribute more 
than valency-shell electrons not so engaged; (iii) electrons forming bonds show less 
refraction than expected when the bound atoms differ in electronegativity [an expression 
similar to Schomaker and Stevenson’s? expression for bond length can be written for the 
refraction R,-» of a bond A-B 


Ra-3 = 4(Ra-a + Rs_z) - ylxa =“ X| 


where y is an empirical constant (0-37 for single bonds) and x4, xy are the electro- 
negativities of atoms A and B]; and (iv) delocalisation and hybridisation further affect 
the refraction of the bonding electrons. The effect of each of these factors alone on ¢ 
cannot be determined yet, but in essence o represents the effect of nuclear charge on the 
optical polarisation of electrons, the effect being greater the more electronegative the 
atom (see values for F, O, and N in the Table). Among the halogens, however, chlorine 
is exceptional. 


INDIAN ASSOCIATION FOR THE CULTIVATION OF SCIENCE, 
CatcuTta, INpDIA. [Received, January 27th, 1958.) 


2 Schomaker and Stevenson, J. Amer. Chem. Soc., 1941, 68, 37. 

90. Jon-exchange Studies of Phosphates. Part IV.* Ion-exchange 
and pH-Titration Studies of Copper-Triphosphate Complexes in 
Solution. 

By C. HEITNER-WirGuIn, J. E. Satmon, and E. MAYER. 





HETEROMETRIC studies by Bobtelsky and Kertes! indicated the formation of two tri- 
phosphate complexes of copper, namely, [Cu(P,0,9)|®~ and [Cu,;(P,0,9)3]®". The stability 
constants for the formation of the mononuclear complexes with one and two triphosphate 
ligands in nitrate media, and also for mixed ammine-triphosphate complexes, have been 
quoted. Evidence is now given which indicates that in the presence of chloride mixed 
chloro-triphosphato-complexes may be formed. 


Experimental.—Ion exchange. The batch technique described by Salmon * was employed 
with 50 ml. of solution and 1-000 g. of anion-exchanger DeAcidite FF. 

pH-Titrations. The method described previously * was used. 

Analyses. Copper was determined by an EDTA method; ® triphosphate, after conversion 
into orthophosphate, by weighing as phosphomolybdate; and nitrate volumetrically.® 

Reagents. Sodium triphosphate was recrystallised four times from 1:4 alcohol—water.’ 
Other reagents were of analytical grade. Sodium triphosphate-copper triphosphate solutions 
were prepared by passage of a sodium triphosphate solution through a column of Zeo-Karb 225 
in the copper form. 

Results —Cation-exchange experiments failed to show the presence of cationic complexes, 


* Part III, J., 1959, 459. 


1 Bobtelsky and Kertes, J. Appl. Chem., 1955, 5, 675. 

* Bjerrum, Schwarzenbach, and Sillen, ‘‘ Stability Constants of Metal-Ion Complexes,” Part II, 
Chem. Soc. Special Publ., No. 7, 1958, p. 62. 

% Salmon, Rev. Pure Appl. Chem. (Australia), 1956, 6, 24. 

* Holroyd and Salmon, /J., 1956, 269. 

® Flaschka and Abdine, Chemist-Analyst, 1956, 2, 45. 

® Leithe, Anal. Chem., 1948, 20, 1082. 

? Quimby, J. Phys. Chem., 1954, 58, 603. 
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and all remaining experiments were carried out with DeAcidite FF. Experiments with sodium 
triphosphate solution (0-02—0-20M; pH at equilibrium 9-1—9-4) and chloride-form resin 
showed that the mean charge on the triphosphate ions sorbed was between 4 and 5 units, in 
accord with the value of pK, = 8-73 for triphosphoric acid. The results obtained with 
solutions containing sodium, copper, triphosphate, and other ions and with the anion-exchanger 
in various forms are shown in the Table. 

Slight inflections in the pH-titration curves were possibly indicative of the formation of 
1:2, 1:1, and 2: 1 (P,;O,) : Cu) complexes. 


Discussion.—The fact that in the ion-exchange experiments the ratio Nip: Now (see 
Table) rarely rose above 2, even for the higher mole ratios P,O,, : Cu in solution, indicated 
that complexes containing more than two triphosphate ligands were not readily formed, 
particularly when allowance was made for the fact that Ni,;p included both free and bound 


Sorption of copper and triphosphate from mixed solutions of copper salts (m/10) 
and sodium triphosphate (m/10). 


Aqueous phase Resin phase Aqueous phase Resin phase 
A —________—_ A ~~ 





— A. 
“~~ er =e ad a -™ 


Initial Initial 





eee y= _ 
mole ratio other ions i Nwr* mole ratio otherions Final Nur * 
P,0,5:Cu _—s present Now* Neu P,;0,5:Cu _— present Nou* Noa 
4-4 (a) —(d 56 0135 2-07 NO,-, Cl- (ec) 665 0-100 0-97 
4-4 (b) —(c) 76 0-125 1-93 NO,-,Cl- (ce) 7-18 0-116 1-04 
NO,-, Cl- (ce) 7-06 0-082 1-35 
NO,-,Cl- (ce) 7-94 0-082 1-61 
NO,-, Cl- (ce) 820 0-084 1-85 
NO,~, Cl™ (e) , 0-076 1-77 
NO,-, Cl- (e) 8 0-076 2-29 


NO,- (d) 0-053 = 1-75 
NO, (d) ; 0-055 2-09 
NO,- (d) 0-035 2-38 
NO,- (a) 0-037 2-42 


10 oe SD 68 tp 00 00 
ow ooonoow 


— 


-(f) . 0-237 1-01 
Cl- (f) ° 0-191 1-18 
Cl- (f) ; 0-155 1-38 

(a) & (b) Cu concentrations 0-02 and 0-004 respectively; (c) some Cl~ present in triphosphate form 
resin; (d) as Cu(NO,), and nitrate form resin; (e) nitrate as Cu(NO,),, chloride as chloride form resin; 
(f) as CuCl, and chloride form resin. 

* Ney and Nip indicate moles of Cu and triphosphate respectively sorbed per g.-equivalent of 
resin. 


m™ bo 
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triphosphate. The pH-titration experiments likewise failed to provide evidence for com- 
plexes with more than two triphosphate groups. 

The ion-exchange results for the system containing neither nitrate nor chloride were 
consistent with the sorption of a complex with one triphosphate group, or a mixture of this 
and the one with two triphosphate groups, together with free triphosphate. Addition of 
nitrate (as copper nitrate and nitrate-form resin) resulted in a strong sorption of nitrate and 
reduced sorption of the copper triphosphate complex. However, the partial replacement 
of the nitrate by chloride (by use of chloride-form in place of nitrate-form resin) resulted in 
a marked increase in No, and lowering of the ratio Nie: Nou for any given mole ratio of 
P,0,, : Cu in the original solution. These effects were even more marked when the nitrate 
was entirely replaced by chloride, the values of Noy being nearly four times as great as, 
and the values of Niip : Nou being nearly 40% less than, for the corresponding solutions 
containing nitrate only. 

It appears that when chloride is present a 1 : 1 complex is formed which is more strongly 
sorbed by the resin in competition with other ions than are the complexes formed in the 
absence of chloride. A possible deduction is that, under these conditions, mixed chloro- 
triphosphato-complexes are formed. 

CHEMISTRY DEPARTMENT, BATTERSEA COLLEGE OF TECHNOLOGY, 

Lonpon, S.W.11. 


[Present address (C. H.-W.): 
HEBREW UNIVERSITY, JERUSALEM.] (Received, May 25th, 1959.] 


® Watters, Laughran, and Lambert, J. Amer. Chem. Soc., 1954, 78, 4855. 
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91. Organic Fluorine Compounds. Part XIII.* An Ester of “ Phos. 
pho-enol-fluoropyruvic Acid” [1-Alkoxycarbonyl-2-fluorovinyl Dialkyl 
Phosphate| and Related Compounds. 

By Ernst D. BERGMANN and ISRAEL SHAHAK. 


THE biological properties of fluoropyruvic acid ! and the central position of its enol phos. 
phate (‘ phosphoenol-pyruvate’’) in carbohydrate metabolism made it interesting to 
prepare a “ phosphoenol-fluoropyruvate ” (l-alkoxycarbonyl-2-fluorovinyl dialkyl phos- 
phate), (RO),P(O)O-C(CO,R’):CHF, for biological testing. A convenient method appeared 
to be provided by the recently discovered reaction between ethyl bromopyruvate and 
triethyl phosphite :? 

P(OR), + CH,Br-CO-CO,R’ —t (RO),P(O)*O*C(CO,R’):CH, + RBr 


It was necessary to devise a practical synthesis of bromofluoropyruvic acid, 
BrFCH-CO-CO,H; fluoropyruvic acid or its ester can only be brominated with great 
difficulty with N-bromosuccinimide. The sodium derivative of the enol of ethyl ethoxalyl- 
fluoroacetate) * was brominated, to give a 46% yield of ethyl bromoethoxalylfluoroacetate, 
This ester was hydrolysed by hydrochloric acid to bromofluoropyruvic acid in 35% yield. 
When the methyl ester of this acid was treated with triethyl phosphite, the desired com 
pound was obtained in 50%, yield, as a colourless liquid which distils without decomposition 
in vacuo. 

Analogously, the phospho-enol derivatives were prepared from ethyl bromoethoxalyl- 
fluoroacetate and from ethyl «-bromo-«y-difluoroacetoacetate. 

The bromofluoro-keto-esters used in this study reacted smoothly with #-nitro- and 
2,4-dinitro-phenylhydrazine; the products have lost their halogen and contain two 
hydrazine residues per molecule. The group CFBr reacts like carbonyl; thus, ethyl 
bromoethoxalylfluoroacetate gave the bis-2,4-dinitrophenylhydrazone and the known‘ 


bis-p-nitrophenylhydrazone of diethyl dioxosuccinate; methyl bromofluoropyruvate and 
ethyl «-bromo-«y-difluoroacetoacetate gave the bis-2,4-dinitrophenylhydrazones of ethyl 
mesoxalaldehydate and ethyl y-fluoro-«8-dioxobutyrate, respectively. 


Experimental.—Ethyl bromoethoxalylfluoroacetate. To a suspension of sodium methoxide 
(14-4 g., 0-3 mole) in benzene (150 ml.), diethyl oxalate (44 g., 0-3 mole) was added during 10 
min, with cooling, followed by ethyl fluoroacetate (31-8 g., 0-3 mole). After 36 hr. at room 
temperature, the azeotropes of benzene with methyl and ethyl alcohol were distilled off in a 
short column until the b. p. of benzene was reached. Then the product was cooled to room 
temperature and treated dropwise with bromine, at such a rate that the temperature did not 
exceed 50°. When the colour of bromine remained, the product was washed with water and 
sodium sulphite solution, dried, and distilled. The ester (38 g., 46%) boiled at 105—107°/2'5 
mm.; it gave no reaction with ferric chloride solution (Found: C, 32-8; H, 3-8; F, 6-2; Br, 30-0. 
C,H, ,O,F Br requires C, 33-7; H, 3-5; F, 6-7; Br, 28-1%). It contained a trace of ethyl! dibromo- 
ethoxalylacetate (b. p. 165—168°/20 mm.) § not removable by distillation. 

When 2,4-dinitrophenylhydrazine reagent was added to the ester, diethyl bis-2,4-dinitro- 
phenylhydrazonosuccinate was precipitated. It melted at 240—241° after recrystailization from 
butyl alcohol (Found: C, 43-1; H, 3-0; N, 20-5. C,.9H,,0,,.N, requires C, 42-7; H, 3-2; N, 
20-0%). With p-nitrophenylhydrazine, the corresponding bis-p-nitrophenylhydrazone was 
obtained, which had the m. p, (189°) indicated by Chattaway and Adair.‘ 


* Part XII, Bergmann, Cohen, and Shahak, /., 1959, 3286. 


1 Cf., inter alia, Blank and Mager, Experientia, 1954, 10, 77; Avi-Dor and Lipkin, J. Biol. Chem., 
1958, 233, 69. 

® Cramer and Gaertner, Chem. Ber., 1958, 91, 704; Pudovik and Biktirnirova, Zhur. obshchei Khim., 
1958, 28, 1496; Pudovik and Chebotareva, ibid., p. 2492; Arbuzov, Vinogradova, and Polezhaeva, 
Doklady Akad. Nauk S.S.S.R., 1958, 121, 641. 

* Blank, Mager, and Bergmann, Bull. Res. Council Israel, 1957, 3, 101. 

* Chattaway and Adair, J., 1932, 1022; Chugreeva, Zhur. obshchei Khim., 1958, 28, 1365, de- 
scribed the derivatives of dioxosuccinic acid, 

5 Wislicenus, Ber., 1889, 22, 2912. 
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Bromofluoropyruvic acid. Ethyl bromoethoxalylfluoroacetate (57 g.) was stirred with con- 
centrated hydrochloric acid (200 ml.) for 3 hr. at room temperature. The oil disappeared and 
a very small amount of a solid was precipitated, which melted at 116° after recrystallization 
from alcohol and was identified by analysis as dibromopyruvic acid (lit.,6 m. p. 93°) (Found: 
C, 142; H, 0-9; Br, 65-2. Calc. for C;H,O,Br,: C, 14-6; H, 0-8; Br, 65-0%). (We have 
not been able to reproduce the low m. p. recorded in the literature.) The acidic solution 
was concentrated at 15 mm. and the residue distilled at 1-5 mm. The portion boiling at 
70—100°, which contained some oxalic acid, was dissolved in a little benzene, filtered from 
the (insoluble) oxalic acid and redistilled. Bromofluoropyruvic acid (13 g., 35%) boiled at 
90—92°/1-5 mm. (Found: C, 19-2; H, 1-0; F, 9-9; Br, 43-0. C,H,O,BrF requires C, 19-5; 
H, 1-1; F, 10-3; Br, 43-2%). 

Methyl bromofluoropyruvate. The preceding acid (12 g.) was treated in ether (50 ml.) with 
a slight excess of diazomethane. The ester (12 g., 90%) boiled at 94—95°/20 mm. (Found: 
C, 23-8; H, 2-2; F, 9-9; Br, 40-5. C,H,O,BrF requires C, 24-1; H, 2-0; F, 9-5; Br, 40-2%). 

The bis-2,4-dinitrophenylhydrazone of methyl mesoxaldehydate, prepared from methyl 
bromofluoropyruvate and 2,4-dinitrophenylhydrazine, had m. p. 254° (Found: C, 40-6; H, 2-9; 
N, 23-6. C,gH,,O,9N, requires C, 40-3; H, 2-5; N, 23-0%). 

Diethyl phospho-enol derivative of methyl fluoropyruvate. To methyl bromofluoropyruvate 
(12 g.) in benzene (30 ml.), triethyl phosphite (10 g.) in benzene (20 ml.) was added slowly 
(exothermic reaction). After 1 hr. at room temperature, the solution was concentrated and 
the product (6-9 g., 50%) distilled in vacuo (b. p. 135°/1-3 mm.) (Found: C, 37-9; H, 5-8; F, 7-0; 
P, 11:5. C,H,,O,FP requires C, 37-5; H, 5-5; F, 7-4; P, 12-1%). 

Diethyl phospho-enol derivative of ethyl ethoxalylfluoroacetate. Triethyl phosphite (8-3 g.) 
and ethyl bromoethoxalylfluoroacetate (14-3 g.) in benzene (40 ml.) gave, in 1 hr., the phosphate 
(86 g., 50%), b. p. 155—157°/1-2 mm. (Found: C, 41-9; H, 6-2; F, 5-3; P, 9-4. C,H ,O,FP 
requires C, 42-1; H, 5-8; F, 5-6; P, 9-1%). 

Ethyl «-bromo-wy-difluoroacetoacetate. The sodium derivative of the enol of ethyl ay- 
difluoroacetoacetate was prepared from ethyl fluoroacetate (21 g.) and sodium hydride (4-8 g.) 
in ether (150 ml.) 7 and isolated after 20 hr. by addition of light petroleum (b. p. 60—90°; 
300 ml.) and filtration. To its suspension in carbon tetrachloride (100 ml.) bromine was added 
slowly until the colour of the halogen no longer disappeared. The solution was washed with 
water and sodium sulphite solution, dried, and distilled. The bromo-ester (12 g., 25%) boiled 
at 100—102°/2 mm. (Found: C, 29-7; H, 2-6; F, 15-2. C,H,O,BrF, requires C, 29-4; H, 2-9; 
F, 15-5%). With the hydrazine it gave ethyl «B-bis-2,4-dinitrophenylhydrazono-y-fluorobutyrate, 
m. p. 262° (decomp.) (Found: C, 41-0; H, 3-0; N, 20-9; F, 3-4. C,,H,,;0,9N,F requires 
C, 41-4; H, 2-9; N, 21-4; F, 3-6%). 

With triethyl phosphite (4 g.) in benzene (15 ml.), it (10 g.) gave, in 1 hr., the phosphate (5 g., 
50%), b. p. 128—130°/1-1 mm. (Found: C, 39-6; H, 5-5. C,9H,,O,F,P requires C, 39-7; 
H, 56%). 

The phosphorus and fluorine in the phosphates were determined by the method of Eger and 
Lipke.® 


This study was sponsored by the United States National Institutes of Health. 


DEPARTMENT OF ORGANIC CHEMISTRY, 
HEBREW UNIVERSITY, JERUSALEM, ISRAEL. [Received, June st, 1959.) 
® Beilstein’s ‘‘ Handbuch,” Vol. III, p. 624; 2nd Suppl., p. 409. 
7 Blank, Mager, and Bergmann, J., 1955, 2190; cf. ref. 3. 
8 Eger and Lipke, Analyt. Chim. Acta, 1959, 20, 548. 





92. Organic Fluorine Compounds. Part XIV.1 Some 
Pyrimidines Derived from Fluoroacetamidine. 
By Ernst D. BERGMANN and Sasson COHEN. 


SomE 2-fluoromethylpyrimidines have been prepared starting from fluoroacetamidine 
hydrochloride.2 With diethyl malonate and methylmalonate, 2-fluoromethyl-4,6-di- 
hydroxypyrimidine (I; R =H) and 2-fluoromethyl-4,6-dihydroxy-5-methylpyrimidine 
? Part XIII, Bergmann and Shahak, preceding paper. 
* Buckle, Heap, and Saunders, J., 1949, 912. 
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(I; R= Me), and with ethyl «-formylpropionate 2-fluoromethyl-4-hydroxy-5-methyj- 
pyrimidine (II; R= Me) were obtained. Ethyl @-ethoxy-a-formylpropionate gave 5. 


NH 


N N in N 
FHaC(7 — FHC — FH,C'C CMe FHC 7 ~ 
Ny ZR Ny JR HN CH Ny 
OH CO,Na Me 
(I) (II) (IIT) (IV) 


ethoxymethyl-2-fluoromethyl-4-hydroxypyrimidine (II; R= EtO-CH,). Ethyl aceto. 
acetate condensed under the usual operating conditions to give only sodium @-fluoroacet- 
amidoylaminocrotonate (II), which was cyclized by sodium methoxide solution to the 
desired 2-fluoromethyl-4-hydroxy-6-methylpyrimidine (IV). The 4-hydroxy-group of the 
pyrimidine (II; R = Me) was replaced by the amino-group by successive treatment with 
phosphorus oxychloride and ammonia. 


Experimental.—2-Fluoromethyl-4,6-dihydroxypyrimidine (I; R =H). A mixture of fluoro- 
acetamidine hydrochloride (12 g.), diethyl malonate (17 g.), and 2m-methanolic sodium 
methoxide (100 ml.) was kept for 48 hr. at room temperature. The solvent was removed under 
diminished pressure, the residue taken up in a little water, and the solution acidified with 
hydrochloric acid. The pyrimidine crystallised. It was purified by dissolving it in alkali and 
reprecipitating with acid. The product (3 g., 21%) decomposed without melting, above 250° 
(Found: C, 41-8; H, 3-7. C;H,;O,N,F requires C, 41-7; H, 3-5%). 


2-Fluoromethyl-4,6-dihydroxy-5-methylpyrimidine (I; R = Me). Fluoroacetamidine hydro- . 


chloride (34 g.), diethyl methylmalonate (52 g.), and 2M-methanolic sodium methoxide (300 ml.) 
was kept at room temperature for 4 days and refluxed for 1 hr. The solvent was removed in 
vacuo and the residue dissolved in water and acidified with dilute hydrochloric acid. The 
microcrystalline product was refluxed with methanol, filtered, and dried. For the analysis it 
was recrystallised from water; it sublimed at about 300° without melting (yield, 20 g., 42%) 
(Found: C, 46-0; H, 5-0; F, 12-0. C,H,O,N,F requires C, 45-6; H, 4-4; F, 120%). 

2-Fluoromethyl-4-hydroxy-5-methylpyrimidine (II; R=Me). To a suspension of sodium 
hydride (4-8 g.) in absolute ether, a mixture of ethyl propionate (20-4 g.) and ethyl formate 
(15 g.) in ether (50 ml.) was added dropwise and with stirring. The mixture was kept fluid by 
the addition of more ether, stirred for 6 hr., and kept overnight. Filtration gave the sodium 
derivative of the enol of ethyl a-formylpropionate (20 g.). 

This derivative (15-2 g.) was mixed with fluoroacetamidine hydrochloride (11-3 g.) and 
2m-methanolic sodium methoxide (50 ml.) and left for 60 hr., with occasional shaking, then 
evaporated under reduced pressure. An aqueous solution of the residue was acidified with 
hydrochloric acid and evaporated. The product was extracted with hot ethyl acetate and the 
extract treated with charcoal, concentrated, and chilled to yield the desired pyrimidine (3 g., 
21%) which was best purified by sublimation (Found: C, 50-2; H, 5-0. C,H,ON,F requires 
C, 50-6; H, 5-0%). 

5-Ethoxymethyl-2-fluoromethyl-4-hydroxypyrimidine (II; R = CH,*OEt). The sodium de- 
rivative from ethyl «-formyl-8-ethoxypropionate was prepared as follows: a mixture of ethyl 
f-ethoxypropionate (72 g.) and ethyl formate (40 g.) was added dropwise within 4 hr. to a stirred 
suspension of sodium hydride (12 g.) in ether (60 ml.). The mixture was stirred for a further 
2 hr., kept overnight, and filtered. The product was washed with anhydrous ether and dried 
to constant weight at 70°. It formed an almost colourless, fluffy powder (44 g.). 

To a solution of sodium methoxide (from 5-2 g. of sodium and 50 ml. of methanol), the above 
derivative (44 g.) and fluoroacetamidine hydrochloride (26 g.) were added and the mixture was 
stirred for 18 hr. at room temperature and for 6hr.at the b.p. Solvent was removed in vacuo and 
an aqueous solution of the residue acidified with dilute hydrochloric acid and evaporated. The 
residue was extracted with boiling ethanol; the solution, on evaporation, left a viscous product 
which was purified by repeated sublimation. 5-Ethoxymethyl-2-fluoromethyl-4-hydroxy- 
pyrimidine (3-5 g., 8-4%,) melted at 180° (sublimation) (Found: F, 10-6. C,H,,O,N,F requires 
F, 10-2%). 

Sodium {-fluoroacetoamidoylaminocrotonate (III). To fluoroacetamidine hydrochloride (7-5 
g.), ethyl acetoacetate (9 g.), and anhydrous ethanol (7 ml.), powdered sodium hydroxide (2-8 g.) 
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_was added portionwise, with stirring, and the whole was kept over sulphuric acid in an evacuated 


desiccator for 4 days. The completely dry residue was powdered and extracted with anhydrous 
ethanol. Addition of ether to its alcoholic solution, gave the salt (3 g., 25%) (Found: C, 38-9; 
H, 40; F, 10-1. C,H,O,N,FNa requires C, 39-5; H, 4-4; F, 10-4%). 

2-Fluoromethyl-4-hydroxy-6-methylpyrimidine (IV). The above salt (2-5 g.) was kept in 
2m-sodium methoxide (10 ml.) overnight. The solvent was removed under diminished pressure 
and the solid residue taken up in water and acidified with hydrochloric acid. The acid solution 
was brought to dryness under diminished pressure and the solid residue extracted with ethyl 
acetate. The extract was concentrated and chilled, whereupon 2-fluoromethyl-4-hydroxy-6- 
methylpyrimidine (1 g., 52%), m. p. 166—168°, crystallised (Found: C, 50-8; H, 4:7; F, 12-7. 
C,H,ON,F requires: C, 50-6; H, 5-0; F, 13-4%). 

4-Amino-2-fluoromethyl-5-methylpyrimidine. The compound (II; R= Me) (3 g.), phos- 
phorus oxychloride (15 g.), and dimethylaniline (5 g.) were refluxed for 30 min., then poured on 
ice. The product was extracted with ether, washed with sodium carbonate solution, dried, and 
recovered as an oil. This was heated with 8% ethanolic ammonia (15 ml.) for 6 hr. at 100° in 
a sealed tube and the filtered solution evaporated. The residue was extracted with boiling 
chloroform, the extract evaporated, and an aqueous solution of this residue treated with charcoal, 
filtered, and brought to dryness again. The product, purified by sublimation under reduced 
pressure, had m. p. 158—160° (0-2 g., 65%) (Found: C, 50-9; H, 6-1. C,H,N,F requires 
C, 51-1; H, 5°7%). 


This study was sponsored by the United States National Institute of Health. 


Tue SCIENTIFIC DEPARTMENT, MINISTRY OF DEFENCE, 
Tet-Aviv, ISRAEL. [Received, June 19th, 1959.) 


93. Polarographic Reduction of Tetraphenylcyclopentadienone in 
Dimethylformamide. 


By P. H. Given and M. E. PEOVER. 


In connection with work on the structure of coal, we have, with J. Schoen, surveyed the 
polarographic behaviour in dimethylfotmamide of some aromatic carbonyl compounds of 
known structure! We have now extended this study to tetraphenylcyclopentadienone 
(I); the results present some unusual features, 

The ketone showed two waves of half-wave potential —0-33 and —0-89 v (against a 
mercury-pool anode) of height (ia/cm?’5#1/*) 2-2 and 1-7, indicating two additions of one 
electron: the concentration range was 0-2—0-75 mm. In the presence of acetic anhydride 
(20 mm) only one wave was observed, of half-wave potential —0-32 v and height 3-8 (cf. 
behaviour of anthraquinone under similar conditions *). 


Ph 
Ph Ph = Ph ) Ph Ph Ph = Ph COMe Phr-—>Ph Ph-—SPh 
nl J Ph onl Jen nl J Ph = Ph Ph Ph Ph ml J Ph 
H 
fo) fo) HO H fo) O° fe) 
(I) (II) (111) (IV) (V) (VI) 


The ketone was also reduced electrolytically in dimethylformamide at a stirred mercury 
cathode controlled at —1-0 v against a separate mercury-pool reference electrode. The 
solution was intensely browh during reduction. When the current had fallen to a few 
milliampéres (total consumption equivalent to 2-08 faradays per mole), dilute hydrochloric 
acid was added, and the mixture was extracted with chloroform. The extract gave a 
9% yield of a product having the m. p. (163°) and ultraviolet spectrum recorded ? for 


? Given, Peover, and Schoen, J., 1958, 2674. 
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tetraphenylcyclopentenone (II); the expected cyclopentadienol (III) has a lower m, p, 
and a distinct spectrum. The product showed an intense carbonyl band at 1695 cm 
and a band at 2950 cm. indicating C-H vibrations on saturated carbon atoms, but no 
hydroxyl band near 3300 cm.. The cyclopentenone obtained had half-wave potentials 
—1-10, —1-50, and —1-96 and heights 2-2, 1-2 (average, varying with concentration), 0-7, 

A further sample (2 g.) of the cyclopentadienone (I) was reduced electrolytically as 
before but at —0-5 v and with the addition of 10 ml. of acetic anhydride. The product 
was an orange-yellow oil containing some solid (0-6 g.) which proved to be the cyclo. 
pentenone. The filtered oil solidified on long standing, but it could not be recrystallized 
satisfactorily from any of the common solvents. The crude material showed a stron 
carbonyl band at 1700 cm.* with a shoulder at 1680 cm.-1, a weak ester band at 1765 cm, 
and fairly strong methyl absorption at 1366 and 1455cm.. The region around 1200 cm.1. 
normally of diagnostic value for oxygen-containing groups, contained too many bands to 
be assigned with certainty. The methyl absorption establishes the presence of a substantia] 
acetyl content, and the carbonyl absorptions strongly suggest that predominantly C- 
acetylation had occurred rather than reductive acetylation of C-O. The compound (IV) 
as a major constituent of the product would be consistent with the observations. 

The reduction of tetraphenylcyclopentadienone has been studied by Sonntag, Linder, 
Becker, and Spoerri,? who report that it gives with lithium aluminium hydride good yields 
of either the cyclopentenone (II) or the alcohol (III) according to the conditions. This 
result suggests that the 3- and the 4-position do not differ greatly in nucleophilic reactivity 
from the 1-position; the same conclusion appears to follow from calculations by the 
molecular-orbital method. Granted this unusual reactivity, it is not surprising that 
polarographic reduction yields the ketone (II). It is, however, unexpected that the half- 
wave potentials for the reduction of an aromatic system should be so low (close to the 
values for anthraquinone). 

C-Acetylation during electrolysis in the presence of acetic anhydride could arise as 
follows. The reactivity of the 3- position suggests that in the cyclopentadienone (I) the 


extended system C=C-C=0 <—» €-C=C-0 has a similar polarity to that normally expected 
of the carbonyl group (>C* — O-). In this case the mononegative ion, formed in the first 
polarographic wave by addition of one electron, would have a structure best represented 
as (V) or (VI). The carbanion might then react with acetic anhydride in the same way 
as a quinol ion, yielding an acetyl derivative and an acetate ion. Addition of a second 
electron and abstraction of a proton from the solvent completes the process. 


Experimenial.—Tetraphenylcyclopentadienone, prepared by Dilthey and Quint’s method; 
had the m. p. and ultraviolet spectrum reported.2# Polarography and electrolysis were carried 
out in dimethylformamide with 0-1N-tetraethylammonium iodide as supporting electrolyte; 
the procedures and apparatus were as described.¥5 All potentials are referred to a mercury 
pool as standard electrode. The infrared and ultraviolet spectra were measured in Unicam 
SP.100 and SP.500 spectrometers respectively. 


The authors are indebted to Dr. J. K. Brown for the infrared spectra. 


British Coat UTILISATION RESEARCH ASSOCIATION, 
LEATHERHEAD, SURREY. (Received, June 8th, 1959.) 


2 Sonntag, Linder, Becker, and Spoerri, ]. Amer. Chem. Soc., 1953, 75, 2283. 

3 Bergmann, Bull. Soc. chim. France, 1951, 18, 661; ‘‘ Progress in Organic Chemistry,”’ Vol. 3, Butter- 
worths, London, 1955, pp. 118—119. 

* Dilthey and Quint, J. prakt. Chem., 1930, 128, 139. 

5 Given and Peover, Proc. Inst. Fuel Conf. ‘‘ Science in the Use of Coal,” 1958, p. A-33. 
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94. The Kinetics of Alkyl-Oxygen Fission in Ester Hydrolysis. 
Part VII.* p-Methoxydiphenylmethyl Benzoate. 
By S. R. Jouns and V. R. Stimson. 


Tue p-methoxydiphenylmethyl group has considerable electron-releasing power. The 
chloride undergoes solvolysis! at a rate probably ca. 10° times that of t-butyl chloride. 
Studies 2 of the behaviour of its optically active esters and ethers have shown that alkyl— 
oxygen fission occurs in a variety of acid-catalysed reactions, and isotopic tracer experi- 
ments have demonstrated that this type of fission occurs for the hydrogen phthalate ? in 
neutral hydrolysis (mechanism Bay), and for the acetate * in acid-catalysed and neutral 
hydrolyses (mechanisms A,rl and B,rl). As benzoates® generally hydrolyse by 
mechanism A,o2 more slowly than acetates do by a factor of ca. 100, it is likely that 
p-methoxydiphenylmethy] benzoate is hydrolysed with alkyl-oxygen fission. 


First-order rate constants for the hydrolysis of p-methoxydiphenylmethyl benzoate. 


10k4/Ca 
10°C, 10°Cz 1032, = (min. 1. 10°C, 10°Cg, = 10°, 
Temp. (mole/l.) (mole/l.) (min.~) mole-) Temp. (mole/l.) (mole/l.) (min.~) 
In 80% (v/v) acetone In 60% (v/v) acetone 

0-89 97-2° 0-58 
0-88 0-76 
0-44 1-20 
0-67 1-20 
1-45 0-58 
0-44 1-44 
1-46 1-28 
0-65 1-38 
0-71 1-25 
0-67 1-44 
1-45 1-25 
1-53 0-75 
1-33 1-24 
1-33 0-70 
1-53 
- 1-11 
1-92 1-11 1-25 

ky, is the first-order rate constant for the acid-catalysed reaction. 

C, and Cg are the concentrations of hydrochloric acid and ester, respectively. 
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In acidic aqueous acetone, acid-catalysed and neutral hydrolyses of #-methoxydiphenyl- 
methyl benzoate occur simultaneously. The mechanisms are presumably A,z1 and Bay] 
respectively, and the kinetics of each have been isolated (cf. Table). The rate by the 
former is ca. fifty times that of diphenylmethyl benzoate ® (cf. Part V). The Arrhenius 
parameters are: for 60°% acetone, E (graphical, kcal./mole) = 28-8, 23-2, and log, A 
(A in sec.+ 1. mole; sec.) = 15-8, 10-6; and for 80% acetone, E = 29-7, 23-2, and 
logyg A (A as above) = 16-3, 9-7 for A,r] and By,z1 respectively, and are consistent with 
those found for similar hydrolyses.® 

Variation of Rate with Solvent Composition.—The rate-controlling steps for the two 
reactions are: 

PhCO,HR* ——p PrCOH +R 2. ww ww we ee Al 


Ph°CO,R —— Ph°CO,~ + Rt Bat! 


where R represents #-methoxydiphenylmethyl. In the terms of the Hughes-Ingold 


* Part VI, J., 1956, 4676. 


oa 1 Estimated from values given by Altscher, Baltzly, and Blackman, J. Amer. Chem. Soc., 1952, 74, 
9 


* Balfe, Doughty, Kenyon, and Poplett, J., 1942, 605. 

* Bourns, Bunton, and Llewellyn, Proc. Chem. Soc., 1957, 120. 

* Bunton and Hadwick, ]., 1957, 3043. 

5 Timm and Hinshelwood, J., 1938, 862. 

* Parts I—V, J., 1954, 2848; 1955, 2010, 2673, 4020; 1956, 3629. 
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theory of solvent effects,’ increase in polarity of the solvent should result in a small decrease 
in the rate of this step for A,,1 and a large increase for Bar]. For the former the ratio 
of the rate in 60% acetone to that in 80% acetone, Rgp/Rgo, is 0-7, when allowance is made 
for the protonating power of the medium; ® this value is comparable with that found for 
other hydrolyses by this mechanism. By way of contrast, Xgo/kgy for the latter is 8-5, a 
value somewhat lower than that found for the Sy1 solvolyses of alkyl halides,® reactions of 
the same charge type, when a comparable change in solvent is made, but its difference 
from that for mechanism A,r] is significant. 


Experimental_—p-Methoxydiphenylmethyl benzoate, prepared by the method of Kenyon 
et al., had m. p. 58° when recrystallised from ethanol. The ester contained no free acid and 
complete hydrolysis yielded 100 + 1 mol. % of acid. The experimental procedure was like 
that described in Part II. The hydrolyses followed the first-order rate law. Generally the 
uncatalysed reactions accompanied the acid-catalysed hydrolyses; when the correction for the 
former was applied, the first-order rate constants for the latter were proportional to the acid 
concentration (cf. Table). For the neutral solvolyses the integrated rate constants rose slowly 
as the reaction proceeded, presumably owing to autocatalysis, k,-/k, being ca. 1-05. kh, 
was found by extrapolation to f. 


UNIVERSITY OF NEw ENGLAND, ARMIDALE, 
N.S.W., AUSTRALIA. [Received, June 16th, 1959.] 


7 Hughes and Ingold, J., 1935, 252; Ingold, “‘ Structure and Mechanism in Organic Chemistry,” 
Bell, 1953, p. 347. 

8 Values for 0-1mM-HCl by Braude and Stern (J., 1948, 1976) are used. 

® For refs. see Grunwald and Winstein, J. Amer. Chem. Soc., 1948, 70, 846. 





95. Hydrogen Isotope Effect in: the Bromination of 2-Ethoxy- 
carbonylcyclopentanone at —19-98°. 
By J. R. Hutert. 


RECENT work on the hydrogen isotope effect in the base-catalysed bromination of 2-ethoxy- 
carbonylcyclopentanone in the temperature range 10—50° has indicated that the reaction 
may exhibit quantum-mechanical leakage of protons through the energy barrier opposing 
the reaction.! Of the various bases used, the fluoride ion showed this effect most markedly, 
although the curvature which is to be expected in the Arrhenius plot when tunnelling is 
considerable ? was not observed. 

The proton-transfer reaction for fluoride-ion catalysis in protium oxide has also been 
studied at temperatures between —20° and + 15° in 5:-2m-sodium bromide solutions.* Below 
—10° marked curvature in the direction required for tunnelling is observed. By using the 
figures obtained for the hydrogen isotope effect at higher temperatures, and Bell’s 
equations, it can be shown that the reaction catalysed by fluoride ion should exhibit a large 
isotope effect at —20° whereas that for catalysis by the solvent should be comparatively 
small. The calculated figures for ky/kp at —20° are, for fluoride-ion catalysis, 16, and for 
catalysis by deuterium oxide, 4-8,3 which may be contrasted with the smaller values of 2-67 
and 3-3 observed in the region of +30°.1 (kis the first-order rate constant for the reaction, 
in sec.!, the subscripts H and D referring to proton- and deuteron-transfer respectively.) 

The object of the present work is to investigate the isotope effect for the bromination 
of the protio- and deutero-esters in deuterium oxide solution at —19-98° catalysed by 
fluoride ion. 


Experimental.—The method of following the reaction was essentially that used by Bell, 
Smith, and Woodward 5 and Hulett,® with the following modifications: In each experiment 


1 Bell, Fendley, and Hulett, Proc. Roy. Soc., 1956, A, 285, 453. 

® Bell, Proc. Roy. Soc., 1935, A, 148, 241. 

* Hulett, Proc. Roy. Soc., 1959, A, 251, 274. 

4 Bell, Trans. Faraday Soc., 1959, 55, 1. 

5 Bell, Smith, and Woodward, Proc. Roy. Soc., 1948, A, 192, 479. 
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_ the total quantity of solution to be used (ca. 7 ml.) was placed in a tube which had a long narrow 
neck fitted with a ground-glass stopper and sealed with waterproof tape. The solution was 
made up from separate solutions of “‘ specially pure ’’ sodium fluoride and “ AnalaR ”’ hydro- 
chloric acid, both in deuterium oxide 5-2m in sodium bromide. A small quantity of “‘ AnalaR ”’ 
bromine, in excess of that required for complete bromination of the ester, was added to each 
tube. For work with the protio-ester, a small quantity of ester was added to the solution after 
addition of bromine, whilst for work with the deutero-ester, the protio-ester was added to the 
solution and allowed to stand for 2 days at room temperature to ensure complete replacement 
of protium by deuterium at the 2-position before the bromine was added. At intervals samples 
were withdrawn and added to excess of aqueous allyl alcohol in stoppered vessels weighed 
before and after the introduction of the sample. The bromo-ester formed was estimated as 
described by previous workers.*5 To estimate the initial concentration of the ester (ca.4 x 10% 
mole 1.~!), a sample was withdrawn from each tube and kept at room temperature for two days 
to ensure complete bromination, and the bromo-ester was estimated as before. 

The low-temperature thermostat was that described by Hulett. Results are as tabulated. 


Protio-ester Deutero-ester 
Buffer concn. (m) [F-] = 0-0341, [HF] = 0-0034 [F-] = 0-0320, [HF] = 0-0058 
Overall vel. const. (sec.~) RyF¥-.D,0 = 3-24 x 10% Rp¥-,D:0 = 4:60 x 107 
(The superscripts F~,D,O indicate the basic catalysts used.) These results give an overall 
isotope effect ky/kp of approximately 7 at [F~] = 0-033. 


Discusston.—In order to obtain the value for the isotope effect in the portion of the 
reaction catalysed by fluoride ion, it is necessary to know kg and ky for catalysis 
by deuterium oxide under the same conditions but, since these reactions will be incon- 
veniently slow, the experiments have not been performed. (Even the fluoride-catalysed 
reaction with the deutero-ester was only 50% complete after three weeks.) However, by 
making reasonable assumptions about the relative rates of the reactions involved on the 
basis of previous work,}-*-4 it is possible to calculate an approximate figure for the ratio 
(ku/kp)*~ from this overall isotope effect of 7. Thus if (ky/kp)”*° is taken at its maximum 
value of 4-8,3 a figure of 10 is obtained for ky/kp)¥~, whilst if (kg/kp)° is smaller than 
48, then (kq/Rp)*~ is greater than 10. The magnitude of this effect clearly confirms the 
theoretical conclusion that where there are indications of considerable tunnelling a large 
isotope effect is to be expected at low temperatures.*# In view of the approximations 
involved, it is satisfactory that the experimental ratio (kg/kp)®~ of greater than 10 
approaches the maximum theoretical figure for this reaction of 16. 


I acknowledge an Imperial Chemical Industries Fellowship and thank Mr. R. P. Bell, F.R.S., 
for discussions. 


PHysICAL CHEMISTRY LABORATORY, OXFORD. [Received, July 1st, 1959.] 





96. Tricarbonylchromium Derivatives of Aromatic Compounds; 
some Discrepancies. 


By W. R. Jackson, B. NIcHOLLs, and M. C. WHITING. 


In general the three papers }-3 describing these derivatives are in good agreement, but a 
few discrepancies require reconciliation. The most important is the arene-displacement 
reaction; we reported the failure of dimethylaniline to react with tricarbonyltoluene- 
chromium, but, in agreement with Natta e¢ al.,3 we have now obtained a 60% yield of the 
dimethylaniline complex under vigorous conditions. 
Reported values for the m. p.s show some serious disagreement; our earlier data ! 
’ Nicholls and Whiting, J., 1959, 551. 


* Fischer, Ofele, Essler, Fréhlich, Mortensen, and Semmlinger, Ber., 1958, 91, 2763. 
* Natta, Ercoli, Calderazzo, and Santambrogio, Chimica e Industria, 1958, 40, 1003. 
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were uncorrected, and the corrected values given below are closer to those of the Milan 
and the Munich group. Westill, however, find m. p. 133—134° for tricarbonyl (acetanilide). 
chromium, as compared with m. p. 170° (decomp.) ;* our specimen had the correct carbon 
and hydrogen content and was characterised by infrared and ultraviolet spectra, as against 
only a carbon monoxide analysis reported by the Milan group.* Our value for the chloro. 
benzene complex (m. p. 102—103°, against 94—95° 3 and 96—98° 2) has also been confirmed, 
Here, prolonged reaction or use of imperfectly dried reagents gives lower-melting specimens, 
from which after replacement of the chlorine by methanolysis the benzene complex can 
easily be isolated. Similarly, our value (now m. p. 172—174°) for the mesitylene complex 
is still distinctly higher than those (m. p. 168—169°* and 165° *) of the other workers, 
Here again we believe that the high temperature of the reaction under pressure may have 
given by-products not easily separated. Our value? for the aniline complex was a 
transcription error. 

For the phenol and anisole complexes our results (m. p. 113—115° and 83—84°) compare 
with those of the Munich [m. p. 114 and 80—92° (sic)] and Milan [m. p. 105—106° and 
82—83°] group. 


Experimental.—After correction, the specimens of the complexes prepared! had the 
following m. p.s: benzene, 161-5—163°; toluene, 80—81°; o-xylene, 98-5—99°; mesitylene, 
172—174° (Found: C, 56-2; H, 4-75. Calc. for C,.H,,0,Cr: C, 56-25; H, 47%); tetralin, 
114—115°; anisole, 83—84°; phenol, 113—115°; methyl benzoate, 95-5—96°; chlorobenzene, 
102—103°; dimethylaniline, 145—146°; aniline, 161—162°; acetanilide, 133—134°. 


Tue Dyson PERRINS LABORATORY, UNIVERSITY OF OXFORD. [Received, July 9th, 1959.) 





97. Urea and Related Compounds. Part VII.* Isomerisation 
of 1,0-Dimethyl-2-thioisobiuret to 1,8-Dimethyl-2-thioisobiuret. 


By FREDERICK KuRZER and SHEILA A. TAYLOR. 


In a paper dealing with the cyclisation of thiobiurets to 3-hydroxy-1,2,4-thiadiazoles, we 
recently described ! the synthesis of 1,0-dimethyl-2-thioisobiuret (cf. I) and its dealkylation 
to 1-methyl-2-thiobiuret (II). 

After storage, however, samples of 1,0-dimethyl-2-thioisobiuret hydrochloride failed to 
yield the expected 1-methyl-2-thiobiuret on acid hydrolysis. The cause of this has been 
traced to spontaneous isomerisation of 1,0-dimethyl- (I) to 1,S-dimethyl-2-thioisobiurt 
hydrochloride (V). The latter gave methanethiol on treatment with alkali, and therefore 
contained an S-methyl group. It was identified by two independent syntheses: 1-methyl- 
2-thiobiuret (II) was converted by methyl iodide into 1,S-dimethyl-2-thioisobiuret hydr- 
iodide (V; X = I), the picrate of which was identical with that obtained from the isomeris- 
ation product (V; X=Cl). The formulation of the synthesised specimen (as V) i 
supported by the general experience that the thioureido-system (e.g., in thiourea,” amidino- 
thiourea,® thiobiurets,* and dithiobiurets 5) is invariably alkylated at the sulphur under 
these conditions. In the alternative synthesis, N-cyano-N’S-dimethylisothiourea ® (III) 
was treated with ethanolic hydrogen chloride, giving fair yields of the desired product 
(V; X = Cl) in one step; this reaction involves the well-known expansion of the cyano- 


* Part VI, J., 1959, 1058. 


Kurzer and Taylor, J., 1958, 379. 

Lecher, Annalen, 1924, 438, 169. 

Slotta and Tschesche, Ber., 1929, 62, 1398; Kurzer, J., 1955, 1. 

Lakra and Dains, J. Amer. Chem. Soc., 1929, 51, 2220. 

American Cyanamid Co., ‘‘ New Product Bulletin,” Coll. Vol. I, p. 54 (1952); Tursini, Ber., 1884, 
5; Fromm and Schneider, Annalen, 1906, 348, 161. 

Curd, Hendry, Kenny, Murray, and Rose, J., 1948, 1630. 
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_ jnto the imidoyl ester grouping,’ followed by its dealkylation under the conditions of 


isolation (cf. Experimental section) (III—»IV—+»V). Because of the uncertain 
decomposition temperatures of salts of this type, the identity of the hydrochlorides from 
the two sources (I and III) was confirmed by a comparison of their ultraviolet absorption 
spectra. Attempts to convert N-cyano-N’S-dimethylisothiourea (III) directly into the 
amide (V) by the standard method, using alkaline hydrogen peroxide,® were unsuccessful, 
the reactant being decomposed in the alkaline media into intractable oils, with elimination 
of methanethiol. 


HCI 
(IT) Me*NH*CS*NH*C(OMe):NH,HX ——— Me*NH*CS*NH:CO’NH, + (II) 


ee | wx 


RO 
MeN?C(SMe)*NH°CN a ae [Me*N:C(SMe)*NH:C(OR):NH,HX] ——t> MeN:C(SMe)*NH*CO*NH,,HX 
(III) (IV) (V) 


1,S-Dimethyl-2-thioisobiuret was unaffected by acid hydrolysis under conditions which 
demethylated the O-methyl isomer (I). With alkaline sodium plumbite it gave lead 
methanethiol, but the precursor (I) gave lead sulphide; this difference served as a rapid 
guide to the extent to which isomerisation had occurred; its progress was followed more 
accurately by observing the simultaneous changes in the ultraviolet absorption spectrum 
(cf. Experimental section). In the solid state at room temperature, isomerisation was 
substantially complete after 4—6 days’ storage in closed vessels. In very dilute aqueous 
solution, however, ultraviolet measurements suggested that 1-methyl-2-thiobiuret was 
the final product. 

The present isomerisation appears to be a general reaction of O-alkyl-1-methyl-2-thio- 
isobiuret hydrochlorides, analogous observations being made with the O-ethyl homologue ; 
but it is confined to suitable hydrohalides, since O-ethyl-1-methyl-2-thioisobiuret (and 
l-aryl analogues ') remained unaffected on prolonged storage. The isomerisation is there- 
fore likely to be initiated by elimination of alkyl halide, followed by its incorporation at 
the reactive thiol-centre (I —» II —» V). It is interesting that this change should occur 
so rapidly in the solid state. 


Experimental.—1-Methyl-2-thiobiuret and 1,0-dimethyl-2-thioisobiuret hydrochloride were 
prepared as described previously. In the preparation of picrates, aqueous picric acid saturated 
at 30° (containing 0-06 mole per 1.) ® was employed unless otherwise stated. In view of the 
dependence of the m. p.s (decomp.) of the salts on the rate of heating, it is essential to 
determine mixed m. p.s of pairs of picrates (or hydrochlorides) simultaneously with the m. p.s of 
their constituents. 

Ultraviolet absorption measurements were made with a ‘“‘ Unicam SP.500” spectro- 
photometer and 0-0001M-aqueous solutions. 

1-Methyl-2-thiobiuret had Amin, 232 my (log ¢ 3-32), Amax, 256 my (log ¢ 4-2). 

1,0-Dimethyl-2-thioisobiuret hydrochloride had Apin, 228 mp (log ¢ 3°86), Ama 250 mu 
(log ¢ 4-13). 

N-Cyano-N’S-dimethylisothiourea, prepared in 60% yield by the method of Curd e¢ al.* 
formed white platelets, m. p. 200—201° (decomp.) (from acetone—benzene) [Curd e¢ al. give m. p. 
196° (decomp.)] (Found: C, 37-2; H, 5-2; N, 33-1; S, 24-4. Calc. for C,H,N,S: C, 37-2; H, 
54; N, 32-6; S, 24-8%). It gave a yellow precipitate with hot alkaline sodium plumbite. 

1,S-Dimethyl-2-thioisobiuret. (a) Spontaneous isomerisation of 1,0-dimethyl-2-thioisobiuret 
hytrochloride. Specimens of this salt, after storage in closed vessels at room temperature for 
more than 1 week, had m. p. 165—167° (decomp.) and absorption at Amax 223 my (log e 4-1). 
Recrystallisation from methanol (25 ml. per g., recovery 75%; odour of methanethiol) gave 


? Pinner, ‘‘ Die Iminoaether,” Berlin, 1892; Stieglitz and McKee, Ber., 1900, $8, 1517; McKee, 
Amer. Chem. J., 1901, 26, 245. 

® Radziszewski, Ber., 1885, 18, 355; McMaster and Noller, J. Indian Chem. Soc., 1935, 12, 652. 

*® Dolinski, Ber., 1905, 38, 1836. 
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prisms of 1,S-dimethyl-2-thioisobiuret hydrochloride, m. p. 171—173° (decomp., odour of methane. 
thiol) (after sintering at 168°; subject to the rate of heating; inserted at 150°) (Found: C, 264. 
H, 5:4; S, 16-8; Cl, 18-8. C,H,ON,S,HCI requires C, 26-2; H, 5-45; S, 17-4; Cl, 19-3%), 
Amax, 225 my (log ¢ 4:1). With boiling alkaline sodium plumbite, it gave lead methanethiol (on 
subsequent cooling) (Found: C, 7-6; H, 2-2. Calc. for C,H,S,Pb: C, 8-0; H, 2-0%). 

The salt (0-01 mole) was recovered (90%) after being refluxed in methanol (20 ml.) containing 
concentrated hydrochloric acid (4 ml.) during 6 min. (7.e., conditions under which 1,0-dimethyl- 
2-thioisobiuret hydrochloride yields 1-methyl-2-thiobiuret 1). 

A solution of the salt (0-92 g., 0-005 mole) in water (10 ml.), when added to aqueous picric 
acid (0-005 mole), gave the picrate (90%), m. p. 174—175° (decomp.; after sintering at 170°: 
subject to the rate of heating; inserted at 160°) (Found: C, 31-2; H, 3-0. C,H,ON,S,C,H,0.N, 
requires C, 31-9; H, 3-2%). 

After storage during 1 week, 0-001M-aqueous solutions of 1,0-dimethyl-2-thioisobiuret hydro. 
chloride gave the absorption spectrum of 1-methyl-2-thiobiuret (measured in 0-001Mm hydrochloric 
acid). 

(6) Methylation of 1-methyl-2-thiobiuret. A solution of 1-methyl-2-thiobiuret (0-67 g, 
0-005 mole) in methanol (10 ml.) and methyl iodide (35-5 g., 0-25 mole) was refluxed during 4 hr, 
The crystalline precipitate which began to separate after 10 min. gradually increased in 
quantity; it was collected at 0°, and rinsed with methanol-ether [m. p. 166—168° (decomp); 
1-17 g., 85%] (filtrate A). Crystallisation from hot water (5 ml. per g.; recovery 50%) gave 
prisms of 1,S-dimethyl-2-thioisobiuret hydriodide, m. p. 171—173° (decomp.; odour of methane- 
thiol; after sintering at 168°; subject to the rate of heating; specimens inserted at 160°) 
(Found: C, 18-0; H, 3-7; N, 15-2; I, 44-4. C,H,ON,S,HI requires C, 17-5; H, 3-6; N, 153; 
I, 46-2%). The salt gave, with alkaline sodium plumbite, a pale yellow precipitate, and 
methanethiol. Evaporation of filtrate A to quarter-bulk gave further small quantities (5—8%) 
of crude hydriodide. 

Treatment of an aqueous solution of the hydriodide (0-28 g., 0-001 mole) with aqueous picric 
acid (0-001 mole) gave the picrate (0-37 g., 97%), m. p. [and mixed m. p. with specimens obtained 
as in (a) and (c)] 174—175° (decomp.; subject to the rate of heating; inserted at 160°). 

(c) Hydrolysis of N-cyano-N’S-dimethylisothiourea. A suspension of N-cyano-N’S-di- 
methylisothiourea (1-94 g., 0-015 mole) in ethanol (20 ml.) and 3m-ethanolic hydrogen chloride 
(10 ml., 0-03 mole) was warmed gently, and the resulting solution stored at room temperature 
during 4days. The mixture was slowly distilled to one-third bulk at atmospheric pressure, and 
the crystalline product was collected at 0° and rinsed with ethanol-ether [m. p. 166—168° 
(decomp.); 1-70 g., 62%] (filtrate M). Crystallisation from methanol-ether (40 and 5 nl, 
respectively, per g., recovery 50—60%) gave prisms of 1,S-dimethyl-2-thioisobiuret hydro- 
chloride, m. p. [and mixed m. p. with material obtained as in (a)] 172—173° (decomp., after 
sintering at 165°; subject to the rate of heating; inserted at 150°), Amax, 225 my (log ¢ 4-10) 
(Found: C, 26-7; H, 5-5; N, 22-8; Cl, 19-5. Calc. for CgH,ON,S,HCl1: C, 26-2; H, 5-45; N, 
22-9; Cl, 193%]. Vacuum-evaporation of filtrate M to small volume, followed by dilutioi 
with ether, gave more (6—14%) crude hydrochloride, m. p. 170—172° (decomp.). 

The hydrochloride was convertible, as described in (a), into the picrate (85%), m. p. and 
mixed m. p. 174—175° (decomp.; subject to the rate of heating; inserted at 160°) (Found: C, 
32:4; H, 3-3. Calc. for CJH,ON,S,C,H,O,N,: C, 31-9; H, 3:2%). 

A solution of N-cyano-N’S-dimethylisothiourea (1-29 g., 0-01 mole) in water (20 ml.) and 
10N-sodium hydroxide (3 ml.), when treated dropwise with 30% hydrogen peroxide (1-7 ml, 
0-015 mole) during 10 min. at 40—50°, gave an oil (odour of methanethiol). Neither the hydro- 
chloride nor the picrate of (V) could be isolated. 

O-Ethyl-1-methyl-2-thioisobiuret.1_ In 0-0001m-ethanolic solution this had Agjp, 226 mp 
(log ¢ 3-97), Amax, 249 my (log ¢ 4°53), Aing, 269—272 my (log ¢ 4-23). It was unchanged after 
1 year at room temperature. It had m. p. 90—91° and gave lead sulphide with hot alkaline 
sodium plumbite. Its hydrochloride,! after storage, gave methanethiol or lead methyl sulphide 
with alkali or alkaline sodium plumbite, respectively, and had Amax, 221 my (log e 4-12)], resembl- 
ing (V) but differing from (I). 
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98. Bicyclo[2,2,1|heptadiene in the Diels-Alder Reaction. 
By K. MACKENZIE. 


5,6,7,8-Tetrasubstituted 1,4,4a,8a-tetrahydro -1,4-methanonaphthalenes 
and their 2,3-disubstitution products undergo retrogressive Diels—Alder 
reaction to give aromatic ring compounds and cyclopentadiene or its 
derivatives. 


As is well known,}! tetraphenylcyclopentadienone and its analogues (I) undergo Diels—Alder 
addition with ethylenic dienophiles to give carbonyl-bridged adducts (II) or the derived 
dihydroaromatic compounds (III) resulting from elimination of carbon monoxide, 
depending on the reaction temperature. The dihydroaromatic compounds may be 
dehydrogenated merely by heat or by treatment with bromine.* 


Agi R! Ar! Ar! 
o +] Ar? R! Ar2 R! 
2 Ar? R? Ar3 R? 
Art Ar‘* 
(II) (ITT) 


The isolation of unexpected products in the reaction of tetraphenylcyclopentadienone 
(tetracyclone) with certain bicyclo[2,2,1}heptene derivatives (unpublished work) prompted 
an examination of the reaction of tetra-arylcyclopentadienones with bicyclo[2,2,1hepta- 
2,5-diene. In the following, the course of reaction of cyclopentadienones with bicyclo- 
heptadiene is rationalised within a more general reaction sequence. 

When tetracyclone and an excess of bicycioheptadiene are heated together at 80— 
140° in an inert solvent, the crystalline product shows no infrared carbonyl absorption and 
is stable to heat and mild oxidising agents. Together with the intense ultraviolet-light 
absorption, these facts characterise the product as a highly conjugated aromatic com- 
pound. In a similar reaction with the dimer of 2,5-dimethyl-3,4-diphenylcyclopenta- 
dienone the product is again a fully aromatic compound which shows a single intense 
ultraviolet maximum (216 my, e 24,720) and yields a dibromide when treated with 
N-bromosuccinimide, indicating that the methyl groups derived from the dienone are 
attached to the aromatic rings. 

However, when the more reactive analogue (IV) (phencyclone) is used in a similar 
reaction the product is certainly the adduct (VI) for it shows intense infrared absorption 
at 1770 cm.*1 (C=O in a strained-ring), rapidly absorbs hydrogen, and decomposes with gas 
evolution when heated. Moreover this product forms further adducts with dienes 
(unpublished work). 

Heating the adduct (VI) does not, however, give the dihydroaromatic compound (VII): 
it gives a product which is saturated towards bromine and hydrogen and has an ultraviolet 
spectrum different from that of the adduct (VI) or phenanthrene. 

These three aromatic compounds are 1,2,3,4-tetraphenylbenzene,” 3’,6’-dimethyl-o- 
terphenyl,? and 1,4-diphenyltriphenylene (VIII), and have arisen by a retrogressive 
Diels-Alder reaction of the intermediate dihydroaromatic compounds derived by 
decarbonylation of the initial adducts,* and in confirmation of this reaction scheme the 
cyclopentadiene evolved in the reaction of tetracyclone with bicycloheptadiene or when 
the adduct (VI) is heated may be isolated as the maleic anhydride adduct. Prior 


* The enhanced stability of phencyclone adducts is well known.’ ® 


1 (a) Allen, Chem. Rev., 1945, 37, 209; (b) Dilthey, Schommer, and Trésken, Ber., 1933, 66, 1627; 
(c) Dilthey, Horst, and Scheafer, J. prakt. Chem., 1937, 148, 53. 
2 Allen and Van Allen, J. Amer. Chem. Soc., 1942, 64, 1260. 
3 Abramov, Doklady Akad. Nauk S.S.S.R., 1948, 62, 637. 
R 
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decomposition of bicycloheptadice acetylene and cyclopentadiene in the former case 
is precluded by the fact that e- 1e does not react appreciably with tetracyclone at the 
reaction temperatures used; retivgrade reaction of bicycloheptadiene occurs only at much 
higher temperatures.4 

Simple analogues of tetracyclone undergo a similar reaction with bicycloheptadiene, 
which provides a convenient method of preparing 1,2,3,4-tetra-arylbenzenes and 1,44. 
phenyltriphenylenes, especially those having sensitive substituents, and a few examples 
have been prepared. All the 1,2,3,4-tetra-arylbenzenes show a medium-to-strong band 
in the infrared spectrum near to 800 cm.+, whilst in the ultraviolet region there are 
generally two intense maxima near 225 and 250 my (e 30,000—60,000). Both the 
intensities and the wavelengths of these absorption maxima are rather lower than might 
be expected and must be determined by the non-planarity of the benzene rings in these 
crowded molecules. 


Ar! Ar! Ar! 
Ar2 Ar? 2 
G3 QE +x ae” E 
Ar Ar3 Ar3 
Ar* Ar‘ Ar‘ 
(V) 


a Ph 
Sec: 

> 
Pee 


Ph 





R'=R’s 
(IV) (IX), CO,H Ri=R?= es Ris R=H 


(X) CO,Me (VI) H 
(XI) CO,H Ph 
(XII) CO,Me BE m Kor] 
R2 
2 Ph 


(XIII) R'=R?=COH 
(vitt) (XIV) R'=R?=CO.Me 


Under more vigorous conditions, bicyclo[2,2,1}hepta-2,5-diene-2,3-dicarboxylic acid 
([X) and its dimethyl ester (X) also react with tetracyclone, to give, as the only isolated 
product 1,2,3,4-tetraphenylbenzene; presumably the cyclopentadiene derivatives elimin- 
ated, namely, (XIII) and (XIV), are decomposed or polymerised at the reaction temper- 
ature, and attempts to trap these dienes by heating the phencyclone adducts (XI) and 
(XII) with maleic anhydride gave 1,4-diphenyltriphenylene as the only crystalline 
product. 

These observations necessitated an examination of other tetrahydromethanonaphth- 
alenes analogous to (V) having substituents other than alkyl or aryl, and one approach is 
outlined in scheme A. 

Addition of 2,3,4,5-tetrachloro-1,1-dimethoxycyclopentadiene (XV) to bicyclohepta- 
diene gives the adduct (XVI). Addition of bromine to the adduct occms without 
Wagner—Meerwein rearrangement, debromination regenerating the starting material. 
Hydrolysis of the dibromo-adduct (XVIa) with warm sulphuric acid gives the carbonyl- 
bridged compound (XVIb), but with boiling acetic-hydrobromic acid mixtures hydrolysis 
of (XVIa) occurs with concomitant elimination of carbon monoxide to give compound 
(XVIc), which is also obtained from (XVIb) by mild heating. 

* Woods, J. Org. Chem., 1958, 28, 110. 
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The compound (XVIc) shows unusual ultraviolet light absorption (Fig.); the band 
group around 300 mz represents a bathochromic shift of 44 my compared with that of 
cyclohexa-1,3-diene, whilst the splitting is attributable to the conjugative effects of the 
chlorine atoms. A similar bathochromic shift (31 my) occurs in 1,2,3,4-tetrachlorobuta- 
1,3-diene. 


Ultraviolet spectra of solutions in ethanol containing 4% of chloroform. 
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Debromination of compound (XVIc) under very mild conditions (85—80° with zinc) 
gives pure 1,2,3,4-tetrachlorobenzene in high yield, and cyclopentadiene can be distilled 
from the reaction mixture. On a moderate scale the reaction is noticeably exothermic and 





Cl Cl Cl 
cl 
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cilsy Cl 2 «Cl Br = [X= C(OMe) |] 
> Cl Cl 
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4 5 
cl Cl Cl y 
a@ Br Cc! Br cl Br 
cl Brit a a Br 
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Scheme A. 
Reagents: |, Brg. 2, Zn. 3, Hg-Pd; H2SO,; heat; Brg. 4, HBr—AcOH. 5, H,SO,. 6, Heat. 7, Zn-EtOH. 
8, Zn-Et,O or -EtOH. 
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the ease with which the reaction takes place parallels the decomposition of the 5,6,7,8. 
tetra-aryl-1,4,4a,8a-tetrahydro-1,4-methanonaphthalenes (V). The driving force of the 
reaction must therefore be determined by the dissipation of energy in forming the 
resonance-stabilised product, irrespective of the ring substituents. 

As a dihydrobenzene derivative, (XVIc) is smoothly dehydrogenated with bromine to 
give 2,3-dibromo-5,6,7,8-tetrachloro-1,2,3,4-tetrahydro-1,4-methanonaphthalene (XVII), 
which has typical aromatic ultraviolet light absorption. Debromination of this product 
(XVII) gives the dihydro-compound (XVIII) which has similar spectral properties, rapidly 
absorbs 1 mol. of hydrogen catalytically, and readily forms an epoxide. 

The methanonaphthalene (XVIII) yields a dibromide quite different from the parent 
compound (XVII) and debrominated only with difficulty to give a poor yield of the 
dihydro-derivative (XIX) of the starting material (XVIII); Wagner—Meerwein rearrange. 
ment must have intervened and is perhaps facilitated by formation of a mesomeric bridged 
carbonium ion (Ar,-3 type participation °), followed by addition of a bromine cation with 
rearrangement. In this connexion 5,8-diacetoxy-1,4-dihydro-1,4-methanonaphthalene is 
probably brominated with rearrangement.® 

Hydrogenation of the adduct (XVI) followed by hydrolysis, heating, and dehydrogen- 
ation of the product provides an independent route to compound (XIX). 

The dienophile (XVIII) reacts only slowly with tetracyclone to give as the major 
product 1,2,3,4-tetraphenylbenzene; retrogressive reaction of the intermediate 5,6,7,8- 
tetrachloro-4a,9,10,10a-tetrahydro-1,2,3,4-tetraphenyl-9,10-methanoanthracene must have 
given rise to the tetraphenylbenzene, although the second product has not been isolated in 
this reaction. Heating the compound (XVIII) with phencyclone, however, gives the 
highly insoluble adduct (XX) which decomposes at a moderate temperature into 1,4-4di- 
phenyltriphenylene and 4,5,6,7-tetrachloroindene (X XI). 

The structure of the tetrachloroindene (XX1I) follows from its ultraviolet light absorp- 
tion (Amax, 223, 228, and 264 my; ¢ 28,330, 27,030, and 13,950), the formation of a dihydro- 
derivative in which the ultraviolet light absorption indicates the disappearance of a con- 
jugated double bond (Amax. 216, 281, and 290 my; « 20,640, 438, and 407) and closely 
resembles that of 1,2,3,4-tetrachlorobenzene, the formation of a furfurylidene derivative 
(a mixed product is obtained in a similar reaction with benzaldehyde *), and by the identity 
of the dihydro-derivative with authentic 4,5,6,7-tetrachloroindane prepared by addition of 
the unusually reactive 2,3,4,5-tetrachloro-1,1-dimethoxycyclopentadiene § to cyclopentene 
followed by hydrolysis, heating, and dehydrogenation. 





cl cl 

YC! Cl 

co aid oy 
Cl Cl 
(XX1) (XXIa) 


The vigorous conditions required for the decomposition of compound (XX) preclude 
isolation of the intermediate, but the possibility of synthesising a compound having a 


5 See Bethell and Gold, Quart. Rev., 1958, 12, 173. 

® Meinwald and Wiley, J. Amer. Chem. Soc., 1958, 80, 3667. 

7 Cf. Thiele, Ber., 1900, 38, 3395; Thiele and Buhner, Annalen, 1906, 347, 249. 
8 Peri, Gazzetta, 1955, 85, 1118. 
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similar unsaturated system (XXIII) is afforded by the mild conditions involved in 
scheme B. Moderate heating of this compound (XXIII) results in decomposition to 
1,2,3,4-tetrachlorobenzene and 4,5,6,7-tetrachloroindene, and the stability of (XXIII) 
compared with (XVId) is in accord with the view that decomposition of (XXIII) and the 
dihydroaromatic compound derived from (XX) proceeds through the benzocyclopenta- 
diene structure (XXIa). The more vigorous conditions required for reaction of tetra- 
cyclone with bicyclo[2,2,1Jhepta-2,5-diene-2,3-dicarboxylic acid (and diester) is similarly 
a result of the necessity of breaking the conjugation of the carboxyl groups during 
retrogressive reaction. 

It is of interest to compare the spectroscopic properties of the intermediates in schemes 
Aand B. The infrared spectra of (XXIIa, XXV) and (XXIII, XXVI) correspond with 
those of (XVIb and c) in having strong maxima at 1818 and 1600 cm.*, respectively (««’- 
dihalogeno-carbonyl, strained ring, and conjugated C=C); the band at 1600 cm.* is 
absent from the spectra of (XVII), (XVIII), and (XXIIIa). In the ultraviolet range the 
absorptions of (XXIII) and (XVIc) closely correspond in the 280—320 my region, but 
that of (X XVI) is shifted to shorter wavelengths, consistently with steric strain which is 
relieved to some extent in (XXIII) by the planarity of the benzene ring. Internal strain 
in (XXIII) must contribute to its rate of decomposition. 


Ci GC Cl Ci Cl Cl 
Cl a CJ Cl Cl ct 
+ X — > 
Cl mci Cl Cl Cl Cl 
Ci cl C1 Ci Ci C1 
(XVII) (XV) X=C(OMe), (XXII) (XXII Ia) |! 
Cl Cl Cl Cl 
Cl > ‘ Cl ' Cl Cc! 
Cl cl Cl Cl 
Cl rol rol 
(XX) f 
Cl cl Cl Cl 
Cl Cl » Gt Cl 
~--— 
Cl Cl Cl Cl 
Cl Cl Cl Cl 
(XXII la) (XXVI) iT 
cl cl Cl Cl cl 
Cl — Cl Cl Cl Cl 
XV) —_— > 
Cl Login Cl Cl 4 Cl Cl 
Cl Cl Cl Cl Cl 
(XVI) X=C(OMe), (XXIV) (XXV) 
Scheme B. 


Reagents: |, Heat. 2, Brg (1 mol.). 3, Brg (2 mols.). 4, HgSO,. 


Compared with 1,2,3,4-tetrachlorobenzene, the tetracyclic compound (XXIIIa) shows 
a large bathochromic shift, which seems best explained in terms of aromatic ring strain, 
although there may be some interaction across the bridged ring. 

There remain to be decided the precise stereochemical features of the bridged com- 
pounds (XVI) and (XXIV), and this is receiving attention. 


EXPERIMENTAL 


Ultraviolet light absorptions were measured with a Unicam manual intrument (by Mr. L. T. 
Heaysman), for solutions in ethanol unless otherwise indicated (those marked * refer to ethanol 
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solutions containg 2% of chloroform); infrared spectral determinations were made on a Grubb- 
Parsons double-beam grating instrument for paraffin mulls (by Mr. P. J. Cooper and Mr. D. w. 
Radford). 

Reaction of Tetracyclone with Bicyclo[2,2,\]hepta-2,5-diene.—Tetracyclone ® (7-7 g., 0-02 mole) 
was heated with bicycloheptadiene (8-0 g., 0-087 mole) in chloroform (100 ml.) for 48 hr., the 
colour fading to pale pink; most of the solvent was distilled off and the residue diluted with 
methanol, whereupon 1,2,3,4-tetraphenylbenzene crystallised as pink needles (7-0 g., 92%), m. p, 
191° not depressed on admixture with the authentic compound ” (infrared spectra identical). 
The product was decolorised with the aid of charcoal and had Amy * 225, 245 my (e 28,650, 
36,600); Vmax, 800 s cm. (1,2,3,4-substituted benzene). An experiment on a larger scale gave 
also a small quantity of a higher-melting substance, m. p. ~250° (Found: C, 93-4; H, 6-4, 
Ce,Hygs requires C, 93-8; H, 6-2%), possibly the diadduct of tetracyclone with bicycloheptadiene. 

Isolation of Cyclopentadiene in the Reaction of Tetracyclone with Bicycloheptadiene.—Tetra- 
cyclone (1-92 g., 0-005 mol.) was heated with redistilled bicycloheptadiene (1 ml.) in sodium- 
dried xylene (10 ml.); nitrogen was bubbled through the boiling mixture and then into a solution 
of maleic anhydride (0-5 g.) in ether (15 ml.). At the end of the reaction (almost colourless 
mixture after 3-5 hr.), the ethereal solution was evaporated until crystals began to separate; 
the crystals were filtered off. These (300 mg., 33%) had m. p. 164—165° not depressed on 
admixture with bicyclo[2,2,l]hept-5-ene-2,3-dicarboxylic anhydride prepared by addition of 
cyclopentadiene to maleic anhydride at 10°. 

Reaction of 2,5-Dimethyl-3,4-diphenylcyclopentadienone Dimer with Bicycloheptadiene.—This 
dimer ?° (13 g., 0-052 mole) and bicycloheptadiene (10 g., 0-11 mole) were heated in chloro- 
benzene (150 ml.) under reflux for 2 hr. and the solvent then distilled off. The residual oil was 
boiled with methanol, insoluble material (2 g.) was filtered off, and the filtrate concentrated and 
allowed to crystallise. 3’,6’-Dimethyl-o-terphenyl separated as plates (7-0 g., 53%), mm. p. 113° 
not depressed on admixture with a specimen prepared ? by passing acetylene into a solution of 
the dienone dimer in boiling o-dichlorobenzene, and having Amax, 216 my (e 24,720), 
Vmax, 806 s cm.7}. 

3’,6’-Dimethyl-o-terphenyl (324 mg., 1 mol.) was heated with N-bromosuccinimide (445 mg., 
2 mol.) in carbon tetrachloride (15 ml.) until the reaction had subsided; the cooled mixture was 
filtered from succinimide, the filtrate concentrated and diluted with methanol, and the solid 
product isolated, to give 3’,6’-bisbromomethyl-o-terphenyl (450 mg., 86%), m. p. 135—136° 
(Found: C, 57-9; H, 4-1. Calc. for C,,H,,Br,: C, 57-7; H, 3-9%). 

Reaction of Phencyclone with Bicycloheptadiene.—Phencyclone ™ (5-0 g., 0-013 mole) was 
heated with bicycloheptadiene (3 g., 0-33 mole) in chlorobenzene (50 ml.) until the deep-green 
colour had faded to a light yellow (1—2 hr.); the solvent was distilled off and the residue 
diluted with methanol, the adduct separating as a buff powder. The product recrystallised 
from ethyl acetate-methanol to give 9,14-carbonyl-9,9a,10,13,13a,14-hexahydro-9,14-diphenyl- 
10,13-methanodibenz{a,cl]anthracene (VI) (6 g., 96%), m. p. 224—226° (decomp.) (Found: C, 
91-9; H, 5-9. C,,H,,O requires C, 91-1; H, 55%), vmax, 1770 vs cm. (strained-ring CO), 
principal Amax.* 225, 262, 273, 300, 312 my (e 30,260, 38,080, 24,140, 11,220, 9521). 

The adduct (VI) (950 mg., 0-002 mol.) rapidly absorbed 1 mol. of hydrogen over 5% 
palladium on chalk, to give the 9,9a,10,11,12,13,13a,14-octahydro-compound (700 mg.), m. p. 
234—237° (decomp.) (from ethyl acetate-methanol) (Found: C, 90:0; H, 5-85. C,,H,,0 
requires C, 90-2; H, 5-9%). 

Pyrolysis of the Adduct (V1).—The adduct (1-7 g.) was heated at 200° in a hard-glass flask for 
20 min. and the effluent vapour passed into maleic anhydride (400 mg.) in ether (8 ml.) ; needles 
of bicyclo[2,2,])hept-5-ene-2,3-dicarboxylic anhydride (150 mg.) quickly separated, having 
m. p. and mixed m. p. 164—165°. 

The pyrolysis residue, recrystallised from benzene-methanol, gave 1,4-diphenyltriphenylene 
(1:3 g.), m. p. 224—226° not depressed on admixture with a specimen prepared as follows. 
Acetylene was passed through a solution of phencyclone (500 mg.) in boiling o-dichlorobenzene 
(7 ml.) for 3 hr. The light yellow mixture was cooled and diluted with methanol, and the 
precipitate recrystallised from benzene—methanol [m. p. 224—226° (300 mg.), Amax.* 235, 270, 
280 my (ec 35,460, 44,015, 46,070) (Found: C, 94:7; H, 5-2. CoH,» requires C, 95-2; H, 4-8%)). 

® Dilthey and Quint, J. prakt. Chem., 1930, 128, 139. 


10 Japp and Meldrum, J., 1901, 79, 1024; Gray, J., 1909, 95, 2131. 
11 Dilthey, Horst, and Schommer, J. prakt. Chem., 1935, 143, 189. 
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Tetra-arylbenzenes.—In a typical experiment, 3,4-di-(p-methoxypheny])-2,5-diphenylcyclo- 
ntadienone !? (1-5 g.) was heated with bicycloheptadiene (5 ml.) in o-dichlorobenzene (20 ml.) 
under reflux for 6—10 hr., the solvent evaporated in vacuo, and the residue recrystallised from 
penzene-methanol to give 2,3-di-(p-methoxypheny])-1,4-diphenylbenzene (1-4 g.), m. p. 185— 
186°, Amax* 232, 255 my (¢ 33,500, 35,100), vmax, 800s cm.. A specimen, prepared by passing 
acetylene into a melt of the cyclone until the mixture was colourless and recrystallised from 
benzene-methanol, had m. p., mixed m. p., and infrared spectrum identical with those of the 
above specimen. Abramov and Shapshinskaya * report m. p. 181°. 

Similarly prepared in high yield from the relevant cyclone and bicycloheptadiene were the 
following 1,2,3,4-tetra-arylbenzenes : 

From 2-p-methoxyphenyl-3,4,5-triphenylcyclopentadienone,t 1-p-methoxyphenyl-2,3,4-tri- 
phenylbenzene, m. p. 178—179°, Amax.* 227-5, 250 my (¢ 28,880, 30,310), vingx, 801 ms cm. (Found: 
C, 89-7; H, 6-2. C,,H,,O requires C, 90-3; H, 5-8%). 

From 2,3,4,5-tetra-(p-methoxyphenyl)cyclopentadienone 4 (rather slow reaction, the cyclone 
exhibiting thermochromism, green-black when cold, deep-red when hot), 1,2,3,4-tetra-(p-meth- 
oxyphenyl)benzene, m. p. 192—193°, Amax.* 231, 260 my (ec 29,060, 32,440), va... 796 ms cm. 
(Found: C, 80-8; H, 6-0. Cy,4H 4 O, requires C, 81-3; H, 6-0%). 

From 3-p-dimethylaminophenyl-2,4,5-triphenylcyclopentadienone,’ 2-p-dimethylamino- 
phenyl-1,3,4-triphenylbenzene, m. p. 196—197°, Amax.* 225, 240 mu (ce 35,110, 34,680), vnax. 
797s cm.1 (Found: C, 90-3; H, 6-6. C,,.H,,N requires C, 90-3; H, 6-4%). 

From 2,5-diphenyl-3,4-di-p-diphenylylcyclopentadienone,' 1,4-diphenyl-2,3-di-p-diphenylyl- 
benzene, m. p. 213—214°, Amax, 224, 264 my (¢ 42,240, 65,240), va,x 800 m cm.+ (Found: C, 
94-3; H, 5-6. CygHg9 requires C, 94:3; H, 5-7%). 

Reaction of Tetracyclone with Bicyclo[2,2,1]hepta-2,5-diene-2,3-dicarboxylic Acid.—This acid 
(2-0 g., 0-01 mol.) was heated with tetracyclone (3-84 g., 0-01 mol.) in o-dichlorobenzene (50 ml.) 
for 14 hr. The solvent was evaporated in vacuo, the residue diluted with methanol, and the 
product filtered off and recrystallised from benzene-methanol, to give 1,2,3,4-tetraphenyl- 
benzene (2-2 g., 58%), m. p. 191°. 

Dimethyl bicyclo[2,2,l]hepta-2,5-diene-2,3-dicarboxylate also gave tetraphenylbenzene 

60%). 

Reaction of Phencyclone with Bicyclo[2,2,1]hepta-2,5-diene-2,3-dicarboxylic Acid and its 
Dimethyl Estey —Phencyclone (1-91 g., 0-005 mole) was boiled with the acid (900 mg., 0-005 mole) 
in chlorobenzene (25—30 ml.) until the deep-green colour had faded (30 min.); the cooled 
solution was diluted with methanol, and the precipitated solid filtered off to give substantially 
pure adduct (XI) (1-5 g., 54%), m. p. 243—245° (decomp.), insoluble in the usual solvents and 
decomposing when heated with the higher-boiling solvents. 

The adduct (500 mg.) was heated at the m. p. for 2 hr. (until gas evolution ceased), 
and the residual glass crystallised from benzene-methanol (after removal of a little tar) 
to give 1,4-diphenyltriphenylene (250 mg., 74%), m. p. and mixed m. p. 224—226°. Ina 
similar experiment on a larger scale in the presence of maleic anhydride no other product was 
isolated. 

Phencyclone (8-0 g., 0-012 mole) was heated with dimethyl bicyclo[2,2, |]hepta-2,5-diene-2,3- 
dicarboxylate (4:31 g., 0-021 mole) in chlorobenzene (50 ml.) for 45 min., cooled, and diluted 
with methanol, and the precipitate was recrystallised from chloroform—methanol, to 
give dimethyl 9,14-carbonyl-9,9a,10,13,13a,14-hexahydro-9,14-diphenyl-10,13-methanodibenz{a,c]- 
anthracene-11,12-dicarboxylate (XII) (9-3 g., 75%), m. p. 248—50° (decomp.) (Found: C, 80-7; 
H, 5-2. C4 gH 3,0, requires C, 81-3; H, 5-1%). 

This ester (1-5 g.) was boiled in nitrobenzene (20 ml.) with maleic anhydride (230 mg.) for 
lhr., the solvent was evaporated in vacuo, and the residual solid boiled with methanol; the 
cooled mixture was filtered, concentrated, and allowed to crystallise; ca. 5 mg. of diphenyltri- 
phenylene separated. The insoluble residue, recrystallised from benzene—methanol, gave 1,4- 
diphenyltriphenylene (750 mg., 75%), m. p. 224—226°. 

‘ a 1-p-methoxypheny1-3-phenylpropan-2-one by the method of Coan, Trucker, and Becker ™; 
cf. ref. 12. 


#2 Dilthey, Trosken, Plum, and Schommer, ibid., 1934, 141, 331. 

18 Abramov and Shapshinskaya, Zhur. obshchei Khim., 1952, 22, 1450. 
™ Coan, Trucker, and Becker, J. Amer. Chem. Soc., 1953, 75, 900. 

18 Diels and Alder, Annalen, 1931, 490, 236. 
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Reaction of Bicyclo[2,2,l]heptadiene with 2,3,4,5-Tetrachloro-1,1-dimethoxycyclopentadiene,— 
The cyclopentadiene * (b. p. 112°/8 mm., », 1-5300; 80 g., 0-303 mole) was heated with 
bicycloheptadiene (160 g., 1-74 mole) under reflux for 14 hr., the excess of bicycloheptadiene 
removed under a partial vacuum, the warm residue poured into hot methanol (800 ml.), and the 
whole boiled and filtered. From the filtrate crystallised 1,2,3,4-tetrachloro-1,4,4a,5,8,8a-hexa- 
hydvo-1,4-dimethoxymethano-5,8-methanonaphthalene (XVI) as needles (100 g., 93%), m. p. 118° 
after a further crystallisation from methanol (Found: C, 47-5; H, 4:0. C,,H,,0,Cl, requires 
C, 47-2; H, 3-95%). 

When hydrogenated (1 mol.) over 5% palladium on calcium carbonate the adduct gave an 
octahydro-derivative, m. p. 106—107° (Found: C, 47-1; H, 4:45. C,,H,,O,Cl, requires C, 46-9; 
H, 45%). 

Bromination of the Adduct (XV1).—The adduct (XVI) (35-6 g.) was treated in chloroform 
(100 ml.) with bromine (16 g., 0-1 mol) in two equal portions; the solution, which rapidly 
became warm and colourless, was concentrated and then diluted with methanol. 2,3-Dj- 
bromo-5,6,7,8-tetvachlovo-1,2,3,4,4a,5,8,8a-octahydro-5,8-dimethoxymethano-1,4-methanonaphthalene 
(XVIa) separated almost immediately as prisms (51 g., 99%), m. p. 146—147° (from 
chloroform-—methanol) (Found: C, 33-0; H, 2-5. C,H,,0,Cl,Br, requires C, 32-6; H, 
2-7%). 

The dibromo-adduct (XVIa) (4-24 g.) was heated with zinc powder (1-5 g.) in ethanol (70 ml.) 
during 2 hr., the hot mixture filtered, and the filtrate concentrated and cooled; the adduct (XVI) 
separated (1-6 g.; m. p. and mixed m. p.). 

Hydrolysis of the Dibromo-adduct (XVIa).—(a) A suspension of the dibromo-adduct (3-8 g.), 
acetic anhydride (17 ml.) and 48% w/v hydrobromic acid (8-5 ml.) was heated just below the 
b. p. for 16 hr. Effervescence commenced within the first hour. The aqueous acid was 
distilled off, and the residue filtered off, washed with water, dried im vacuo, and recrystallised 
from benzene-methanol, to give 2,3-dibromo-5,6,7,8-tetrachloro-1,2,3,4,4a,8a-hexahydro-1,4- 
methanonaphthalene (XVIc) (1-7 g., 52%), needles,’ m. Pp. 153°, Amax, 210, 279, 290, 302, 316 my 
(e 4134, 4335, 6279, 6766, 3913), vnax, 1608 s cm."! (conjugated C=C) (Found: C, 30-0; H, 1:8. 
C,,H,Cl,Br, requires C, 29-9; H, 1-8%). 

(b) The dibromo-adduct (2 g.) was added to sulphuric acid (20 ml.),1° warmed at 80—90° for 
15 min., and poured on ice. The product was filtered off, washed with sodium hydrogen 
carbonate solution and water, and dried in vacuo. The crude product decomposed on attempted 
crystallisation from ethanol and had m. p. 145—150° (decomp.), Vmax, 1818 cm.~} (aa’-dihalogeno- 
CO; strained ring). The crude product (1-8 g.) was heated in chlorobenzene (15 ml.) for 1 hr., 
the solvent evaporated in vacuo, and the residue recrystallised from benzene—methanol, to give 
the above product (XVIc) (1 g.; m. p., mixed m. p. and infrared spectrum). 

The dibromo-adduct was also hydrolysed when suspended in sulphuric acid at room temper- 
ature for 3 hr. 

Debromination of the Product (XVIc).—The dibromo-compound (15 g.) was heated with zinc 
dust (12 g.) in ethanol (150 ml.) under reflux; a vigorous reaction appeared complete in 10 min. 
The mixture was cautiously distilled and the first few drops of distillate were added to an 
ethereal solution of maleic anhydride, evaporation of which then gave the maleic anhydride 
cyclopentadiene adduct (ca. 300 mg.), m. p. and mixed m. p. 164—165°. The remaining reaction 
residue was filtered whilst hot, concentrated, and allowed to cool. 1,2,3,4-Tetrachlorobenzene 
crystallised as needles (7 g., 95%), m. p. 47—48° (Found: C, 34-0; H, 1-0; Cl, 65-1. Calc. for 
C,H,Cl,: C, 33-4; H, 0-9; Cl, 65-7%), having the correct infrared spectrum [mononitro-deriv- 
ative, m. p. 64—65° (Found: C, 27-6; H, 0-4; N, 4-9. Calc. for C,HO,NCI,: C, 27-6; H, 0-4; 
N, 5:4%)]. 

Dehydrogenation of the Product (XVIc).—The compound (XVIc) (2-2 g., 0-005 mol.) was 
heated with bromine (1 g., 0-006 mol.) in chlorobenzene (20 ml.) for 2 hr., the solvent partially 
evaporated in vacuo, and the residue diluted with methanol; the solid product recrystallised 
from benzene—methanol to give 2,3-dibromo-5,6,7,8-tetrachloro-1,2,3,4-tetrvahydro-1,4-methano- 
naphthalene (XVII) (2 g., 92%), m. p. 168—169°, Anax, 222, 284, 292 my (ec 26,020, 290, 238), no 
max. near 1600 cm. (Found: C, 30-6; H, 1-7. C,,H,Cl,Br, requires C, 30-0; H, 1-4%). 

Debromination of the Compound (XVII).—The dibromo-compound (1-5 g.) was heated with 
zinc powder (640 mg., 2 atom-equiv.) in ethanol (30 ml.) for 3 hr. under reflux; the warm mixture 
was filtered, concentrated, and cooled; 5,6,7,8-tetrachloro-1,4-dihydro-1,4-methanonaphthalene 


16 McBee and Newcomer, J]. Amer. Chem. Soc., 1949, 71, 946. 
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* (XVIII) crystallised as needles, m. p. 118° (810 mg., 85%), Amax, 222, 285 my (¢ 26,930, 291) 


(Found: C, 47-5; H, 2-1. C,,H,Cl, requires C, 47-2; H, 2:2%). This absorbed 1 mol. of 
hydrogen over 5% palladium on calcium carbonate, to give the tetrahydro-compound, needles 
(from methanol), m. p. 108—109°, Amax, 216, 281 my (ce 24,670, 360) (Found: C, 46-8; H, 2-95. 
C,H, Cl, requires C, 46-8; H, 29%). 

Second Synthesis of 5,6,7,8-Tetrachloro-1,2,3,4-tetrahydro-1,4-methanonaphthalene.—The ad- 
duct (XVI) (7-1 g.) was hydrogenated as above, and the product recrystallised from methanol. 
This product (7-0 g.; m. p. 106—107°) was ground, suspended in sulphuric acid (25 ml.), and 
kept at room temperature for 1 hr., then poured on ice; the crude carbonyl-bridged compound 
was filtered off, washed with sodium hydrogen carbonate solution and water, and dried in vacuo. 
This product was heated in chlorobenzene (20 ml.); effervesence commenced at 60° and heating 
was continued for 1 hr., then solvent was evaporated in vacuo and the residue recrystallised 
from methanol, to give 5,6,7,8-tetrachloro-1,2,3,4,4a,8a-hexahydro-1,4-methanonaphthalene (3 g., 
54%), m. p. 101—102°, Amax, 279, 290, 302 my (¢ 4543, 6418, 6645), vmx 1600 s cm. (conjugated 
C=C) (Found: C, 46-1; H, 3-45. C,,H,.Cl, requires C, 46-5; H, 3-55%). 

This product (500 mg.) with bromine (3 drops) in boiling chlorobenzene (10 ml.) for 1 hr. 
gave after evaporation the product (XIX) (350 mg.), m. p. and mixed m. p. 108—109° (from 
methanol). 

5,6,7,8- Tetrvachloro - 2,3-epoxy-1,2,3,4 -tetrahydro - 1,4 -methanonaphthalene.—The compound 
(XVIII) (2-85 g.) 0-01 mol.) was treated in benzene (15—20 ml.) with peracetic acid (from 90% 
hydrogen peroxide and acetic anhydride) (3-0 ml., 4 mol.), kept at 10° overnight, and then 
extracted with sodium hydroxide solution, washed with water, dried (Na,SO,), and evaporated. 
The residual epoxide, recrystallised from benzene-methanol, formed needles (1-76 g., 58%), m. p. 
155°, Vmax, 844 s and 1195 ms cm. (epoxy-group) (Found: C, 45-0; H, 2-35. C,,H,OCI, 
requires C, 44-6; H, 2-0%). 

Reaction of the Compound (XVIII) with Bromine.—The compound (2-80 g.) was treated in 
chloroform (25 ml.) with bromine (1-6 g., 1 mol.), then diluted with methanol; the product 
which separated gave, on recrystallisation from chloroform—methanol, (?)6,9-dibromo-5,6,7,8- 
tetvachloro-1,2,3,4-tetvahydro-1,4-methanonaphthalene (3-56 g.), plates, m. p. 151—152° [mixed 
m. p. with (XVII) depressed] (Found: C, 30-1; H, 1-6. C,,H,Cl,Br, requires C, 30-0; H, 1-4%). 

This dibromo-compound (1-1 g.) was heated with zinc dust (240 mg.) in boiling acetic acid 
(15 ml.) for 5 hr., and the cooled mixture was filtered and poured into water. The flocculent 
precipitate was filtered off and boiled with methanol, a little insoluble material filtered off, and 
the filtrate concentrated and allowed to crystallise. The solid which separated (30 mg.) had 
m. p. 95° raised to 105° by a further crystallisation [mixed m. p. with (XIX) not depressed, 
infrared spectra identical]. 

Reaction of Compound (XVIII) with Tetvacyclone.—Tetracyclone (192 mg.) was heated with 
compound (XVIII) (280 mg.) in o-dichlorobenzene (10 ml.) for 7 hr., after which the deep red 
colour had faded. The solvent was evaporated in vacuo and the residue diluted with methanol. 
1,2,3,4-Tetraphenylbenzene separated (ca. 200 mg.; m. p. 180—183° raised to 191° after a 
recrystallisation from benzene—methanol). 

Reaction of Compound (XVIII) with Phencyclone.—Phencyclone (3-82 g.) was heated with 
compound (XVIII) (2-80 g., 1 mol.) in chlorobenzene (35 ml.) for 45 min., the deep green colour 
fading and the adduct separating. The cooled mixture was diluted with methanol, and the 
precipitated solid filtered off and triturated with chloroform—methanol, to give the adduct (XX) 
(5-5 g., 83%) which was extremely insoluble in the usual solvents and had m. p. 265—267° 
(decomp.), Vmax. 1770 vs cm. (strained-ring CO). 

Pyrolysis of the Adduct (XX).—The adduct (10 g.) was heated at 200° in a hard-glass flask 
for 2 hr. 4,5,6,7-Tetrachlorvoindene which sublimed on the cooler walls of the flask as needles 
and was collected at intervals (700 mg., 30%) had m. p. 190—191°, Amax, 223, 228, 264, 298 mu 
(e 28,330, 27,030, 13,950, 230) (Found: C, 42-4; H, 1-7; Cl, 55-8. C,H,Cl, requires C, 42-6; 
H, 1-6; Cl, 55-8%). The residual solid was almost pure diphenyltriphenylene (6-8 g., 98%), 
m. p. 224—226° (from benzene—methanol). 

4,5,6,7-Tetrachloroindene (254 mg.) (0-001 mol.) absorbed 1 mol. of hydrogen over 5% 
palladium on chalk, to give 4,5,6,7-tetrachloroindane (200 mg.), needles (from methanol), m. p. 
and mixed m. p. (see below), m. p. 154°, Amax, 216, 282, 292 muy (ec 20,640, 438, 407) (Found: C, 
42-2; H, 2-3; Cl, 55-8. C,H,Cl, requires C, 42-3; H, 2-4; Cl, 55-4%). 
4,5,6,7-Tetrachloroindene (254 mg., 1 mol.) was warmed in ethanol (30—40 ml.) with 
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furfuraldehyde (192 mg., 2 mol.) and a few drops of 5% ethanolic alkali; crystals soon separated: 
recrystallised from ethanol they gave the furfurylidene derivative (150 mg.), orange needles, m. p, 
190—191° (Found: C, 51-0; H, 1-85; Cl, 43-4. C,,H,OCI, requires C, 50-6; H, 1-8; C1), 
42-7%). 

4,5,6,7-Tetrachloroindane.—Cyclopentene (6-8 g., 1 mol.) was heated with tetrachlorodimeth- 
oxycyclopentadiene (26-4 g., 1 mol.) at 150° in sealed tubes for several hours. The product was 
boiled with methanol and charcoal and the solution was then filtered, concentrated, and allowed 
to crystallise. 4,5,6,7-Tetrachloro-3a,4,7,7a-tetvahydro-4,7-dimethoxymethanoindane separated 
as needles (20 g., 60%), m. p. 84—85° (Found: C, 43-8; H, 4-2. C,,H,,0,Cl, requires C, 43-4: 
H, 4:25%). 

This product (20 g.) was warmed as a slurry in sulphuric acid (15 ml.) at 60—70° for 15— 
20 min., then poured on ice. The product was filtered off, washed with sodium hydrogen 
carbonate solution and water, and dried im vacuo (yield 14g.). A portion (3 g.) was heated with 
chloranil (3 g.) in xylene (15 ml.) under reflux overnight, and the cooled mixture then diluted 
with benzene and extracted with sodium hydroxide solution, washed with water, and dried 
(Na,SO,). The solvents were removed under a partial vacuum and the yellow crystalline solid 
recrystallised from ethanol (charcoal), to give colourless 4,5,6,7-tetrachloroindane (1 g., 37%) 
with m. p., mixed m. p., and infrared spectrum identical with those of the product obtained as 
above. 

Alternatively the carbonyl-bridged compound (2 g.) was heated in chlorobenzene (10 ml.) 
for 1 hr., and the solution treated with bromine (1-12 g.) whilst still hot; hydrogen bromide was 
evolved and the solution quickly became colourless. The solvent was evaporated im vacuo and 
the residue recrystallised from ethanol to give 4,5,6,7-tetrachloroindane (1 g., 56%). 

Reaction of Compound (XVIII) with Tetrachlorodimethoxycyclopentadiene.—Compound 
(XVIII) (2-82 g., 1 mol.) was heated with tetrachlorodimethoxycyclopentadiene (4-0 g., 1-5 mol.) 
in chlorobenzene (25 ml.) for 5—6 hr., the solvent distilled off, and the residue recrystallised 
from benzene—methanol to give 1,2,3,4,5,6,7,8-octachloro-1,4,4a,9,9a,10-hexahydro-1,4-dimethoxy- 
methano-9,10-methanoanthracene (XXII) (3-5 g., 65%) as needles, m. p. 218° (Found: C, 39-9; 
H, 2°15. C,,H,,0,Cl, requires C, 39-8; H, 2-2%). 

Hydrolysis of the Adduct (XXII).—The pure solid (3 g.) was heated in sulphuric acid (20 ml.) 
at 80—90° for 4—5 hr. The cooled mixture was poured on ice, and the product washed with 
water, dried im vacuo, and recrystallised from benzene—methanol, to give 1,2,3,4,5,6,7,8-octa- 
chloro-4a,9,9a,10-tetrahydro-9,10-methanoanthracene (XXIII) (2-5 g., 89%), needles, m. p. 214°, 
Vmax. 1600 s cm. (conjugated C=C) (cf. Figure) (Found: C, 38-2; H, 1-0. C,,H,Cl, requires C, 
38-3; H, 1-3%). 

In a similar experiment the adduct (XXII) (10 g.) was heated with sulphuric acid (70 ml.) for 
1 hr. at 70—80° and the product isolated as before (7-5 g., 80%; m. p. 214°). The infrared 
spectrum of this product showed a strong band at 1818 cm.? and must have consisted 
substantially of the carbonyl-bridged compound (XXIIa) which decomposed to (XXIII) with 
extreme ease. 

Pyrolysis of the Anthracene Derivative (XXIII).—The product (XXIII) (7-5 g.) was heated 
under reflux in o-dichlorobenzene (50 ml.) for 6 hr., the solvent evaporated in vacuo, the residue 
boiled with ethanol, a quantity of solid filtered off (3 g. of starting material), and the filtrate 
concentrated and cooled; needles of 4,5,6,7-tetrachloroindene separated (1-6 g., 43%), having 
m. p. 175—180° raised to 189—190° (mixed m. p.) by a further crystallisation from ethanol 
(charcoal). 

Reaction of the Adduct (XVI) with Tetrachlorodimethoxycyclopentadiene.—The adduct (XVI) 
(7-12 g., 1 mol.) was heated with tetrachlorodimethoxycyclopentadiene (5-28 g., 1 mol.) in chloro- 
benzene (70 ml.) under reflux overnight, the solvent removed, and the residue recrystallised 
from benzene—methanol, to give 1,2,3,4,5,6,7,8-octachloro-1,4,4a,5,8,8a,9,9a,10,10a-decahydro- 
1,4:5,8-bisdimethoxymethano-9,10-methanoanthracene (XXIV) (9 g., 74%), needles, m. p. 287° 
(Found: C, 40-9; H, 3-2; Cl, 45-3. C,,H. 0,Cl, requires C, 40-7; H, 3-25; Cl, 45-7%). 

Hydrolysis of the Di-adduct (XXIV).—The product (XXIV) (9 g.), when heated in sulphuric 
acid (40 ml.) at 90° for 2 hr., became a slightly pink paste. The mixture was poured on ice, and 
the product filtered off, washed with sodium hydrogen carbonate solution and water, and dried 
in vacuo (6 g., 77%). A small quantity was recrystallised from acetone-light petrol- 
eum (b. p. 60—80°), to give 1,2,3,4,5,6,7,8-octachloro-1,4,4a,5,8,8a,9,9a,10,10a-decahydro-1,4:5,8- 
dicarbonyl-9,10-methanoanthracene (XXV), plates, m. p. 258—259° (decomp.), Vmax, 1818 vs cm. 
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- (ax’-dihalogeno-CO, strained ring) (Found: C, 39-3; H, 1-7; Cl, 54:1. C,,;H,O,Cl, requires C, 


39-4; H, 1-5; Cl, 53-7%). 

In a similar experiment the di-adduct (20 g.) was heated with sulphuric acid (60 ml.) for 
only 10 min. at 80—90°, and the thick paste was worked up as before, to give the crude carbonyl- 
pridged compound (12 g., 70%). This was heated in o-dichlorobenzene (50 ml.), gas evolution 
commencing at 80° and the rather insoluble product beginning to separate; the mixture was 
heated under reflux for 1 hr. to complete the reaction, the solvent largely distilled off in vacuo, 
and the residue diluted with methanol; the crystals were filtered off and recrystallised from 
benzene-methanol, to give 1,2,3,4,5,6,7,8-octachloro-4a,8a,9,9a,10,10a-hexahydro-9,10-methano- 
anthracene (XXVI) (9 g., 59% overall), needles, m. p. 254°, vmax, 1600 s cm.“! (conjugated C=C) 
(cf. Figure) (Found: C, 38-7; H, 1:3. C,;H,Cl, requires C, 38-2; H, 1-7%). 

The compound (XXVI) (31 g., 68%), m. p. 254°, was also prepared by heating the crude 
carbonyl-bridged compound (XXV) (50 g.) in a beaker at 140—160° for 1 hr. 

Semidehydrogenation of Compound (XXVI).—The compound (XXVI) (1-04 g.) was heated 
in chlorobenzene (25 ml.) with bromine (320 mg., 1 mol.) slowly to the b. p. The solution 
was evaporated in vacuo, and the residue recrystallised from benzene-methanol, to give com- 
pound (XXIII) (700 mg., 70%), m. v. 212° raised to 214° by a further crystallisation (mixed 
m. p. with the previous specimen undepressed, infrared spectra identical). 

Pyrolysis of Solid (XXIII).—The pure solid (6 g.) was heated at 180° until all molten; 
1,2,3,4-tetrachlorobenzene distilled on to the cooler parts of the vessel and after 1 hour’s heating 
the mixture was cooled and extracted with methanol, the tetrachlorobenzene readily dissolving. 
The extracts were concentrated and allowed to crystallise, giving 1,2,3,4-tetrachlorobenzene 
(400 mg., 30%), needles m. p. 43—44° raised to 47—48° (mixed m. p.) by a further crystallis- 
ation. The less soluble reaction residue recrystallised from ethanol, to give 4,5,6,7-tetrachloro- 
indene (2 g., 61%), m. p. 187° raised to 190° by a further crystallisation. 

Dehydrogenation of Compound (XXVI).—The compound (XXVI) (1-04 g., 1 mol.) was 
treated with bromine (640 mg., 2 mol.) in chlorobenzene (25 ml.); isolation in the usual way 
gave 1,2,3,4,5,6,7,8-octachloro-9,10-dihydro-9,10-methanoanthracene (XXIIIa) (400 mg.), m. p. 
274—-275° (see Figure) (no absorption near 1600 cm.) (Found: C, 39-0; H, 1-0; Cl, 61-2. 
C,;H,Cl, requires C, 38-5; H, 0-9; Cl, 60-6%). 


The author expresses his appreciation of the interest and encouragement of The Government 
Chemist, the late Dr. G. M. Bennett, C.B., F.R.S., during the course of this work; he also thanks 
the Acting Government Chemist for permission to publish this work, the Civil Service Com- 
missioners for a Research Fellowship, and The Shell Chemical Company for gifts of materials. 
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99. Reactions of Some Diaryl Sulphides. 
By I. L. Fryar and A. J. MONTGOMERY. 

4-Dimethylamino-2’-nitro- and 2,4-dihydroxy-2’-nitro-diphenyl sulphide 
have been brominated to their dibromo-compounds and reduced to the 
corresponding amines. Bromination of 2-amino-4’-dimethylaminodipheny] 
sulphide gave p-bromodimethylaniline and 2,4,6-tribromoaniline. 2,4-Di- 
acetoxy-2’-nitrodiphenyl sulphide and its sulphone were also reduced to the 
corresponding amines. 2-Chloro-2’-nitrodiphenylsulphenimide on reduction 
with hydrazine hydrate and palladised charcoal gave o-chloroaniline and 2,2’- 
diaminodiphenyl disulphide, and on reductive acetylation gave o-chloro- 
acetanilide and 2-methylbenzothiazole. From the reaction between o-nitro- 
benzenesulpheny] chloride with acetanilide and o- and m-chloroacetanilide was 
isolated 2,2’-dinitrodiphenyl disulphone, which on reduction with hydrazine 
hydrate and palladised charcoal gave 2,2’-diaminodipheny] disulphide. 


0-NITROBENZENESULPHENYL CHLORIDE ! reacts with dimethylaniline to form 4-dimethyl- 
amino-2’-nitrodiphenyl sulphide ? (I) and this, on reduction with hydrazine hydrate and 


1 Hubacher, Org. Synth., Coll. Vol. II, 1943, p. 455. 
2 Zincke and Farr, Annalen, 1912, 391, 55. 
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palladised charcoal,® yielded the corresponding diamino-compound (II). Bromination of 
the amine (II) in acetic acid produced p-bromo-NN-dimethylaniline or 2,4,6-tribromo- 
aniline, or both according to the amount of bromine used. On the other hand, bromin- 
ation of the 2-benzamido-derivative under similar conditions gave either p-bromo-NN-4dj- 
methylaniline or a mixture of this with 2,2’-dibenzamidodiphenyl disulphide. A point 
of interest in this connection is that, whereas it was shown that this disulphide was relatively 


OH OAc Cl NO, 
R27 Sr! RY Sp! R NH-S 
MeN HO AcO 
R 


R? R? 
Rt R? R3 R} R2 RS 
(I) o-NOYC,HyS H H (V) o-NOgCgHyS H H (IX) o-NO4°C,H,'S 
(Il) oNHyC,HyS H H (VI) o-NHyCgHyS H H (X) o-NHg*CgHg'S 
(Ill) o-NOg*CgHgS Br Br (VII) o-NOgCgHyS Br Br (XI) o-NOg*CgHySO, (XiIll) 


(IV) o-NHyCgHyS Br Br (VIII) o-NOg*CgHySO, Br Br (XI) o-NHg*CgHySO, 


stable to bromine, the parent amine, 2,2’-diaminodiphenyl disulphide, with excess of 
bromine gives 2,4,6-tribromoaniline. It has also been found that the bromination of the 
nitro-compound (I) gives 2,6-dibromo-4-dimethylamino-2’-nitrodiphenyl sulphide (III), no 
splitting of the C-S bond occurring in this case. Reduction * of the product (III) gave the 
corresponding dibromo-amine (IV). 

o-Nitrobenzenesulpheny] chloride adds to resorcinol to form the dihydroxy-sulphide 
(V), and this on reduction * gave the corresponding amino-compound (VI) which quickly 
decomposed on storage. Acetylation ® of this amine produced the N-monoacetyl deriv- 
ative. Bromination of the dihydroxy-sulphide (V) produced its dibromo-derivative (VII) 
which with hydrogen peroxide in acetic acid gave the corresponding sulphone (VIII). 
Acetylation of the dihydroxy-nitro-sulphide (V) with acetic anhydride and sulphuric acid 
gave the diacetoxy-derivative* (IX), and this on reduction*® gave the corresponding 
amino-compound (X). The diacetoxy-sulphide (IX) with hydrogen peroxide in acetic 
acid gave the sulphone * (XI), which on reduction * gives the amino-sulphone (XII). 

o-Nitrobenzenesulphenyl chloride reacted with o-chloroaniline in ether to give 2-chloro- 
2’-nitrodiphenyl sulphenimide ® (XIII), which on reduction * gave o-chloroaniline and 2,2’- 
diaminodipheny] disulphide.? Reductive acetylation ® of the sulphenimide gave 2-methyl- 
benzothiazole and o-chloroacetanilide. Reductive acetylation of 2,2’-diaminodiphenyl 
disulphide ® also gives 2-methylbenzothiazole. From these experiments it seems that 2,2’- 
diaminodipheny] disulphide is an intermediate in the reduction of 2-chloro-2’-nitrodiphenyl 
sulphenimide. 

Addition of o-nitrobenzenesulphenyl chloride to acetanilide, o-chloroacetanilide, or m- 
chloroacetanilide in acetic acid gave only 2,2’-dinitrodiphenyl disulphone. It was thought 
that N-chloroacetanilide } may have been an intermediate in this reaction, but addition of 
o-nitrobenzenesulphenyl chloride to N-chloroacetanilide gave 2,2’-dinitrodiphenyl di- 
sulphide and #-chloroacetanilide. Addition of o-nitrobenzenesulphenyl chloride to 
p-chloroacetanilide gave only 2,2’-dinitrodiphenyl sulphide and a 70% recovery of 
p-chloroacetanilide. 

2,2’-Dinitrodiphenyl disulphone is reduced by palladised charcoal and hydrazine 
hydrate 3 to 2,2’-diaminodipheny] disulphide. 


* Dewar and Mole, J., 1956, 2556. 

* Kent and Smiles, J., 1934, 427. 

5 Friedlander, Ber., 1893, 26, 178. 

* Moore and Johnson, J. Amer. Chem. Soc., 1936, 58, 1091. 

7 Mohlau, Beyschlag, and Kohser, Ber., 1912, 45, 131. 

* Gebauer-Fiilnegg and Beatty, J]. Amer. Chem. Soc., 1927, 49, 1361. 
* (a) Fraser and Homer, J., 1936, 507; (b) Clark, J., 1928, 2319. 

#® Barnes and Porter, J. Amer. Chem. Soc., 1930, 52, 1721. 
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EXPERIMENTAL 

Reduction of Nitro-compounds, Palladised charcoal (0-2 g.) and 60% hydrazine hydrate * 
(4 c.c.) were refluxed for 1-5 hr. with the nitro-compound (2 g.) in 95% ethanol. The mixture 
was filtered hot, and the ethanol distilled from the filtrate. Addition of cold water to the residue 
gave the solid amines (Table 1). Since compound (IV) could not be obtained analytically pure 
and since compound (VI) was unstable, these compounds were analysed as the acetyl derivatives. 
(IV) had m. p. 59—61° (yield 75%) and gave an acetyl derivative, m. p. 116-5—117° (Found: C, 
43-2; H, 3-6; N, 6-6; S, 7-55; Br, 36-3. C,,H,,ON,Br,S requires C, 43-2; H, 3-6; N, 6-3; S, 
7-2; Br, 360%). (VI) had m. p. 130—133° (yield 60%) and gave an acetyl derivative, m. p. 193° 
(Found: C, 61:0; H, 4:8; N, 4:9; S, 11-5. C,,H,,0O,NS requires C, 61-1; H, 4-8; N, 5-1; S, 
116%). 


TABLE 1. 
Yield Found (%) Required (%) 
Amine M. p. (%) Cc H N Ss Formula Cc H N Ss 
II 91-5—92°¢ 80 68-6 65 11:2 12:7 C,,Hy.N,S 68-8 655 114 13-1 
xX 138—139° 70 60-0 46 45 103 CyH,O,NS 60-1 4-7 44 10-1 
XII 201—202°¢ 60 548 40 4-1 93 CyH,O,NS 55:0 43 40 9-2 


*,4¢ Recrystallised from (a) aqueous ethanol, (b) benzene, and (c) acetone. 


Bromination of Sulphides.—Bromine (3-2 g., 0-02 mole) in acetic acid (10 c.c.) was added 
slowly with shaking to a suspension of 4-dimethylamino-2’-nitrodiphenyl sulphide (I) (2-74 g., 
0-01 mole) in acetic acid (25 c.c.), the mixture kept at room temperature for 15 min., and the 
resulting clear solution made alkaline with 10% aqueous sodium hydroxide and set aside. The 
precipitate recrystallised from aqueous ethanol, to give yellow needles of 2,6-dibromo-4-dimethyl- 
amino-2’-nitrodiphenyl sulphide (III) (3 g., 68%), m. p. 123—124° (Found: C, 38-5; H, 2-6; N, 
6-6; S, 7-6; Br, 37:3. C,,H,,O,N,Br,S requries C, 38-8; H, 2-8; N, 6-5; S, 7-4; Br, 37-0%). 

2,4-Dihydroxy-2’-nitrodipheny] sulphide (V) in the same way gave 3,5-dibromo-2,4-dihydroxy- 
2’-nitrodiphenyl sulphide (VII) (92%), m. p. 214° (decomp.) (Found: C, 33-6; H, 1:7; N, 3-7; 
S, 7-6; Br, 38-2. C,,H,O,NBr,S requires C, 34:0; H, 1-9; N, 3-8; S, 7-7; Br, 38-0%), but in 
this case no addition of sodium hydroxide and water was necessary. 

After brominations of 2-amino-4’-dimethylaminodiphenyl sulphide (II) (see Table 2) the 
mixture was made alkaline with sodium hydroxide and steam-distilled. p-Bromo-NN-di- 
methylaniline and 2,4,6-tribromoaniline were isolated from the distillate and identified by 
comparison with authentic specimens. 


TABLE 2. 
I GOI cc snisccteessesesescs 0-01 0-01 0-01 0-01 0-01 0-01 0-01 0-01 
Bromine (mole) ...............++« 0-01 0-02 0-03 0-04 0-05 0-06 0-07 0-1 
p-Bromodimethylaniline (%) 10 20 20—25 20—25 20—25 20—25 10 _- 
2,4,6-Tribromoaniline (%) ... — — —- -- 5 5—10 10—15 10—15 
TABLE 3. 
2-Benzamido-4’-dimethylaminodiphenyl sulphide (mole) ......... 0-01 0-01 0-01 0-01 
POURING GHIGED wncccesncncesccsesscrcesscnendsceniindepssqnnnasennnoenetsaesse 0-01 0-02 0-04 0-06 
OREN FFE) ccs ceccessccctccsssccesacesnadestecsesooasons 70 55 20 _- 
2,2’-Dibenzamidodiphenyl disulphide (%) — .....-..sseseeeeseeeeeeeees 40 20 -= ~- 


2-Amino-4’-dimethylaminodiphenyl sulphide (II) was benzoylated and the benzamido- 
compound, m. p. 110—111° (Found: S, 8-95. C,,H »ON,S requires S, 9-2%), was brominated 
as above (see Table 3), but in this case the mixture was made alkaline with sodium carbonate 
and then steam-distilled. 2,2’-Dibenzamidodipheny]l disulphide, m. p. 146°, was isolated from 
the residue. It was identified by comparison with a specimen prepared by direct benzoylation 
of 2,2’-diaminodiphenyl disulphide.? Addition of bromine (0-01 mole) to 2,2’-dibenzamidodi- 
phenyl disulphide (0-01 mole) gave only recovered dibenzamido-compound (50%). 

3,5-Dibromo-2,4-dihydroxy-2'-nitrodiphenyl Sulphone (VIII).—30% Hydrogen peroxide (8 
c.c.) was added to a suspension of compound (VII) (4 g.) in acetic acid (50 c.c.), and the mixture 
heated on the steam-bath for 1—1-5 hr., allowed to cool, and poured on crushed ice. The 
precipitate, on recrystallisation from aqueous acetic acid, gave white needles of the sulphone 
(3-4 g., 80%), m. p. 205-5° (decomp.) (Found: C, 32-0; H, 1-5; N, 2-7; S, 6-8; Br, 35-4. 
C,,H,O,NBr,S requires C, 31-8; H, 1-5; N, 3-1; S, 7-0; Br, 35-3%). 
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Reduction of 2-Chloro-2’-nitrodiphenylsulphenimide (XIII).—(a) A mixture ® of palladised 
charcoal (3 g.), 60% hydrazine hydrate (6 c.c.), and 2-chloro-2’-nitrodipheny] sulphenimide 
(3 g.) in ethanol (100 c.c.) was refluxed for 1 hr., then filtered hot, the ethanol distilled from the 
filtrate, and the residue steam-distilled. The distillate contained a colourless oil which after 
extraction with ether was found to have b. p. 210° and was identified as o-chloroaniline (0-95 g., 
70%). The residue after steam-distillation was recrystallised from aqueous ethanol, to give 
yellow plates of 2,2’-diaminodipheny] disulphide,’ m. p. 92—93° (0-55 g., 45%). 

(b) A mixture of acetic anhydride (30 g.), anhydrous sodium acetate (18 g.), zinc dust 
(1-4 g.),8 and the sulphenimide (6 g.) in acetic acid (100 c.c.) was refluxed for 3—3-5 hr., allowed 
to cool, made alkaline with sodium carbonate, and extracted with ether. The ether extract 
was dried (Na,SO,), the ether distilled off, and the residue was steam-distilled. The distillate 
contained 2-methylbenzothiazole (3-2 g., 50%), b. p. 238—241°, which was identified by com- 
parison with an authentic specimen (b. p. 238—240°) prepared by the method of Fraser and 
Homer ™ and by preparation of its picrate, m. p. 156° (Clark ® gives m. p. 155—156°). The 
residue on recrystallisation from aqueous ethanol gave o-chloroacetanilide (2 g., 55%). 

Reaction between o-Nitrobenzenesulphenyl Chloride and Acetanilide——A mixture of o0-nitro- 
benzenesulphenyl chloride (3-8 g., 0-02 mole) and acetanilide (4-05 g., 0-03 mole) in acetic acid 
(150 c.c.) was heated on the steam-bath for 1-5 hr. The resulting dark solution was poured on 
crushed ice, and the precipitate (2-7 g.) was washed with hot water (200 c.c.) and recrystallised 
from acetic acid—water (9:1) to give yellow needles of 2,2’-dinitrodiphenyl disulphide,’ m. p. 
195—197° (0-8 g., 20%). The mother-liquor on dilution with water gave a solid (1-4 g.), m. p. 
138—144°, which on repeated recrystallisation from aqueous acetic acid gave pale yellow plates 
of 2,2’-dinitrodiphenyl disulphone (1 g., 25—30%), m. p. 147—148° (Found: C, 38-3; H, 2-2; N, 
7:45; S, 17-45. C,,H,O,N,S, requires C, 38-7; H, 2-15; N, 7-5; S, 17-2%). Infrared analysis 
showed a sulphone peak ! at 1150 cm. and peaks at 1534, 1357, 1333, and 1309 cm.™ which 
indicate the presence of both sulphone and nitro-groups.!2, Experiments carried out in the same 
way with o- and m-chloroacetanilide also gave the disulphone, m. p. 147—148° (25—30%), and 
the disulphide, m. p. 195—197° (20%). When, however, either p-chloroacetanilide or N-chloro- 
acetanilide was used the product was 2,2’-dinitrodiphenyl disulphide, m. p. 195—-197° (20%), 
with recovery of 70% of p-chloroacetanilide with the former, and the formation of a trace of 
p-chloroacetanilide with the latter. The disulphone on reduction with palladised charcoal and 
60% hydrazine hydrate * gave 2,2’-diaminodipheny] disulphide, m. p. 92—93° (90%). 

One of us (A. J. M.) thanks Esso Research Limited for a maintenance grant. 

THE NORTHERN POLYTECHNIC, HOLLOWAY Roap, Lonpon, N.7. (Received, July 2nd, 1959.] 

11 Bellamy, ‘ The Infrared Spectra of Complex Molecules,’”” Methuen, London, 2nd edn., 1958, p. 


360. 
12 Op. cit., p. 300. 





100. Spectroscopic Studies of Phenols: Effect of Substituents on 
Hydrogen Bonding. 


By N. A. PUTTNAM. 


The hindering effect of various alkyl groups on the formation of hydrogen 
bonds in phenols has been studied. It has been shown that alkyl groups, 
except t-butyl, in ortho-substituted phenols have only a slight effect on the 
formation of hydrogen bonds, while in di-ortho-substituted phenols the effects 
are more pronounced. The greater the hindering effect of an alkyl group, the 
more formation of associated states is suppressed. 


THE formation of hydrogen bonds in phenols has been extensively studied by infrared 
methods. Fox and Martin ! showed that the stretching vibration of a free hydroxyl group 
gave rise to sharp absorption near 3615 cm.*, while a hydroxyl] group involved in hydrogen 
bonding gave a broad absorption band centred near 3330 cm.-!, and that the difference 


1 Fox and Martin, Proc. Roy. Soc., 1937, 162, A, 419. 
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- between these frequencies may be used as a measure of the strength of the hydrogen bond 


formed. 

The effect of hydrogen bonding on the first overtone band of the hydroxyl stretching 
vibration was studied by Wulf e¢ al.,? particularly with reference to determining the cis- 
or the trans-orientation of the hydroxyl group relative to other groups in the aromatic 
nucleus. 

Coggeshall * measured the wavelength shifts of the fundamental hydroxyl stretching 
frequencies between the associated and the unassociated state in various methyl- and 
t-butyl-phenols; according to the amount of shift produced he classified phenols as 
unhindered, partially hindered, and hindered. Sears and Kitchen * extended these studies 
to other methyl-, t-butyl-, 1,1,3-trimethylpentyl- and isobornyl-phenols and derived an 
empirical hydrogen-bonding index which correlated the hindering powers of these groups: 
they showed that the wavelength shifts were greater for solids than for liquids or con- 
centrated carbon tetrachloride solutions (for which they were essentially the same), and that 
comparison of the strength of hydrogen bonds should be based only on measurements in the 
liquid phase. 

Slight differences in the free-hydroxyl stretching frequencies were reported by Sears 
and Kitchen but later Ingraham ef al.5 correlated these frequencies with the Hammett 
constant of the substituent in meta- and para-substituted phenols. This was recently 
extended to ortho-substituted phenols by Krueger and Thompson,® using the Taft values 
for the substituents. 

Since previous workers used rock-salt prism spectrometers it was decided to re-examine 
some of their results with the higher resolution of a grating spectrometer and to extend 
these studies to other alkyl groups. 


RESULTS 
The spectra of the dilute carbon tetrachloride solutions showed only a sharp band near 
3615 cm.*! due to the free hydroxyl group, indicating that at these dilutions no hydrogen bond- 
ing occurred. The spectra of the liquid films and concentrated carbon tetrachloride solutions 
were identical. 


1007 
| 
| 
os , \ 
S A 
A, Spectrum of phenols with no ortho-substituent $s 
(liquid phase). Q 
s 8 
B, Spectrum of 2-t-butyl-4-methylphenol (conc. $ 
solution in CCl). o) 
a 
| 
aM _ 
| 
4000 »~=93600 2 = 3200 


Freguency(cm.’) 


The free-hydroxyl stretching frequencies (vy) of phenols, with no ortho-substituents, are 
listed in Table 1, together with the bonded-hydroxyl frequencies for the liquid state and con- 
centrated carbon tetrachloride solution, expressed in terms of the frequency shifts from the 
free-hydroxy] frequency as Av,, and Avy, respectively. 

* Wulf, Liddel, and Hendricks, J. Amer. Chem. Soc., 1936, 58, 2287. 

® Coggeshall, J. Amer. Chem. Soc., 1947, 69, 1620. 

* Sears and Kitchen, J. Amer. Chem. Soc., 1949, '71, 4110. 

5 Ingraham, Corse, Bailey, and Stitt, J. Amer. Chem. Soc., 1952, 74, 2297. 

* Krueger and Thompson, Proc. Roy. Soc., 1959, 250, A, 22. 




















488 Putinam: Spectroscopic Studies of Phenols. 


A typical spectrum of these phenols, in the liquid state, is shown in the Figure (A) ; the bonded- 
hydroxyl absorption appears as a broad band centred near 3330 cm.™, while the free-hydroxy] 
absorption appears as a shoulder near 3615 cm.. Another shoulder near 3490 cm.* is also 
shown, the shift of this absorption from the free-hydroxyl frequency has been recorded as Avg, 

Similar data for phenols with one ortho-substituent are in Table 2. The spectra of these 
compounds in the liquid state are very similar to those in the Figure (A), except that the 3615 
cm."! absorption is more distinct and the frequency shifts are smaller. The spectrum of 2-t- 
butyl-4-methylphenol [Figure (B)] is different, however, in that the bonded-hydroxy] absorption 
appears as a broad shoulder on the side of a sharp absorption at 3546 cm.}, which is itself 
nearly as intense as the free-hydroxy] absorption. 

Table 3 records the data for phenols with substituents in both ortho-positions. The spectra 
of these phenols are very similar to that in the Figure (B), there being only slight differences in 
the ratio of the v; and Avg absorptions. In the case of 2,6-di-t-butyl-4-methylphenol there is 
only a sharp absorption (3646 cm.~), as in the dilute carbon tetrachloride solution spectra. 


DISCUSSION 

The results for Av, and Av, are essentially the same, and hence, as pointed out by Sears 
and Kitchen, it is possible to compare the hindering effects of various alkyl groups in the 
liquid phase. 

For phenols with no ortho-substituent, the mean value of Av, (266 cm.~) is in good agree- 
ment with that obtained by Bowman ¢é al.’ for m- and #-iso- and -t-butylphenol and is 
slightly lower than that of Sears and Kitchen. Friedel ® reported a value of 250 cm.* for 
phenols with no ortho-substituent in carbon disulphide solution. Table 1 shows that meta- 
and para-substituents do not affect the value of Av, or Avm, and thus substituents in these 
positions do not produce any hindering effect on the hydroxyl group. Fox and Martin® 
reported an absorption for phenol at ca. 3490 crn. which they attributed to a hydrogen- 
bonded dimer; similar absorptions in this region were reported by Coggeshall ! and 
Goddu ™ for various di(alkylhydroxyphenyl)methanes, owing to intramolecular hydrogen 
bonding. The bands in the region of 3490 cm.+ are thus due to hydrogen bonding of 
dimers; this is supported by the fact that as the values of Av, decrease for ortho-substituted 
phenols so do the corresponding values of Avg. Hence in the liquid state, phenols with no 
ortho-substituents exist as an equilibrium mixture between the free phenol and the dimeric 
and polymeric associated forms, the equilibrium lying far to the right-hand side. 

Ar—O—H =—e=®= Ar—O—H~-O—H se [HOH 
* ees 
Ar Ar Ar In 


Table 2 shows that an o-alkyl group reduces the values of Avy, and Avg, compared with 
those for phenols with no ortho-substituent, indicating that the hydrogen bonds formed in 


TABLE 1. Hydroxyl-frequency shifts (cm. ) of phenols with no ortho-substituents. 


Subst. ve Ava Av. Avm Subst. ve Ava Av, Avm 
BED sontianas 3610 107 267 262 2” AE 3615 105 278 
easidades 3617 107 264 276 SS xe 3615 122 
ee 3617 124 267 3,5-Me, ...... 3613 121 264 
Gane. <iukueles 3618 104 265 5-Pr'-3-Me ... 3614 115 262 271 
ee cennsnceteds 3617 107 261 270 3,4-Me, ...... 3615 108 266 
gr 3618 116 272 Mean 112 266 271 


these phenols were weak. Friedel reported a value of ca. 130 cm. for phenols with one 
ortho-substituent in carbon disulphide solution. This reduction in the strength of these 
hydrogen bonds is due either to a screening effect of the ortho-substituent on the hydroxyl 


7 Bowman, Stevens, and Baldwin, J. Amer. Chem. Soc., 1957, 79, 87. 
® Friedel, J. Amer. Chem. Soc., 1951, 78, 2881. 

® Fox and Martin, Nature, 1937, 189, 507. 

10 Coggeshall, J. Amer. Chem. Soc., 1950, '72, 2836. 

1 Goddu, Analyt. Chem., 1958, 30, 2009. 
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TABLE 2. Hydroxyl-frequency shifts (cm.) of phenols with one ortho-substituent. 
(Values from the literature in parentheses.) 


Subst. ve Ava Av, Avi Subst. Vv Avg Av. Av 
OMe .....00- 3615 85 168 172 2-Pri-5-Me ... 3614 78 174 
9,5-Me, ....- 3614 72 178 2-Pri-4-Et ... 3617 83 189 
2,3,5-Me,_ --- 3617 75 175 SP cnantonie 3620 85 191 
9-Me-4-Pr' ... 3619 80 181 _ pPeee 3619 84 186 
9-Me-4-Bu*... 3619 84 189 2-Bu*-4-Me... 3617 71 168 179 
IE asvecnses 3618 72 172 2-Bu*-4-Et ... 3618 72 185 
9-Pr'-4-Me ... 3615 72 170 173 2,4-Bu’, ...... 3614 79 170 
2-Bu! ......... (140) ? 
2-But-4-Me 3609 63 114 (105) 4 
2-But-5-Me (101) * 
2-But ...... (70) 7 


TABLE 3. Hydroxyl-frequency shifts (cm.“) of phenols with two ortho-substituents. 
(Values from the literature in parentheses.) 


Subst. v% Ava Av, Avm Subst. ve Ava Av, Avm 
2,6-Me, .....- (108) (120)4 2,6-Bu*, ...... 3620 30 85 
2,4,6-Me,_ ... (104) 4 (98)* 2,6-Bu*,-4-Me 3623 31 93 
2,6-Me,-4-Bu* 3628 58 101 2,4,6-Bu®, ... 3620 29 85 
9-Me-6-Pri ... 3624 66 117 2,6-Bu*, ...... 3651 3 
9-Me-6-Bu*... 3624 60 119 2,6-But,-4-Me 3649 3 (9) 4 
2-Me-4,6-Bu*®, 3619 58 121 2,4,6-But, ... (4) 4 
2,4-Me,-6-Bu* (54) 2,6-But-4-Cl (5) 4 (5) 4 
4,6-But,-2-Me (45)* 2,6-But-4-Bu* (7) 4 
2,6-Pr',-4-Me 3628 53 lll 


group, or to the steric hindrance of the substituent towards coplanarity of the hydroxyl 
group with the aromatic ring with the resultant decrease in the acidic nature of the 
hydroxyl group. The effect is of the same order of magnitude for various alkyl groups, 
except for a t-butyl group whose effect is most pronounced. Coggeshall and Saier ™ 
showed that partially hindered phenols existed as an equilibrium mixture of the free- 
hydroxyl form and the hydrogen-bonded dimer. It was found here that most ortho- 
substituted phenols exist in a similar equilibrium to that for phenols with no ortho- 
substituent, except that for those with-an o-t-butyl group the main equilibrium is stage (i), 
as proposed by Coggeshall. 

Table 3 shows that when there are two o-alkyl groups, other than t-butyl, the values of 
Av, and Avg are still smaller, indicating that the hydrogen bonds are weaker than in the case 
of one 0-t-butyl group. There is still a small proportion of the polymeric form in equilibrium 
with the free and the dimeric form. The different effects of these alkyl groups, 7.e., methyl, 
i-propyl, and s-butyl, also become apparent in these cases. One o-t-butyl group produces 
the same effect as a methyl] and a methyl, i-propyl, or s-butyl group in both ortho-positions. 
s-Butyl groups in both ortho-positions produce a marked effect, reducing Avg and Av to 
30 and 85 cm." respectively. 

For di-o-t-butylphenols only one sharp absorption is observed under the conditions used 
in this work and Ay, are close to those recorded by Sears and Kitchen, showing that very 
little, if any, hydrogen bonding occurs. 

It is concluded, therefore, that in mono-ortho-substituted phenols the various alkyl 
groups other than t-butyl have little effect on the hydrogen bonding, while in the case of 
di-ortho-substituted phenols there is a steady increase in the hindering effect of the alkyl 
group with increasing branching. Further, as the strength of the hydrogen bonds formed 
by phenols in the liquid state decreases polymerisation is suppressed so that hindered 
phenols exist essentially in the monomeric form. 


EXPERIMENTAL 


The phenols examined were commercial samples, purified by fractional distillation or 
tecrystallisation, or had been synthesised previously. 


12 Coggeshall and Saier, J. Amer. Chem. Soc., 1951, 78, 5414. 
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The spectra were determined on a Grubb—Parsons G.S.2A double-beam grating spectrometer 
over the range 4000—2860 cm.!. The free-hydroxyl stretching frequencies were measured in 
“ AnalaR ” carbon tetrachloride (ca. 4—6 x 10m), witha 2mm. cell. Concentrated solutions 
were prepared according to the procedure of Sears and Kitchen,‘ which involves wetting the 
phenol with just sufficient carbon tetrachloride to effect solution, and the spectra were 
determined in a 0-02 mm. cell. Phenols, liquid at room temperature, were measured in a similar 
cell without solvent. Several phenols were examined in the molten state at temperatures 
slightly above their m. p. 

Wavelength measurements were calibrated in terms of the data of Fox and Martin! and 
Barnard eé¢ al.,1 who reported the free-hydroxyl stretching frequency of phenol in carbon tetra- 
chloride solution as 3610 cm.71. 


The author thanks Professor M. J. S. Dewar for facilities and helpful comments, and Mr, 
P. D. Cook for assistance with experiments. 


QuEEN Mary CoLiLecE (UNIVERSITY OF LONDON), 
Mire Enp Roap, Lonpon, E.1. [Received, July 10th, 1959. 


13 Barnard, Hargrave, and Higgins, J., 1956, 2845. 





101. Some Racemisation Data for Compounds owing their 
Optical Activity to Restricted Rotation. 


By D. Murret HALL and MARGARET M. Harris. 


A table of entropies and enthalpies of activation and Arrhenius para- 
meters for the racemisation of thirty-four optically labile compounds has 
been compiled from the authors’ and other work. In all cases the values 
have been calculated afresh and in a standard way from the experimental 
data. The table covers a wide enough field for the spread of values in com- 
pounds of this type to be apparent. 


OPTICAL stability in compounds owing their optical activity to restricted rotation about 
one or more single bonds cannot always be assessed even qualitatively from the value of 
the Arrhenius activation energy for racemisation; an extreme example lies in the case of 
the three nitrodiphenic acids! (6-nitro-, 4,6’-dinitro-, and 4,6,4’-trinitro-) which all have 
approximately the same activation energy but whose half-lives in aqueous sodium 
carbonate solution at 80° are appreciably different, being 29, 91, and 208 min. 
respectively. 

Cagle and Eyring * have drawn attention to the importance of the contribution of the 
entropy of activation (AS*) of sterically hindered compounds to their racemisation 
velocities; they calculated AS* from absolute reaction rate theory for several optically 
active compounds, using experimental data from the literature. 

Their approach, although at the time based on a small number of cases of unequal 
value,® has proved useful in helping to interpret certain apparently anomalous results. 
For example, the unexpected optical stability of compound 34 (see Table below) (E = 
14-9 kcal. mole; ¢,2° = 3-2 min.) in comparison with compound 8 (E = 19-3 kcal. mole™; 
t,°° = 1-4 min.) is explained by the latter’s having an entropy of activation of —4-1 e.u. 
compared with —20-9 for the former.* 

Our studies on optically labile compounds have led us to compile a table of values of 
Arrhenius parameters and entropies and enthalpies of activation for compounds of three 
types: (a) N-benzoyldiphenylamine-2-carboxylic acids, (b) ortho-substituted diphenyls, 
and (c) diphenyls bridged across the 2,2’-positions. These are all compounds which, under 
Brooks, Harris, and Howlett, J., 1957, 1934. 

Cagle and Eyring, J. Amer. Chem. Soc., 1951, 78, 5628. 


1 

2 

3 de la Mare, “‘ Progress in Stereochemistry,’’ Butterworths, London, 1954, Vol. I, p. 121. 
‘ Brooks, Harris, and Howlett, J., 1957, 2380. 
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- ordinary conditions, racemise by mechanisms involving stretching and bending, and not 


breaking, of bonds. The table, which includes some work not previously published and 
many values not previously calculated, is published here in the belief that it may be of 
general interest and act as a basis for further study of racemisation in such compounds. 
The table gives the Arrhenius parameters and transition-state functions obtained by 
using (a) the Arrhenius equation kya, = A exp (—E/RT) (where E is the activation energy 
experimentally determined and A is the non-exponential term, often called the frequency 
factor) and (0) the absolute reaction rate equation of Glasstone, Laidler, and Eyring: ® 


Rrae = « (kT /h) exp (—AF?*/RT) 
= « (kT/h) exp (—AH?*/RT) exp (AS*/R) 


(where AF + is the change in standard free energy, AH* the change in enthalpy and AS? 
the change in entropy accompanying the formation of the transition state in the racemis- 
ation process). 

The compounds in the table are arranged in order of decreasing entropy of activation, 
and data for each are, with one exception (26), restricted to a single solvent; for a few of 
the compounds data for other solvents are available under the references given and show 
that the influence of solvent, though often slight, is large in some cases. 

In compiling the table the following procedure was adopted: 

(1) The transmission coefficient, x, was taken as unity? and the following physical 
constants ® were used: k = 1-380 x 107 erg/deg.; h = 6-624 x 10°? erg-sec.; R= 
1-987 cal./deg.-mole; 0° c = 273-2° k. 

(2) E was determined graphically from the rate constants for racemisation; where the 
work has already been published, values for E are normally those given in the publication ; 
exceptions are indicated in the table. 

(3) Logy, A was calculated from equation (a) in the form logy, A = logy rac + 
E/4:576T. Ina few cases rate constants for inversion are given in the literature and these 
have been doubled to give Rrac. 

(4) AS* was obtained by using equation (5) in the form: * AS* = 4-576 logy Rrac/T + 
E/T — 49-20. , 

(5) AH* was calculated from AH? = E — RT. 

(6) AF* was calculated from equation (b) in the form: AF*t = 47-22T — 4-576T 
819 (Arac/ 7). 

(7) Every tabulated value for log;, A and AS? is the mean of those calculated for each 
temperature at which rates were measured. AF+, however, varies appreciably with 
temperature in some cases and is therefore given at a single temperature, viz., the highest 
recorded for the range of measurement. 

(8) All previously published values of log,, A, AS*, AH*, and AF* have been 
recalculated. In some cases the use of averages, as described above, or a slight difference 
in values of the physical constants used has led to small differences in the emergent figures. 

It should be emphasised that not all the figures in the table are of equal value. In 
some cases E has been determined from rate measurements at only two temperatures, in 
one case from measurements in different solvents. Sometimes the range of temperature 
over which it has been convenient to study the compound has been regrettably small, and 
the values of the rate constants themselves are, moreover, of varying accuracies. Much 
depends on the actual rate, the ability to maintain a thermostat at the required temper- 
ature for a sufficient time (particularly difficult with rather low or rather high temper- 
atures), and the quantities of optically active material available (normally less is available 
if the compound is fairly optically stable, and therefore resolved, than if it is highly optically 
labile and therefore obtained by asymmetric transformation). 

* It should be noted that AS*inversion = AStme — 1-38 e.u. 


® Glasstone, Laidler, and Eyring, ‘‘ The Theory of Rate Processes,” McGraw-Hill, New York, 1941. 
® Rossini, Gucker, Johnston, Pauling, and Vinal, J. Amer. Chem. Soc., 1952, 74, 2699. 
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E AH? AFi¢ 

Com- (kcal. logy, A AS* (kcal. (kcal. Temp. 
pound mole)  (sec.~) (e.u.) mole) mole“) range Solvent Ref, 
1 26-1 15-2 +9-2 25-5 22-5 20—52° 0-I1n-NaOH ® i 
2 25-4 14-5 +5:8 24-8 22-9 16-5—50 2-32N-NaOH ° ii 
3 22-1 14-2 +4-6 21-5 20-1 2—23 Me,CO iij 
+ 30-8 ¢ 13-4 +0-3 30-0 29-9 101—136 Dioxan, PhMe, iv 

PhEt 

5 22-6 12-6 —2-9 22-0 22-9 16-5—35 H,O v 
6 27°8 12-7 —2-9 27-1 28-2 80—91 Aq. HCl vi 
7 22-8 12-5 —35 22-2 23-3 16-5—50 EtOH ii 
8 19-3 12-3 —4-1 18-7 20-0 0-5—20 _ CHC1,—EtOH 4 4 
9 23-5 ¢ 12-2 —4-6 22-9 24-4 23—43 Dioxan Vii 
10 19-0 12-1 —4-9 18-5 199 —20-5to55 EtOH Viii 
ll 27-6 12-2 —5-3 26-9 28-9 79-5—100 H,O/ ix 
12 18-7 11-7 —6-8 18-1 20-1 0-5—17-5 EtOH 4 
13 20-0 11-6 —73 19-4 21-7 0—35-5 EtOH x 

(20-0) (11-7 (—7-0) (19-4) (21-6) (0-5—39) 
14 28-05 11-7 —7-6 27-3 30-2 80—99-5 Aq. NaOH ® xi 
15 21-6* 11-5 —77 21-0 23-4 20—38 NaHCO,, EtOH- xj 

H,O 

16 22-7¢ 11-5 —79 22-1 24-6 23—43 Dioxan vii 
7 30-0 11-5 —8-3 29-2 32-7 125—145 C,H, vi 
18 17-7 11-2 —9-2 17-1 19-8 1—20 CHCl,—-EtOH #¢ xii 
19 20-5 11-0 —10-2 19-9 23-1 10—41-5 EtOH xiii 
20 18-6 10-9 —10-5 18-0 21-2 0-5—30 EtOH xiii 
21 20 10-9 —10-5 19-4 22-6 0—35-5 EtOH x 
22 20 10-8 —11-2 19-4 22-9 0—35-5 EtOH x 
23 22-6 10-6 —12-3 21-9 26-4 57—87-5 2n-Na,CO,?® l 
24 25-9 10-6 —12-3 25-2 29-8 79-5—100 H,0* xiv 
25 27-85 10-4 —13-3 27-1 32-2 90-5—109 EtOH ¢ xvi 
26 25-8 10-4 —13-6 25-0 30-4 100—118-5 PhCl xvii 
(25-5) (10-2) (—14-1) (24-8) (30-0) (79-5—100) xvi 
25-0 10-1 —14:8 24-3 29-8 79-5—100 EtOH xvi 
27 16-2 10-2 —14-0 15-6 19-7 0-5—20 CHCI,-EtOH ? 4 
28 22-6 10-1 —14-7 21-9 27-2 70-5—91 2n-Na,CO, ? 1 
29 16-6 9-8 —15-5 16-0 20-6 6-5—25-5 CHCI,-EtOH * 4 
30 24-5 9-8 — 16-0 23-7 29-7 79-5—100 EtOH ¢ xvi 
31 22-6 9-7 — 16-3 21-9 27-9 72-5—94 2n-Na,CO, ° ] 
32 16-4 9-5 — 16-9 15-8 21-0 0-5—32 CHCI,-EtOH ¢ 4 
33 15-7 9-1 — 18-6 15-1 20-8 0-5—30 CHCl,-EtOH 4 4 
34 14-9 8-7 — 20-9 14:3 20-6 7—27-5 CHCI,-EtOH ¢ t 


* At highest temperature at which measurements were made. ° The free acid was dissolved in 
this solvent. ¢ This figure was rounded off to 31 in the original paper. * CHCl, containing 2-5% 
of EtOH by volume. * Calc. from the rate constants given in the paper. 4 Graham and Leffler 
studied this compound in EtOH also. ” The figures in parentheses were obtained from measurements 
by Brooks and Harris (unpublished). * Only those results for which at least 1 mole of NaHCO, 
was used per mole of acid are included. ‘ Leffler and his co-workers have recently made an extensive 
study of medium and salt effects in the racemisation of these and other diphenyls ' *!¥. xv. xvl; we are 
grateful to Dr. Leffler for allowing us to see his work before publication. 4 The figures in parentheses 
were obtained from measurements by Graybill and Leffler. * CHCl, containing 6-9% of EtOH by 
volume. 

i, Harris and Mellor, Chem. and Ind., 1959, 949. ii, Dvorken, Smyth, and Mislow, J. Amer. Chem. 
Soc., 1958, 80, 486. iii, Ahmed and Hall, J., 1959, 3383. iv, Hall and Turner, J., 1955, 1242; Hall, 
J., 1956, 3674. v, Mills and Kelham, J., 1937, 274. vi, Ahmed and Hall, J., 1958, 3043. vii, 
Adams and Kornblum, J. Amer. Chem. Soc., 1941, 68, 188. viii, Harris, Proc. Chem. Soc., 1959, 367. 
ix, Graham and Leffler, J. Phys. Chem., 1959, 68, 1274. x, Li and Adams, J. Amer. Chem. Soc., 
1935, 57, 1565. xi, Rieger and Westheimer, J]. Amer. Chem. Soc., 1950, 72, 19. xii, Brooks and 
Harris, unpublished. xiii, Harris, unpublished. xiv, Leffler and Graybill, J. Phys. Chem., 1959, 63, 
1457. xv, Leffler and Graham, J. Phys. Chem., 1959, 63, 687. xvi, Graybill and Leffler, /. Phys. 
Chem., 1959, 68, 1461. xvii, Wittig and Petri, Annalen, 1933, 505, 17. 


The error in the measurement of k is probably not greater than 5°, and is often less: 
since measurements are usually made over approximately 20°, the statistical error? in £ 
could be as much as -+-0-6 kcal. mole. 

Differences in E between members of the N-benzoyldiphenylaminecarboxylic acid 
series, where the whole spread is over only 4-6 kcal. mole, would hardly be significant if 


7 Purlee, Taft, and DeFazio, J. Amer. Chem. Soc., 1955, '77, 837. 
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the rate constants from which they are derived had not been determined under Closely 
comparable conditions. 

If E is plotted against log,, A for all the compounds in the table, there is a general 
scatter of points with a marked concentration between values of log,, A of 10-0 and 12-5, 
A line of correlation * between log,, A and E can be discerned in the N-benzoyldiphenyl- 
aminecarboxylic acids, as might be expected in a series of closely related compounds in the 
same solvent.®-10 

Certain compounds, on which measurements have been published, have been omitted 
from the table, either because the rate constants were determined at rather high temper. 
atures (at which an unusual mechanism might prevail), or because the values recorded 
were not sufficiently precise. 


BEDFORD COLLEGE, UNIVERSITY OF LONDON, 
REGENT’s Park, N.W.1. [Received, July 10th, 1959,] 


* Fairclough and Hinshelwood, J., 1937, 538. 
® Blackadder and Hinshelwood, /., 1958, 2728. 
10 Leffler, J. Org. Chem., 1955, 20, 1202. 





102. Conjugated Cyclic Hydrocarbons and Their Heterocyclic Analogues, 
Part II4 The Condensation of Azulenes with Homocyclic and Hetero- 
cyclic Aromatic Aldehydes in the Presence of Perchloric Acid.” 


By E. C. Kirsy and D. H. Rep. 


Homocyclic and heterocyclic aromatic aldehydes, and certain azulene 
aldehydes, condense with azulenes in the presence of 70% perchloric acid to 
form 1-(R-methylene)azulenium perchlorates. The influence of alkyl sub- 
stituents in the azulene nucleus on (i) the stability of the perchlorates, (ii) the 
reactivity of the azulene aldehydes, is noted. 

The preparation of several 1-hydroxymethyleneazulenium perchlorates is 
described. 


IN a previous paper * it was shown that guaiazulene (1,4-dimethyl-7-isopropylazulene) (I) 
condenses with many aromatic aldehydes in ether containing anhydrous hydrogen chloride 
to give arylmethyleneguaiazulenium chlorides (II; X = Cl). The products (II) are salt- 
like substances, soluble in polar solvents, ¢.g., acetone and acetic acid, insoluble in ether 


Me Pr Me Pr' Me Pri 
Me RCH Me r-cH Me 


(I) (IIa) (IIb) 


and hydrocarbons, and notable chemically for their marked reactivity towards nucleophilic 
reagents. 

However, the chlorides (II; X = Cl) are unstable, and, depending on the aldehyde 
moiety, decompose more or less rapidly at room temperature. Satisfactory analyses 
could not be obtained but treatment of the freshly prepared chlorides in acetic acid with 
saturated aqueous picric acid afforded the corresponding picrates (II; X = C,H,O,N,) 
which were stable for considerably longer periods and gave satisfactory analyses. Neither 
they nor the chlorides could be recrystallised from hot solvents without decomposition, and 
the intensities of absorption in the visible and ultraviolet regions could not be measured. 

? Part I, J., 1956, 3487. 

* For a preliminary account see Reid, ‘“‘ Azulene and Related Substances,’’ Chem. Soc. Special 


Publ. No. 12, 1958, p. 69. 
* Reid, Stafford, Stafford, and (in part) McLennan and Voigt, J., 1958, 1110. 
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A more serious objection is that the products of condensation of guaiazulene with 
heterocyclic and aliphatic aldehydes could not be isolated, although in many cases reaction 
was made evident by consumption of guaiazulene, appearance of the expected colours, 
and the behaviour of the solutions containing the condensation products. 

We now report a superior modification of our previous procedure. This consists in 
allowing the homocyclic or heterocyclic aromatic aldehyde, guaiazulene, and an excess of 
70% perchloric acid to interact in acetic acid, tetrahydrofuran, or acetonitrile. Reaction 
usually occurs at room temperature but a short boiling is sometimes expedient. The 
perchlorates (II; X = ClO,) produced are beautifully crystalline, readily isolated in high 
yield, and capable of repeated recrystallisation without decomposition (best from acetic 
acid or acetonitrile). For the twenty perchlorates thus prepared, the effect of the radical R 
on the intensity and position of the long-wave absorption band is illustrated in Table 1. 
The visible spectra (Figs. 1—4) consist in most cases of a single, broad band devoid of 
fine structure, with in some cases a second maximum in the near-visible region (360— 
380 my). 

Extension of the molecular orbital of the benzylideneguaiazulenium cation in (II; R = 
Ph) by annelation or by the introduction of electron-releasing substituents into the benzene 
ring (Fig. 1) produces a bathochromic shift in Amax, and increases the intensity. In the 
latter case the variations are in agreement with theory. For a hydroxyl group the order 


Me Pr! Me Pr! Me Pr! 
? we 7 Me Me 
CNH CH CH 
¥ clo- [> cior ae 2C10z 
x: SNH 
(11) HH (IV) (V) 


of effectiveness of electron-release is p-> 0 > m, and the shifts are almost additive (e.g., 
o- + p-, 110 my; obs. for 2’,4’-, 107 my). The p-dialkylamino-group causes a greater shift 
(90 my) in the same direction and a nine-fold increase in intensity. Halogen hardly 
changes the position or intensity of maximum absorption, but the electron-attracting nitro- 
group brings about a hypsochromic displacement and slightly lowers the intensity. 


TABLE 1. The visible absorption maxima of 1-(R-methylene)guaiazulenium 
perchlorates in acetic actd. 


No. R Amax. (my) log € No. R Amax. (Mp) log € 
1 Ph 456 4-09 ll = p-Cl-C, H, 454 4-00 
2 1-C,.H, 503 4-30 12 m-O,N-C,H, 438 3-97 
3 3-Pyrenyl 597 4-41 13 p-O,N°C,H, ~435 sh 3-74 
4 o-HO-C,H, 499 4-28 14 = 2’-Furyl 505 4:56 
5 m-HO-C,H, 475 4-18 15 2’-Thienyl 505 4-53 
6 p-HO-C,H, 523 4-51 16 3’-Indolyl 582 4-10 
7 p-MeO-C,H, 515 4-45 17 =. 2’-Pyridyl * 410 3-8 
8  2',4’-(HO),C,H, 563 4:67 18  4’-Pyridyl * 420infl 3-7 
9 3',4’-CH,0,°C,H, 531 4-43 19 2’-Quinolyl * 425 4:15 

10 p-Me,N-C,H, 647 4-98 20 4’-Quinolyl* | ~435 sh 3-88 
* Diperchlorates 


m-Nitrobenzylideneguaiazulenium perchlorate has typically a maximum at 438 my 
(Ana. —18 my); #-nitrobenzylideneguaiazulenium perchlorate, however, shows only a 
shoulder at ca. 435 mu, the absorption rising to the near visible maximum at 370 my (Fig. 3). 
Furan, thiophen, and indole nuclei function qualitatively in the same way as a phenyl 
group carrying an electron-releasing substituent [cf. (III) and (IV): the spectra of the 
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furfurylidene (III; X = O) and the thenylidene perchlorate (III; X = S) both resemble 
closely that of p-hydroxybenzylideneguaiazulenium perchlorate (Fig. 2)]. 

The products from 2- and 4-formyl-pyridine and -quinoline are diperchlorates (cf. V), 
in which a proton has added to the ring-nitrogen atom, enhancing the electron-attracting 
character of the heterocyclic nucleus so that their spectra resemble those of the m- and 
p-nitrobenzylideneguaiazulenium perchlorate (Figs. 3 and 4) in showing a hypsochromic 
displacement of Amax.- 

All the aldehydes which condensed with guaiazulene also condensed with azulene itself; 
nevertheless only those containing electron-releasing groups gave products (VI) capable of 


Fics. 1—4. Absorption spectra for acetic acid solutions of the perchlorates listed in Table 1. 
(Numbers refer to Table 1.) 
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isolation (Table 2), and these, moreover, decomposed on attempted recrystallisation. 
Benzaldehyde, its ring homologues and derivatives carrying electron-attracting sub- 
stituents, and the pyridine and quinoline aldehydes gave appropriately coloured solutions 
which yielded no perchlorate and rapidly became green. The electrophilic character of 
the arylmethyleneazulenium cation is therefore decreased, and the stability increased, by 
the inductive and hypercongugative effects of alkyl substituents. It will be shown that 
the products from many aldehydes are diazulenylmethane derivatives (VII) formed by an 
electrophilic substitution of unchanged azulene by the methyleneazulenium cation in (VI). 
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TABLE 2. Visible absorption maxima (my) of some 1-(R-methylene)azulenium perchlorates 
(in acetonitrile). 
eT NE Se oe ST ER NR Be p-HO-C,H,  -Me,N-C,H,  2-Furyl 3-Indolyl 
500 635 


Rid, tition 496 560 
(log ¢ were uncertain owing to instability) 





TABLE 3. Infrared C=O stretching frequencies (cm.*) of azulene aldehydes. 


Aldehyde Nujol CCl, CS, 
POD, ccdiisenscacesecscacnnnssccssecsccesenietacanrespeasose 1645¢ _— _— 
IID. is inicxsieciacncssoascdiachanaensteanmmmencdies 1610¢ 1634? — 
Be III, ddniniscastscssuanennamhnapeincneiinminmpmneiey 1647 ¢ — -— 
1-Formy]-7-isopropenyl-4-methylazulene (lactoroviolin) ... — -- 1658 °¢ 
6-Formyl]-4,8-dimethylazulene  ..............ccsceceseeceesceeseees _- -- 1705 * 4 
PE addendesissevaisnstnccasssncatetonsindoaen sebeanens —_ — 1700¢ 
PD hasnrtscsncescccchoncpiistasmnnenmionsicinatecans — — 1698 ¢ 


* Present work. ° Reid, Stafford, and Stafford, J., 1958, 1118. ¢* Heilbronner and Schmid, 
Helv. Chim. Acta, 1954, 37, 2018. 4 Arnold and Pahls, Chem. Ber., 1954, 87, 257. ¢ Hunsberger, 
J. Amer. Chem. Soc., 1950, 72, 5626. 


Owing to the ready polarisability of the azulene nucleus, interaction between the 
carbonyl group and the z-electrons of the nucleus is greater in l-acylazulenes than in 
acylated benzenoid hydrocarbons. Azulene-l-aldehydes (VIII) are best represented in 


GO + CO- GO - GO 


: ‘ +H*t+Clo7 
R-CH clor R cH, RCH ( 4) 
w ©) 
c1ioz (VID 


the ground state as resonance hybrids to which the dipolar forms (VIIIb) make important 
contribution. The abnormally low infrared stretching frequency of 1-formylazulenes 
supports this view [cf. vco of 6-formyl-4,8-dimethylazulene, which is considered normal 
in view of the varied conditions under which the frequency measurements were made 
(Table 3)]. 

voo is further lowered in passing from 1-formyl- (VIII; R’ = R” = R’”’ = H) and 
1,3-diformyl-azulene (VIII; R’ = CHO, R” = R’” = H) to 3-formylguaiazulene (VIII; 
R’ = R” = Me, R’”’ = Pr’) owing to enhancement of the ground-state polarisation by 
the electron-releasing alkyl substituents. 


R’ RR” R’ R R’ RR” 
+ oe o 
R’ R” Ri! x 
nas Ho" HoH 
(Villa) (VIIIb) (1X) 


Further polarisation takes place readily when 1-formylazulenes are placed in a suitable 
environment. Azulene aldehydes dissolve readily in dilute acids; the resulting solutions 
contain the hydroxymethyleneazulenium cation. We have isolated these as their 
crystalline perchlorates (IX; X = ClO,) by treating the appropriate azulene aldehyde 
with 70% perchloric acid in acetic acid. The salts vary in their stability towards water. 
3-Formylguaiazulene gave a stable, yellow crystalline perchlorate. 1-Formyl- and 1,3-di- 
formyl-azulene also formed yellow crystalline perchlorates but atmospheric moisture 
reconverted them into the parent aldehyde. Alkylated azulene-l-aldehydes are thus 

4 Plattner, Heilbronner, and Weber, Helv. Chim. Acta, 1949, 32, 574. 
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more basic than 1-formylazulene for the same reason that alkylazulenes are more basic 
than azulene.* 


3-Formylguaiazulene has been reported 5 to condense with guaiazulene in ether contain- 
ing anhydrous hydrogen chloride to form 3-3’-guaiazulylmethyleneguaiazulenium chloride 


T R' R? R' R? ; 
CH <= CH 
3 R? 


YQ <Q) 


R? RA R4 


(Xa) R' = R? =Me;R?=R* = Pr!; X=Cl 

















(Xb) R'= R? =R? =R4 =H; X=CIO, C) 
(Xe) R'=R?2 =H;R? = Me; R*=Pr!; X=CIO, | oR <i fv | 
2clo; 
oe (X1Ib) R’= Me; R" = Pri 
(XT) 
Fic. 5. Fic. 6. 
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Absorption spectra for acetic acid solutions of perchlorates: (A) compound (Xb), (B) compound (Xc), 
(C) compound (XIIa), and (D) compound (XIIb). 


Amax. A 618, B, 645, C 638, D 664 mz. 
loge A 5-08, B 4-98, C 4-49, D 4-45. 


(Xa), which was not, however, isolated. Our procedure gave smoothly the perchlorates 
(Xbandc). These are stable substances, members of a new class of all-carbon polymethine 
dyestuffs based formally on the hypothetical cation (XI) for which we predict considerable 
stability. The salts (Xb and c) have very intense absorption (« ~ 105) at long wavelengths 
(Amax. >615 my) (Fig. 5). 
1,3-Diformylazulene underwent double condensation with azulene'and guaiazulene to 
’ Reid, Stafford, and Stafford, J., 1958, 1118. : 
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form the trinuclear diperchlorates (XIIa and b) whose spectra (Fig. 6) are structurally 
similar to those of (Xb and c) (the maxima also lie at >615 my but the intensities are much 
lower). 

3-Formylguaiazulene failed to condense with azulene or guaiazulene under our 
conditions, owing to its more complete conversion into the salt (IX; R’ = R = Me, R’” = 
Pr') by the stronger perchloric acid and/or the presence of the electron-releasing alkyl 
substituents which lower to an ineffective level the electrophilic character of the aldehydic 
carbon atom, already considerably attenuated by interaction with the nucleus. 


EXPERIMENTAL 

M. p.s were determined on a Kofler-type heating stage. Visible spectra were determined 
with a Unicam S.P.600 instrument. Specimens for analysis were dried for 6—10 hr. at 
90°/0-1 mm. 

Materials.—Acetic acid was of “‘ AnalaR”’ grade. Acetonitrile was purified by successive 
distillations from phosphoric anhydride and freshly dried potassium carbonate. Tetrahydro- 
furan was boiled over sodium wire until it no longer discoloured the fresh metal surface, and 
then distilled. 

All aldehydes used except 2- and 4-formylpyridine and 2- and 4-formylquinoline were 
purified immediately before use, liquids by distillation at reduced pressure (~15 mm.) and 
solids, if necessary, by recrystallisation. 

Perchloric acid refers to 70—72% (w/w) perchloric acid of ‘‘ AnalaR ”’ grade. 

Condensation of Guaiazulene with Aldehydes (Table 4).—Condensations were by one of the 
following general procedures (for details see Table 4). 

Procedure A. Perchloric acid was added to a solution of the aldehyde and guaiazulene at 
room temperature. In most cases the product crystallised at once but if necessary the solution 
was left at room temperature until crystallisation was complete. The product was filtered off, 
washed with a small volume of the solvent, and, unless otherwise stated, recrystallised from 
acetic acid. 

Procedure B. A solution of the aldehyde, guaiazulene, and perchloric acid was heated to 
the b. p., then allowed to cool to room temperature. If necessary it was left at room temper- 
ature until crystallisation was complete. Further treatment of the product was then as in 
procedure A. 

Condensations of Azulene with Aldehydes.—The perchlorates of this series decompose more or 
less rapidly on attempted recrystallisation from hot solvents. Analyses were carried out on 
samples taken directly from the reaction product without further purification, and tended to be 
unsatisfactory. 

p-Hydroxybenzaldehyde. A solution of the aldehyde (122 mg.) and perchloric acid (0-5 ml.) 
in acetic acid (15 ml.), at room temperature, was added to a solution of azulene (128 mg.) in 
acetic acid (15 ml.), also at room temperature. The blood-red solution deposited after several 
minutes a reddish-brown solid. 1-p-Hydroxybenzylideneazulenium perchlorate (VI; R= p- 
HO-C,H,) (205 mg., 61%), m. p. 210—215° (decomp.), was filtered off after 2 hr., washed with 
acetic acid followed by much ether, and dried for analysis for 3 days over phosphoric anhydride— 
potassium hydroxide (Found: Cl, 9-3. C,,H,,;0,;Cl requires Cl, 10-7%). 

p-Dimethylaminobenzaldehyde. This aldehyde (150 mg.) as above gave a green solution, and 
green 1-p-dimethylammoniumbenzylideneazulenium diperchlorate separated at once from 
solution. This was collected, washed with acetic acid, and on being suspended in water (25 ml.) 
immediately became blue. After being shaken for 30 min. to complete hydrolysis, the blue 
solid was filtered off, washed with water until free from acid, and dried for analysis in vacuo as 
above for 10 days. 1-p-Dimethylaminobenzylideneazulenium perchlorate was thus obtained as 
blue crystals which melt to a blue tar on a block preheated to «210° (Found: C, 66-4; H, 5-4; 
N, 4:7. Cj 9H,,0,NCl requires C, 63-4; H, 5-0; N, 3-9%). 

Furfuraldehyde. The aldehyde (144 mg.), azulene (192 mg.), and perchloric acid (0-5 ml.) 
in acetic acid (8 ml.) gave a bright red solution. 1-2’-Furfurylideneazulenium perchlorate 
(415 mg., 90%) crystallised as orange-red needles, m. p. 179—181° (block preheated to 175°). 
It was washed with acetic acid followed by much ether and dried for 20 min. at 110° (Found: 
C, 56-1; H, 3-9; Cl, 12-4. C,;H,,0O,;Cl requires C, 58-8; H, 3-6; Cl, 11-6%). 

3-Formylindole. Mixing azulene (128 mg.), perchloric acid (0-5 ml.), and the aldehyde 
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TABLE 4. Condensation of guaiazulene with homocyclic and heterocyclic 
aromatic aldehydes. 
Pro- 
cedure, Aldehyde, R-CHO Guai- ; 
solvent (vce eamen, azulene HClO, Yield 
(ml.) mg. (mg.) (ml.) Product (% Colour ¢ M. p. 
AD 10 Ph 200 400 0-5 1 75 Orange 195—200° * 
BC* 10 1-C,.H, 0-35 400 1 2 33 Red 195—220 * 
AD 5 3-Pyrenyl 230 200 0-5 3 85 Green >230 * 
BD 10 o-HO-C,H, 370 600 1 + 57 Reddish-brown 220—225 * 
AD 2 m-HO-C,H, 122 200 0-5 5 60 Orange-red 203—211 * 
BD 10 p-HO-C,H, 370 600 1 6 45 Brown >230 * 
BC® 5 p-MeO-C,H, 1360 2000 1 7 36 Reddish-brown*® 201—203 
AD 2 2,4-(HO),C,H, 140 200 0-5 8 20 Dark red 207—210 * 
AD 2 3,4-CH,0,:C,H, 150 200 0-5 9 41 Crimson 236—240 * 
BD4 7 p-Me,N-C,H, 300 400 0-5 10 42 Copper ™ 159—160-5 
AD 10 p-ClC,H, 280 400 1 ll 80 Orange” 212—220 * 
AD 2 m-O,N-C,H, 150 200 0-5 12 71 Orange 195—200 * 
AD 5 p-O,N-C,H, 150 200 0-5 13 76 Orange 195—201 * 
BD 10 2-Furyl 0-17¢ 400 1 14 89 Red 236-5—241 * 
AD 2 2-Thienyl 112 200 0-5 15 27 Dark red 222—226 * 
BC 10 3-Indolyl 290 400 1 16 66 Violet-black 242 * 
AD 2 2-Pyridyl 107 200 0-5 17 23°F Orange? 188—190-5* 
AD 2 4-Pyridyl 107 200 0-5 18 69% Yellow-brown* 195—198 * 
AD 2 2-Quinolyl 157 200 0-5 19 974 Orange-red? >210¢ 
ADJ 2 4-Quinolyl* 175 200 0-5 20 78f° Yellow! > 203 * 
A = procedure A. B= procedure B. C= acetic acid. D = tetrahydrofuran. * With de- 


comp. f Vol. (ml.). { Needles unless otherwise stated. 

* Boiled for 2 min., then left at room temp. for 2 days. 
acetonitrile. ¢ Solution left at room temp. for 90 min. * Scratching for crystn.; solution left for 
30 min. / Diperchlorate. % Recryst. from acetonitrile-ethyl methyl ketone (1:2). * Recryst. 
from acetonitrile-ethyl methyl ketone (1:5). * Decomp. without melting. 4 Solution left at room 


> Boiled for 1 min. ¢ Recryst. from 


temp. for 5 hr. * Hydrate. ' Recryst. from acetonitrile-ethyl methyl ketone (1:1). ™ Prisms. 
" Indefinite form. 
Found (%) Required (%) 

No. Cc H N Hal Formula Cc H N Hal 
1 68-2 6-1 9-7 C.,H,,0,Cl 68-3 6-0 9-2 
2 71-1 5-6 8-6 CygH,,0,Cl 71-5 5-8 8-1 
3 75-2 5-5 6-9 CyeH,,0,Cl 75-2 5:3 6-9 
4° 65-1 6-0 8-9 C.,H,,0,Cl 65-6 5-8 8-8 
5? 645 5-8 7-4 Cy.H,,0,Cl 65-6 5-8 8-8 
6° 65-5 5-9 8-9 C..H,,0;Cl 65-6 5-8 8-8 
7 66-6 6-2 8-2 Cy3H,,0,Cl 66-3 6-1 8-5 
8 62-7 5-4 9-2 Cy.H.,0,Cl 63-1 5-5 8-5 
9 63-6 5-6 9-1 Cy3H30,Cl 64-1 5-4 8-2 

10° 67-2 6-7 3-4 8-2 C,4H,,0,NCl 67-1 6-6 3:3 8-3 

ll 63-0 5-4 16-5 C,.H,.0,Cl, 62-7 5:3 16-9 

12 61-2 5-2 3-2 8-3 C,.H..0,NCl 61-2 51 3-2 8-2 

13 60-7 4:8 3-3 7-6 C.,.H,,0,NCl 61-2 5-1 3-2 8-2 

14 63-6 6-1 10-2 Cy9H2,0,Cl 63-7 5-6 9-4 

15 61-2 5-3 9-1 C.9H,,0,CIS ” 61-1 5-4 9-0 

16 67-8 5:8 3-0 7-9 C.4H,,0,NC1 67-7 5-9 3-3 8-3 

172 51-9 5-2 2-6 14:8 C,,H,,0,NCl, 51-6 4-8 2-9 14-5 

18¢ 51-6 5-2 3-2 14-0 C,,H,,;0,NCl, 51-6 4:8 2-9 14-5 

19¢ 55-5 4-7 1-9 13-3 C,,H,,O,NCl, 55:8 4-7 2-6 13-2 

202 55-1 4:5 2-4 13-2 C,,H,,O,NCl, 55-8 4-7 2-6 13-2 


° Analysed without recrystn. 


? No satisfactory analysis. 
Reqd.: S, 8-2%. 


2 Diperchlorate. * 


(145 mg.) in acetic acid (10 ml.) afforded 1-3’-indolylmethyleneazulenium perchlorate (305 mg., 
89%) as violet-black needles which were washed with acetic acid and then ether before drying 
for 20 min. at 110° (Found: N, 3-6; Cl, 9-6. C,,H,,O,NCl requires N, 4:1; Cl, 10:3%). It 
melts to a violet liquid on a block preheated to «270°, but on being heated from room temper- 
ature decomposes slowly to a black tar. 

1-Hydroxymethyleneazulenium Perchlorate.—Perchloric acid (0-5 ml.) was added to a cold 
solution of 1-formylazulene (173 mg.) in acetic acid (5 ml.). On addition of dry ether (5 ml.) 
1-hydroxymethyleneazulenium perchlorate crystallised as golden-yellow plates in quantitative 
yield. Recrystallisation was from acetonitrile. The compound melts to a clear yellow liquid 





"wer. 
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on a block preheated to «123°. When heated from room temperature it decomposes slowly 
>140°. Work must be as rapid as possible since hydrolysis rapidly occurs in air (Found: C, 
48-1; H, 4-1; Cl, 12-4. C,,H,O,Cl requires C, 51-5; H, 3-5; Cl, 13-3%). 

3-Formyl-1-hydroxymethyleneazulenium Perchlovate—Treatment of a solution of 1,3-di- 
formylazulene (100 mg.) in acetic acid (5 ml.) with perchloric acid (0-5 ml.) as described 
in the last paragraph gave directly 1-formyl-3-hydroxymethyleneazulenium perchlorate in 
quantitative yield. On recrystallisation from acetonitrile it formed yellow plates, decomp. 
slowly >150° (colour changes through greenish-yellow and greenish-blue to black at ~230°) 
(Found: C, 51-45; H, 4-1; Cl, 11-8. C,,H,O,Cl requires C, 50-6; H, 3-2; Cl, 12.4%). It 
readily reverts to 1,3-diformylazulene. 

3-Hydroxymethyleneguaiazulenium Perchlorate-—Perchloric acid (1 ml.) was added to 3- 
formylguaiazulene (211 mg.) in acetic acid (5 ml.). Bright yellow needles separated at once 
quantitatively. Recrystallisation from acetonitrile-ethyl methyl ketone (1 : 2) gave 3-hydroxy- 
methyleneguaiazulenium perchlorate as yellow needles, m. p. 158—160° to a green liquid (Found: 
C, 58-8; H, 6-1; Cl, 11-0. C,,H,,O,Cl requires C, 58-8; H, 5-9; Cl, 10-9%). In contrast to 
the salts from 1l-formylazulene and 1,3-diformylazulene, 3-hydroxymethyleneguaiazulenium 
perchlorate is stable. 

Condensations of Azulenealdehydes with Azulenes.—1-Formylazulene and azulene. Perchloric 
acid (0-5 ml.), added to 1-formylazulene (330 mg.) and azulene (300 mg., 5% excess) in boiling 
acetic acid (10 ml.), gave a deep blue solution. A solid began to separate from the boiling 
solution as black needles. The product (770 mg., 100%), separated from the cooled solution, was 
dissolved in an excess of acetonitrile. The solution was filtered, and solvent was evaporated 
on a water-bath until solid had just begun to separate from the boiling solution. On being 
cooled slowly to room temperature, the solution deposited 1-1’-azulylmethyleneazulenium 
perchlorate (Xb), black needles, decomp. >350° (block preheated to 350°), sparingly soluble in 
acetone and acetonitrile but readily soluble in cold dimethylformamide (Found: C, 68-5; H, 
4-0; Cl, 9-1. C,,H,,0,Cl requires C, 68-8; H, 4:1; Cl, 9-7%). 

1-Formylazulene and guaiazulene. Perchloric acid (0-3 ml.) was added to a boiling solution of 
1-formylazulene (170 mg.) and guaiazulene (0-24 ml., 5% excess) in acetic acid (6 ml.). Black 
needles began to separate from the deep-blue boiling solution. The product, on recrystallisation 
from acetonitrile as described for the preceding condensation, afforded 3-1’-azulylmethylene- 
guaiazulenium perchlorate (Xc) (405 mg., 85%), green needles, m. p. 199—200-5° (block preheated 
to 195°) (Found: C, 71-1; H, 5-6; Cl, 8-2. C,,H,,0,Cl requires C, 71-5; H, 5-8; Cl, 8-1%). 

1,3-Diformylazulene and azulene. A boiling solution of 1,3-diformylazulene (92 mg.) in 
acetonitrile (20 ml.) was added to azulene (140 mg.) and perchloric acid (0-3 ml.) in acetonitrile 
(20 ml.) at room temperature. When the deep blue solution was heated to the b. p., a black 
solid began to separate. The black solid (270 mg. 85%), 1,3-azulenylenedi-a«’-(1-methylene- 

zulenium perchlorate) (XIIa), was filtered off after 2 hr., washed with ether (100 ml.), dried, and 
analysed without recrystallisation (Found: C, 63-3; H, 4-0; Cl, 11-9. C,,H,.O,Cl, requires 
C, 63-5; H, 3-7; Cl, 11-7%). It did not melt <325°. It is very insoluble in the common 
organic solvents except dimethylformamide. 

1,3-Diformylazulene and guaiazulene. Perchloric acid (0-5 ml.) was added to a boiling 
solution of 1,3-diformylazulene (184 mg.) and guaiazulene (440 mg., 10% excess) in acetic acid 
(10 ml.). The deep blue solution, which had begun to deposit a solid at the b. p., was boiled 
for 1 min., then allowed to cool to room temperature. The product, recrystallised from aceto- 
nitrile as described for 1-1’-azulylmethyleneazulenium perchlorate, gave 1,3-azulenylenedi-aa’- 
(3-methyleneguaiazulenium perchlorate) (XIIb) (550 mg., 75%), black needles which decompose 
violently when placed on a block preheated to «325°, but decompose slowly on being heated 
from room temperature (Found: C, 67-8; H, 5-8; Cl, 9-2. C,.H,.O,Cl, requires C, 67-6; H, 
5:7; Cl, 95%). It is sparingly soluble in the common organic solvents with the exception of 
dimethylformamide in which it is fairly soluble. 

Acetonitrile was employed successfully as solvent in place of acetic acid for the above 
condensations of azulenes with azulene aldehydes. 
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103. Pyrones. Part I. Methyl Ethers of Tautomeric Hydroxy- 
pyrones and the Structure of Yangonin. 


By J. D. Bu’Lock and H. G. Situ. 


The formation of isomeric monomethy] ethers (II) and (III) in the methyl- 
ation of the lactone (I) by diazomethane has been confirmed, and the 
structures have been established by chemical means; the a-pyrone (III) 
reacts readily with dienophiles, and the y-pyrone (II) shows basic properties. 
The formulation of the natural product yangonin as an a-pyrone is estab- 
lished by its direct synthesis from the ether (III). 


THE 4-hydroxy-2-pyrones, being tautomeric, can give rise to two series of ethers, with «- 
and y-pyrone structures severally. In connection with work on some natural products it 
became necessary to clarify the distinction between such pairs of compounds; the present 
account is concerned with the methyl ethers of the keto-lactone (I) and with certain 
related natural products. 

Early workers described an ether, m. p. 81—82°, obtained from the lactone (I) by the 
action of diazomethane or of methyl iodide on the silver salt.2 More recently, Arndt 
and Avan ® treated the lactone with diazomethane and by repeated recrystallisation raised 
the m. p. of the product to 86—87°. To this material they assigned the y-pyrone structure 
(II) since when hydrogen chloride was passed into an ether solution of the compound an 
insoluble hydrochloride was formed; other y-pyrones are known to form such derivatives, 
but the known «-pyrones do not. 
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Janiszewska-Drabarek later found‘ that after methylation with diazomethane the 
crude product was a mixture of the two ethers (II) and (III), which could be separated by 
precipitation of the former product (II) as hydrochloride. Wiley and Jarboe,® however, 
were unable to confirm this and concluded that only one ether, of m. p. 89°, is formed. 
This did not form a hydrochloride and was assigned the «-pyrone structure (III), since its 
infrared spectrum showed bands at 1720 and 1250 cm.+, believed to be characteristic of 
a-pyrones. Notwithstanding these statements, Janiszewska-Drabarek’s observations 
were confirmed and extended by Chmielewska et al.6 Structure (II) was assigned to a 
methyl ether of m. p. 91—92°, forming a hydrochloride and having infrared absorption 
bands at 1672 and 1248 cm.? and an ultraviolet absorption maximum at 240 mu. 
Structure (III) was assigned to the non-basic isomer, m. p. 89—90°, having infrared 
absorption bands at 1718, 1658, and 1230 cm.* and an ultraviolet absorption maximum at 
280 my. Our own results with known «- and y-pyrones seemed to accord with these 
conclusions, but in view of the earlier statements it seemed desirable to have some chemical 
proof of the constitution of these products, if indeed more than one could be obtained.* 

* Since this work was completed there has appeared an account by Djerassi and co-workers? of 


their own independent confirmation of the results of Janiszewska-Drabarek and Chmielewska, together 
with an extension of the spectroscopic observations. 

1 Tamburello, Chem. Zenir., 1905, I, 348. 

2 Sproxton, J., 1906, 89, 1189. 

3 Arndt and Avan, Chem. Ber., 1951, 84, 344. 

4 Janiszewska-Drabarek, Roczniki Chem., 1953, 27, 456 (Chem. Abs., 1955, 49, 3176). 

5 Wiley and Jarboe, J. Amer. Chem. Soc., 1956, 78, 624. 

® Chmielewska, Cieslak, and Kraczkiewicz, Roczniki Chem., 1956, 30, 1009 (Chem. Abs., 1957, 51. 
8733). 

7 Herbst, Mors, Gottlieb, and Djerassi, J. Amer. Chem. Soc., 1959, 81, 2427. ‘ 
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Methylation of the lactone (I) with diazomethane and treatment of the product with 
dry hydrogen chloride in ether gave, without any especial difficulty, both the products 
described by the Polish workers, though with dimethyl sulphate only the lower-melting 
non-basic isomer (III) was formed. The two compounds gave a mutual depression of 
m. p. and were distinct in fusion analysis; only the basic isomer (II) formed a picrate, of 
m. p. 124-5—126°. 

It is known that a-pyrones generally behave as dienes in the Diels-Alder reaction, 
frequently with ready elimination of the lactone group as carbon dioxide. Thus, since it 
can react in the a-pyrone form, the lactone (I) behaves in this way, and gives the phthalic 
acid derivative (IV; R = H) when heated with diethyl acetylenedicarboxylate.§ When 
the basic methyl ether, presumably (II), was treated similarly, little or no carbon 
dioxide was evolved and the starting material was recovered, but the non-basic 
isomer (III) readily evolved the theoretical amount of carbon dioxide under these 
conditions and the phthalic acid derivative (IV; R= Me) was formed. The 
reaction proceeds fairly cleanly and we cannot explain the failure of Wiley and 
Jarboe 5 to obtain this product. Similarly, when the ether (III) was heated with maleic 
anhydride, carbon dioxide was again evolved; in this case the diadduct (V) was obtained. 
These diene reactions, and the structure of the acid (IV; R= Me), establish beyond 
doubt the structure of the non-basic ether, m. p. 87-5—88-5°, as the a-pyrone (III) and 
provide a firmer basis for comparisons using spectroscopic data. 


OMe OMe 
CO. O 
R CH: CH CH,:CH 
Cporatigto (etre to 
R’ 
(VI) RR’= CH,0O, (VIII) 


(VII) R=R’=H 


It seems likely that in the work of Arndt and Avan, a mixture of ethers (II) and (ITI) 
was in fact obtained, from which only the former was isolated by recrystallisation. Con- 
versely, in the experiments of Wiley and Jarboe, it is possible that the y-pyrone (ITI) was 
decomposed because of the presence of water during the attempted preparation of the 
hydrochloride, since this isomer is relatively easily hydrolysed by acid.® 

In an attempt to explain the formation of both products in the reaction of the lactone 
(I) with diazomethane, contrasting with the exclusive formation of the ether (III) by 
methylation with dimethyl sulphate and alkali, we studied the ultraviolet absorption 
spectrum of the lactone under various conditions in the hope of detecting its tautomeric 
equilibria. In a range of solvents with varying dielectric constant (water-ethanol— 
dioxan-hexane mixtures) and in aqueous solutions of pH 1—4, the lactone (I) shows an 
absorption spectrum closely similar to that of the a-pyrone (III), with no sign of the 
presence of the tautomeric 2-hydroxy-4-pyrone. Above pH 6, when it can exist only as a 
single species (the derived anion), absorption maxima at 276 and 233 my were observed, 
suggesting that, in the anion, both the electronic transitions observed individually in «- 
and y-pyrones are simultaneously possible. 

The unambiguous characterisation of the ethers (II) and (III) makes it possible to clear 
up some uncertainties regarding certain related natural products. Thus from kava resin 
(from Piper methysticum), Borsche and others ® isolated a series of 6-styryl derivatives of 
methoxypyrones. Three of these, viz., methysticin (VI), kawain (VII), and marindinin ” 
(VIII), are 5,6-dihydropyrones, and on treatment with alkali the ring is opened without 
effect on the methoxyl groups; the products are «$-unsaturated 8-methoxy-acids, and so 

8 Alder and Rickert, Ber., 1937, 70, 1363. 

® Borsche and Gerhardt, Ber., 1914, 47, 2902; Borsche and Roth, Ber., 1921, 54, 2229; Borsche 


and Peitzsch, Ber., 1930, 68, 2414; Borsche and Bodenstein, Ber., 1929, 62, 2515. 
10 Van Veen, Rec. Trav. chim., 1939, 58, 521. 
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the compounds (VI)—(VIII) have always been formulated as hydrogenated «-pyrones. 
Moreover, kawain has been synthesised by unambiguous routes.“ However, the major 
constituent of kava resin, yangonin, is a true pyrone, and since on alkaline hydrolysis the 
methoxyl group is removed simultaneously with the ring-opening, Borsche ef al. formulated 
it as a 2-methoxy-4-pyrone (IX). 

The published syntheses of yangonin involve methylation as a final step and hence are 
not unambiguous. Thus, by treatment of the corresponding 4-hydroxy-compound 
(yangonolactone) with diazomethane, Chmielewska ef al. obtained two substances, only 
one of which was identical with natural yangonin. This showed a peak in the infrared 
spectrum at 1724 cm.+ and was formulated as the «-pyrone (X), Borsche’s structure (IX) 
being assigned to the isomeric second product (C=O peak at 1667 cm.). We were able to 


OMe OMe 
mod _\cx: ashe —e oft i. 
(IX) (XI) R= Pyridy! 


(XII) R = 3,4-(CH,O2)C,H3 
(XIII) R = CHPh:CH 


confirm directly these spectroscopical deductions by an unambiguous synthesis of yangonin, 
by the reaction of the «-pyrone (III) with p-methoxybenzaldehyde in presence of magnes- 
ium methoxide. 

In the case of certain constituents of the rosewoods (Aniba species),!18 the situation is 
somewhat similar, since the three compounds (XI)—(XIII) all resemble yangonin, in 


Ultraviolet absorption spectra of the lactone (I). 


Buffer solution ¢ NaOAc-HCl KH,PO,-NaOH Na,B,0,-NaOH-KCl 

WO sescsicaiaels 11 3:3 42 5:2 6-1 7-4 8-0 9-0 10-0 
a gga. 284 283 282 277,230 276,233 276,233 276,233 276,233 276, 233 
ome <a 240 240 245 249 249 250 249 249 250 


* Vogel, ‘‘ Textbook of Quantitative Inorganic Analysis,” Longmans, Green and Co., London, 2nd 
edn., 1952, p. 868. 


Infrared absorption spectra (carbonyl and enol-ether bands, in cm.*). 


a-Pyrones C=O c-O y-Pyrones C=O Cc-O 
PR cv cpeeisncssesssins 1740 1245, 1264 2,6-Dimethyl- ............ 1672 Absent 
6-Alkyl-4-methyl-* ...... 1736 1227 6-Methyl-2-styryl-...... 1665 
3-Hydroxy-2-methyl- 
ENED  sseccnccrecoscases 1656 wo 
4-Methoxy-6-methyl- 2-Methoxy-6-methyl- 
GEBED . . sasicercveceincreions 1722, 1736 1250, 1265 GUE esansenenbeccnccanaserae 1677, 1692 1260 
Yangonin (X) ® ............ 1720 1250 Pseudoyangonin ® (IX)... 1667 1258 
peeerscseces 1724 1258 
Compound (AT) 2 ...00000. 1732 
Compound (XII)™ ...... 1738 
Compound (XIII) * ...... 1724 


* Wiley and Esterle, J. Org. Chem., 1957, 22,1257. °° Chmielewska, Cieslak, Gorczynska, Kontnik, 
and Pitakowska, Tetrahedron, 1958, 4, 36. 


that ring-opening with alkali also removes the methoxyl group. The possibility 
that these compounds might be y-pyrones does not appear to have been considered; * 
however, with the structure of yangonin firmly established as (X), comparisons between 
the published spectroscopic data are adequate to confirm the structures originally 


* Cf. however, footnote (p. 502) and reference 7. 


11 Fowler and Henbest, J., 1950, 3642; Kostermans, Nature, 1950, 166, 788. 

12 Gottlieb and Mors, J. Amer. Chem. Soc., 1958, 80, 2263; Gottlieb, Mors, and Djerassi, ibid., 1957. 
79, 4507. 

13 Gottlieb and Mors, J. Org. Chem., 1959, 24, 17. . 
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assigned to these compounds. In general (cf. Tables), it appears that «-pyrones have 
carbonyl bands at frequencies significantly higher than those for the corresponding 
y-pyrones, though the absolute values are subject to some influence from the other 
substituents. 

EXPERIMENTAL 

Methylation of ‘‘ Triacetic Acid Lactone’’ with Diazomethane.-—5-Hydroxy-3-oxohex-4-enoic 
acid lactone (‘‘ triacetic acid lactone ’’) #* (I) (8 g.) was added in portions with shaking to a dry 
solution of diazomethane (from 25 g. of N-nitrosomethylurea) in ether (300 ml.). Nitrogen 
was evolved and the solution was kept for 24 hr. at room temperature. A small quantity of 
sediment was filtered off, and dry hydrogen chloride passed through the solution until precipit- 
ation was complete (about 25 min.). The hydrochloride of the ether (II) (2-7 g.) was filtered 
off and washed with ether. 

The filtrate on evaporation gave the crude methyl ether (III) (5-27 g.), which was purified 
by chromatography on alumina (grade “‘H”’), with 1:1 benzene-—light petroleum (b. p. 60— 
80°) followed by benzene as eluants, and finally recrystallised from light petroleum, giving 
4-methoxy-6-methyl-2-pyrone (III) as needles, m. p. 87-5—88-5°, Amax, 280 my (log ¢ 3-81) in 
95% ethanol (for infrared spectrum, see Table). 

The precipitated hydrochloride was suspended in ether (30 ml.) and shaken with a slight 
excess of triethylamine, and the ether was decanted. Extraction of the precipitate with more 
ether (2 x 30 ml.) followed by evaporation of the extracts gave the crude methyl ether (II) 
(2-0 g.) which was purified by recrystallisation from light petroleum, giving 2-methoxy-6- 
methyl-4-pyrone (II) as needles, m. p. 92-5—94° (Found: C, 59-9; H, 5-6. Calc. for C,;H,O,: 
C, 60-0; H, 5:8%), Amax, 240 my (log e 4-17) in 95% ethanol (for infrared spectrum, see Table). 
The compound formed a yellow picrate, m. p. 124-5—126° (Found: C, 42-3; H, 3-0. 
C,3H,,0,)>N; requires C, 42-3; H, 3-0%). 

A mixture of the ethers (II) and (III) melted gradually between 55° and 83° and the two 
were distinct on fusion analysis. 

Methylation with Dimethyl Sulphate.—A mixture of the lactone (I) (3 g.), dimethyl sulphate 
(3 g.), and anhydrous potassium carbonate (10 g.) in pure ethyl methyl ketone (50 ml.) was 
heated under reflux, with stirring, for 15 hr., then allowed to cool, filtered, and evaporated. 
The solid residue (3-1 g.) was recrystallised from light petroleum (b. p. 60—80°), to give the 
ether (III) as pale yellow needles, m. p. 77—87°; further recrystallisation raised the m. p. to 
87—88°. The mother-liquors were combined and subjected to chromatography on alumina; 
no fraction showing the ultraviolet absorption of the isomer (II) was detected. 

Diels—Alder Reactions of the Ether (111).—(i) With diethyl acetylenedicarboxylate. A mixture 
of the ether (III) (2-0 g.) and diethyl acetylenedicarboxylate (3-3 g.) was heated under nitrogen 
for 1-5 hr. at 170—180° and a further 2 hr. at 190—200°; carbon dioxide was evolved. After 
cooling, the product was heated under reflux with excess of 10% sodium hydroxide solution, 
washed with ether, acidified with dilute hydrochloric acid, and extracted with ether (5 x 40 ml.). 
Evaporation of the extracts gave a residue which crystallised on trituration with ether (yield 
1-54 g.) and recrystallised from acetone-chloroform, giving 5-methoxy-3-methylphthalic acid 
(IV; R= Me), needles, m. p. 176—181° (lit.,5 184°) [Found: equiv., 102. Calc. for 
C,H,O(CO,H),: equiv. 105]. The acid was converted into the anhydride, m. p. 140—141° 
(lit.,45 139°) by heating it with acetic anhydride, and by hot dilute hydrochloric acid 
into 5-methoxy-3-methylbenzoic acid, m. p. and mixed m. p. (with authentic material prepared 
by Meldrum’s method ™) 132—133°. 

(ii) With maleic anhydride. Maleic anhydride (0-5 g.) and the ether (III) (0-5 g.) were 
heated under reflux in toluene (5 ml.) for 10 hr.; after cooling, the adduct (8-methoxy-1-methyl- 
1,2-ethenocyclohexane-2,3,5,6-dicarboxylic dianhydride) (V) was filtered off (0-1 g.), recrystallised 
from benzene, and sublimed at 180°/0-05 mm., giving needles, m. p. 333—336° (Found: C, 
57-6; H, 4-5. C,,H,.O, requires C, 57-5; H, 4:1%). The infrared spectrum of the adduct 
(in Nujol mull) showed carbonyl bands at 1860, 1840, and 1790 cm.*}. 

When the methyl ether (II) (100 mg.) was heated with diethyl acetylenedicarboxylate 
(160 mg.), carbon dioxide was evolved only very slowly, even after 24 hr. at 180°. 

Synthesis of Yangonin (X).—The methyl ether (III) (500 mg.) was added to magnesium 


4 Collie, J., 1891, 59, 612. 
15 Meldrum, J., 1911, 99, 1716. 
] 
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methoxide in methanol (from 200 mg. of magnesium and 10 ml. of methanol), and p-methoxy- 
benzaldehyde (500 mg.) in methanol (12 ml.) was added. After 4 hours’ heating under reflux, 
the solvent was evaporated under reduced pressure, and after acidification of the residue with 
dilute hydrochloric acid the product was extracted with ethyl acetate (3 x 20 ml.), washed 
with water (3 x 15 ml.), dried (MgSO,), and evaporated. The residue (850 mg.) was a mixture 
of a crystalline solid and a yellow oil, the latter being removed by trituration with ether. The 
crystals (160 mg.), m. p. 151—154°, had m. p. 155—157° after recrystallisation from methanol, 
and were identified as yangonin by comparison of the ultraviolet and infrared spectra with an 
authentic sample and by mixed m. p. (154—155°). 


We are grateful to Dr. B. K. Blount for a sample of natural yangonin. 


DEPARTMENT OF CHEMISTRY, UNIVERSITY OF MANCHESTER. (Received, July 31st, 1959.] 





104. Raman Spectra of the Hexamethyl Compounds of Silicon, 
Germanium, and Tin. 


By M. P. Brown, E. CARTMELL, and G. W. A. Fow Les. 


Raman frequencies for hexamethyl compounds of silicon, germanium and 
tin are reported, and those for hexamethyldisilane are compared with previous 
values. Eight-atomic, ethane-like structures are assumed, with each methyl 
group acting as a single particle, and the strongly polarised Raman bands 
occurring in the region of skeletal vibrations are assigned to the A, modes. 
Results of simple valence force field calculations, and comparison with 
similar calculations for corresponding tetramethyl compounds, indicate that 
this approach is useful for hexamethyl compounds of germanium and tin, but 
is not applicable to hexamethyldisilane. Bond stretching force constants of 
1-3 + 0-1 and 1-0 + 0-1 x 105 dynes/cm. are obtained for the Ge-Ge and 
Sn-Sn bonds respectively. 


THE hexamethyl compounds ? are the simplest, and therefore the most convenient, organo- 
metallic compounds of the type R,M, (where M = silicon, germanium, or tin) for spectro- 
scopic study. Only the spectra of hexamethyldisilane have previously been published; 
Murata and Kumada ? report the Raman spectrum; Cerato, Lauer, and Beachell * report 
both Raman and infrared spectra; and an assignment and calculation of skeletal vibrational 
frequencies is reported by Murata and Shimizu. 

If we assume that the interaction between C-H and skeletal vibrations is negligible, we 
can treat methyl groups as single particles, and consider the molecules as eight-atomic, 
ethane-like structures of Dsq (staggered), Ds, (eclipsed), or Ds, (free rotation) symmetry 
types. In each case there are three symmetrical vibrational modes of type A, (on the 
notation of the D3,;, model) associated with polarised Raman bands, and these are the only 
polarised Raman bands predicted for molecules of this symmetry. We observe three 
polarised bands in the region of skeletal frequencies (v <700 cm.*) in the spectrum of each 
of the three hexamethyl compounds, and we assign the observed frequencies to the A, 
skeletal modes of vibration. 

Force constants have been calculated, by assuming a simple valence bond force field of 
the type used by Howard ° for ethane; the M-CH, stretching (K,), M-CH, bending (K,), 
and M-M (K,) stretching force constants can be obtained from an equation involving the 
A, vibration frequencies and the masses of M and of the CH, group. The validity of this 

1 Brown and Fowles, J., 1958, 2811. 

2 Murata and Kumada, J. Chem. Phys., 1953, 21, 945. 

* Cerato, Lauer, and Beachell, J. Chem. Phys., 1954, 22, 1. 

* Murata and Shimizu, J. Chem. Phys., 1955, 23, 1968. 

5 Mizushima, ‘‘ Structure of Molecules and Internal Rotation,’’ Academic Press Inc., New York, 


1954, p. 95. : 
* Howard, J. Chem. Phys., 1937, 5, 442. 
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simplified treatment has been tested by comparing the M-CH, stretching constants, K,, 
for the hexamethyl compounds with corresponding constants for the tetramethyl com- 
pounds, obtained by using the same assumptions, v7z., methyl groups acting as single 
particles, and a simple valence force field. These stretching force constants for the tetra- 
methyl compounds have already been calculated by several workers;7® the results, 
however, are not very consistent, and we have repeated the calculations using the most 
recently accepted values of the vibration frequencies. We have also compared the K, 
force constants with stretching force constants calculated by Siebert § and by Waters and 
Woodward; ® these authors used a simple valence force field applied to a 17-atomic system. 


EXPERIMENTAL 


Materials.—The hexamethyl compounds of silicon, germanium, and tin were prepared,! and 
their purity established by analysis,!° as previously described, and by gas chromatography 
(Griffin and George equipment). 

Raman Spectva.—These were recorded by means of a two-prism glass spectrograph, designed 
for us by Professor A. M. Taylor and constructed in his Department. The camera lens (Kodak 
Aero Ektar) has an aperture F/2-5, and the dispersion is approximately 36 A per mm. at 
4500 A. The light source consisted of four vertical mercury-arc lamps (G.E.C. type MA/V, 
400 w), under-run at 2 amp. to reduce the intensity of continuous radiation, and surrounded by 
a reflector coated with magnesium oxide. 

The hexamethyl compounds were distilled im vacuo into Pyrex Raman tubes of 6 mm. 
internal diameter. Scattered light emerging from the base of the tube was directed on to the 
slit of the spectrograph by a reflecting prism and a condensing lens arranged to satisfy the 
Nielsen conditions.11 The Raman tube was surrounded by two concentric cylindrical jackets: 
one contained a sodium nitrite filter solution, and the other was used for water-cooling. Good 
spectra were obtained from 1-5—3-0-ml. samples with a slit width of 0-030 mm. and 30—60- 
minute exposures on Kodak Oa-O plates. 

Raman frequencies were obtained by interpolation, with iron-arc spectra recorded on each 
plate. Sharp lines were measured on a travelling microscope, weak lines on a Hilger non- 
recording microphotometer; the estimated limits of error are +2 cm. for most of the lines. 
The value quoted for each band is the mean of at least four separate measurements from different 
plates. The state of polarisation was determined by the method of polarised incident light, 
with Polaroid cylinders round the Raman tube. Only those bands which are clearly polarised 
are so reported; no definite conclusion is drawn about the polarisation states of the other bands. 


RESULTS 


Hexamethyldisilane (Table 1).—Our measurements agree well with those by Murata and 
Kumada, with the exception of two lines (1259w and 1417m cm."1) which we find and they do 
not, and two (1317m and 1373 cm.) which they observe and we do not. It is possible that 
the latter pair represents frequency shifts excited by Hg 4078 A (see Table 2). Cerato, Lauer, 
and Beachell find a further 15 lines of weak or medium intensity, but we suggest that eight of 
these (we observe six ourselves) are not true Raman displacements from Hg 4358 A. Table 2 
shows that in every case the frequency displacement of these weak lines from mercury lines 
other than 4358 A coincides with an existing high-intensity Raman frequency. These sugges- 
tions are supported by the observation that the lines we suppose to originate from excitation by 
Hg 4047 A appear with much greater intensity when the sodium nitrite filter is removed. 
Further, we find bands excited by the 4047, 4339, and 4348 A mercury lines in the spectra of 
other hexamethyl compounds; thus, two apparent Raman displacements of 411(vw) and 
455(vw) cm.” from Hg 4358 A in the spectrum of the tin compound are excitations of the intense 
512 cm.~! Raman line by Hg 4339 and 4348 A. The remaining seven bands reported by Cerato, 
Lauer, and Beachell are presumably too weak for us to observe. The very intense broad band 


7 See, e.g., Wall and Eddy, J. Chem. Phys., 1938, 6, 107; Sheline and Pitzer, ibid., 1950, 18, 595. 
8 Siebert, Z. anorg. Chem., 1952, 268, 177. 

® Waters and Woodward, Proc. Roy. Soc., 1958, A, 246, 119. 

10 Brown and Fowles, Analyt. Chem., 1958, 30, 1689. 

11 Nielsen, J. Opt. Soc. Amer., 1930, 20, 701. 
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TABLE 1. Raman frequencies (in cm.) of hexamethyldisilane. 
This work C.L.B§ M.K.2 This work C.L.B.3 M.K.* This work C.L.B.* M.K.* 


87vw (578w,d) 1247m 1241d 1245 
(124vw) * 598vw,b 1259w,p 1256p 
184vs,b,p 180p 178 638vs,p 638p 638 1283w,p 
216w,d 688s 686d 689 (1315m,p) 1317 
249m 251d 250 755w 753d 754 (1372w,d) 1373 
(305w,p) 834w 830d 833 1417m,b 1415d 
(346w,p) 887m,p 883p 883 1443w,p 
373Vw (1130w,d) 2900vs,p 2898p 2893 
404vs,p 404p 403 (1190w,d) 2958vs 2957d 2955 
510 


Intensities and polarisation states indicated as follows: vs = very strong, s = strong, m = 
medium, w = weak, vw = very weak, b = broad, p = polarised, d = depolarised. 

* It is suggested that frequencies enclosed in parentheses are not true Raman shifts from Hg 
4358 A (see Table 2). 


TABLE 2. Suggested re-interpretation of some Raman frequencies (in cm.) reported for 


hexamethyldisilane. 
Reported Sug- Excited by Known strong Reported Sug- Excited by Known strong 
shift from gested Hg line excited shift from _ gested Hg line excited 
Hg 4358A _ shift line A by Hg 4358A Hg 4358A _ shift lineA by Hg 4358A 
124vw 181 4348 184 1130w 2897 4047 2900 
305w 406 4339 404 1190w 2957 4047 2958 
346w 403 4348 404 1315m 2893 4078 2900 
578w 635 4348 638 1372w 2950 4078 2958 


with peak intensity at 184 cm."! has a complex structure which we were unable to resolve either 
visually or with the aid of the microphotometer; Cerato et al. were able to resolve this band, 
and they report, among other lines, one at 200 cm. which is polarised. 

Assignment of frequencies (Table 5). The previous workers *4 conclude that hexamethyl- 
disilane has the D,, (eclipsed) or D,,, (free rotation) rather than the D3, (staggered) structure. 
There are nine Raman-active normal vibrations for molecules of D3, or D3,, symmetry type: 
three A, vibrations (v,, v,, and v3) giving polarised lines, three E vibrations (v,, vs, and vy) which 
are also infrared-active, and three E vibrations (v,9, v,,, and v,,). The two A, vibrations v,; and 
vg are active only in the infrared region, and y, (the torsional mode) is inactive in both infrared 
and Raman spectra. 

The A, vibrations are readily identified: 404 cm. is assigned to v,, the Si-Si stretching 
vibration, and 638 cm. to v,, an Si-C stretching vibration. The polarised component of the 
intense low-frequency band is assigned to v3, an Si-C bending vibration. Although this low- 
frequency band has been resolved, and the polarised component identified,? we take 184 cm."}, 
the frequency at peak intensity, as v,, in order to be consistent with the v, values for the german- 
ium and the tin compound whose intense low-frequency bands we are again unable to resolve. 

Murata and Shimizu * assign 688 cm."1, the remaining strong band in the skeletal frequency 
range, to v, (E), a Si-C stretching vibration, and 249 cm. to v, (EZ), a Si-C bending vibration; 
both these bands are active, and observed, in the infrared spectrum. These are all the assign- 
ments considered in this paper, the purpose of which is a comparative study of the three hexa- 
methyl compounds, rather than a detailed study of any one compound. 

Hexamethyldigermane and Hexamethyldistannane (Tables 3 and 4).—The complexity of the 
Raman spectra increases in the order Me,Sn,, Me,Ge,, and Me,Si,; hexamethyldistannane 
gives a very intense Raman spectrum, but long exposures failed to reveal any lines other than 
those reported in Table 4. Frequency assignments are summarised in Table 5. The strong, 
broad low-frequency band (or, more strictly, the polarised component of this band) is assigned 
to v, (A,); as explained above, we take the frequency at peak intensity (164 cm. for Me,Ge, 
and 126 cm.? for Me,Sn,) since we are unable to resolve the band. The sharp, strongly 
polarised bands at 273 cm. for Me,Ge, and 190 cm. for Me,Sn, are assigned to v., the M—M 
stretching vibration, and the very strong bands at 572 cm." (Me,Ge,) and 512 cm. (Me,Sn,) to 
v,, the M-CH, stretching vibration. By comparison with the spectrum of Me,Si,, the strong 
band at 589 cm. in Me,Ge, is assigned as v, (E). The separation of v, from v, is only 17 cm. 
for Me,Ge,, compared with a corresponding separation of 50 cm.~! in Me,Si,; it is therefore not 
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surprising that v, and vy, are indistinguishable in the spectrum of Me,Sn,, and we assign 512 cm.*} 
to both v, and v,. The band of medium intensity at 195 cm.! in Me,Ge, is assigned to v, (E); 
it is just distinguishable from the broad low-frequency band at 164 cm.", but v, for the tin 
compound merges into the low-frequency band and cannot be separately identified. 

It is noteworthy that the spectra of these two compounds in the higher frequency region 


TABLE 3. Raman frequencies (cm.*) of hexamethyldigermane. 


164 195 273 572 589 1229 1243 1407 2801 * 2904 2970 
vs,b,p m,b S,p vs,p s m m,p w,b w s,p m,b 


* This band was only observed as a Hg 4047 A excitation. 


TABLE 4. Raman frequencies (cm.*) of hexamethyldistannane. 


126 190 512 1183 1193 2910 2978 
vs,b,p m,p, vs,p m m,p $,p m,b 


TABLE 5. Assignment of certain Raman bands. 


Descrip- _Assign- Frequencies (cm.~!) Descrip- Frequencies (cm. 

tion ment Me,Si, Me,Ge, Me,Sn, tion Me,Si, Me,Ge, Me,Sn, 
5(M-—CH,) v3(A,) 184p 164p 126p 6(C-H) 1247 1229 1183 
5(M-CH,) vg(E) 249d 195 126 8(C-H) 1259p 1243p 1193p 
v(M-M) ¥_(A}) 404p 273p 190p v(C-H) 2900p 2904p 2910p 
v(M-CH;) (A) 638p 572p 512p v(C-H) 2958 2970 2978 


v(M-CH,) »,(E) 689d 589 512 


(v >1000 cm.) strongly resemble the spectrum of Me,Si, in this region. In each case there is a 
pair of C-H stretching vibrations at about 2900 cm.*1, and a pair of C-H deformation vibrations 
at about 1200 cm.7. 


CALCULATION OF FoRCE CONSTANTS 


Hexamethyl Compounds.—It is assumed that: (a) all bond angles are tetrahedral (this is 
justified at least for hexamethyldisilane, where Brockway and Davidson !* showed by electron 
diffraction that the Si-Si-C bond angle is 109° + 4°); and (0) the “ active ” mass of the methyl 
group is 15-0. The simple valence bond force field does not distinguish between D3, D3, and 
Dy, structures, and so, for these calculations, it does not matter whether the structures of these 
molecules are D,),, or D3;,, as concluded by previous workers, or Dy. 

The equation developed by Howard ° for the A, frequencies was used to determine values of 
the force constants K, (M-C stretching), K, (M-C bending), and K, (M-M stretching) that give 
the best agreement between calculated and observed A, frequencies. Stretching force constants 
for the Si-Si, Ge-Ge, and Sn-Sn bonds of 1-30, 1-34, and 1-01 x 105 dynes/cm. respectively 
were obtained, and the calculated frequencies agree reasonably well with those observed 
experimentally (see Table 6). 


TABLE 6. Results of the A, frequency calculations. 


Hexamethyldisilane Hexamethyldigermane 
K, = 2-39, K, = 0-23, and K, = 1-30 x 105 K, = 2-57, K, = 0-16, and K; = 1-34 x 105 
dynes/cm. dynes/cm. 
Frequencies (cm.~) Frequencies (cm.~) 
Observed — ......00008. 184 404 638 Observed _............ 164 273 572 
Calculated ............ 179 421 628 Calculated ............ 153 296 563 


Hexamethyldistannane 
K, = 2-18, K, = 0-09, and K, = 1-01 x 10° dynes/cm. 
Frequencies (cm.~) 
COG cn cvncosencccssnee 126 190 512 
CHINN disesiscsccscceces 119 203 509 


Tetramethyl Compounds.—The tetramethyl compounds are assumed to have five-atomic 


tetrahedral structures of Tg symmetry type; four normal vibrations are expected, one A, 
(v,), one E (v,), and two F vibrations (v, and v4). Equations for the determination of force 


12 Brockway and Davidson, J. Amer. Chem. Soc., 1941, 68, 3287. 
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constants, on the assumption of a simple valence bond force field, are given by Herzberg; !* these 
involve K, the M-CH, stretching force constant, and K3, the M—CH, bending force constant. 
The value of 15-0 is again chosen for the mass of the methyl group. The force constants are 
obtained by inserting observed values of v, and v, in the equations, and the values of these force 
constants may be checked by using them to calculate v, and v, frequencies. 

The experimentally observed skeletal vibration frequencies, and the results of the force- 
constant and frequency calculations are summarised in Table 7. Some slight disagreement 


TABLE 7. Frequency calculations for the tetramethyl compounds (force constants 
in dynes/cm.). 
Frequencies (cm.~) 


Force constants Yy Ve V3 % 
Comp. 10°K 105K Obs. Obs. Obs. Cale. Obs. Calc. 
BE cctscsasaseotocinncen 3°17 0-12 598 202 696 794 239 220 
PEED sasticrwnisonessiwses 2-76 0-09 558 175 599 632 195 171 
PL: Steiecisaviecsancsente 2-28 0-07 507 150 530 549 150 139 


about the exact values of v. and vy, exists, and since K is determined directly from vy, it is 
important to select reliable values for these frequencies. We select Siebert’s® values for 
Me,Si and those of Lippincott and Tobin 1 for Me,Ge; the latter authors succeeded in resolving 
the low-frequency band into its two components at 175 (v,) and 195 cm.“ (v4). The v, and », 
values for Me,Sn are those of Edgell and Ward; * we ourselves re-examined the low-frequency 
band containing the v, and y, frequencies, and obtained a value of 150 cm.“ for the frequency at 
peak intensity. This value is used for both v, and y, since, like other workers, we could not 
resolve the band into its two components. 

The results of the calculations (Table 7) show that the observed and the calculated values of 
v, and y, are in rough agreement, and that the agreement tends to improve with an increase in 
the atomic weight of the metal. 

The stretching force constants, Fox, for the tetramethyl compounds, calculated by Siebert § 
and Waters and Woodward,° are reported in Table 8; Fox represents Siebert’s fox + 3f’ox, and 
Waters and Woodward’s f,;,. These authors use a simple valence force field applied to a 17- 
atomic system, and they obtain calculated frequencies in excellent agreement with those 
observed. 


DISCUSSION 
The M-M stretching, M-C stretching, and M-C bending force constants are collected in 
Table 8. 
M-C Siretching Force Constants.—The values of 2-18, 2-28, and 2:39 x 10° dynes/cm. 
for the Sn—C bond are considered to be in reasonable agreement; K, and K differ only by 
0-1 x 10° dynes/cm., and the largest difference, between K,and Fox is 0-2 x 105 dynes/cm. 


TABLE 8. Force constants (dynes/cm.). 
M-M stretching, K;. Si-Si = 1-30, Ge-Ge = 1-34, and Sn-Sn = 1-01 x 10°. 


M-C Stretching M-C Bending 
Me,M, Me,M Me,M Me,M, Me,M 
105K, 105K 10-5 Fox* 10K, 105K3 
| oe  Sercnrnne rere 2-39 3-17 3-41 0-23 0-12 
Be GED cescctssciccces 2-57 2-76 2-96 0-16 0-09 
neon 2-18 2-28 2-39 0-09 0-07 


* Siebert’s values, see ref. 8. 


The agreement between the values for the Ge—-C bond is also reasonably good; here, K, 
and K differ by 0-2 x 10° dynes/cm., and K, and Fox by 0-4 x 105 dynes/cm. There is, 
however, a considerable difference, 0-78 x 10° dynes/cm., between K, and K for the 
Si-C bond. 

M-CH, Bending Force Constants.—The different values for the bending force constants 


13 Herzberg, “‘ Infra-red and Raman Spectra,”” Van Nostrand, New York, 1945, p. 182. 
144 Lippincott and Tobin, J. Amer. Chem. Soc., 1953, 75, 4141. 
15 Edgell and Ward, J. Amer. Chem. Soc., 1955, 77, 6486. 
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are of the same order of magnitude for a given compound; close agreement is not expected, 
since these constants will be affected much more than stretching force constants by changes 
in the force field. It must also be noted that the bending force constants for the hexa- 
methyl compounds involve changes in the M—M-CH, angles as well as in the CH;-M-CH, 
angles. 

We therefore conclude, on the limited basis of comparisons between M-CH, stretching 
force constants, that our treatment of the hexamethyldigermane and hexamethy]l- 
distannane molecules is reasonably valid, but that a similar method applied to hexa- 
methyldisilane gives results which may be considerably in error. This is perhaps not 
surprising, since silicon (atomic weight 28-09) is so very much lighter than germanium and 
tin (atomic weights 72-60 and 118-7 respectively); we should expect far more interaction 
between skeletal and C-H vibrations in hexamethyldisilane than in either of the other two 
compounds. 

These results indicate that the stretching force constants for the Sn—Sn and Ge-Ge 
bonds in Me,Sn, and Me,Ge, are 1-0 + 0-1 and 1-3 + 0-1 x 10° dynes/cm. respectively: 
the value of 1-3 x 10° dynes/cm. for the Si-Si force constant in Me,Si, is probably in error. 
Additional confirmation of these conclusions is obtained by comparisons with force 
constants reported for Si-Si and Ge-Ge bonds in the hydrides H,Si, and H,Ge,; the Si-Si 
value 1° of 1-7 x 10° dynes/cm. differs considerably from our value of 1-3 x 10°, but that 
of 1-29 x 105 for the Ge—Ge bond ?" is close to our value of 1-34 x 10° dynes/cm. 

Finally it should be noted that we have not compared our force constants for the hexa- 
methyldisilane molecule with those of Murata and Shimizu,‘ since these authors assume a 
Urey-Bradley type of force field, which is known to give force constants often differing 
widely from those obtained by using valence bond force fields. 


Grateful acknowledgment is made to the Department of Scientific and Industrial Research 
for a maintenance grant (to M. P. B.) and to the Chemical Society for a research grant (for the 
purchase of chemicals). We are greatly indebted to Professor A. M. Taylor for designing 
and lending us the Raman spectrograph constructed in his Department, and thank Dr. L. A. 
Woodward for very helpful comments. 
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16 Stitt and Yost, J. Chem. Phys., 1937, 5, 90. 
17 Dows and Hexter, J. Chem. Phys., 1956, 24, 1029. 





105. Photochemical Transformations. Part VII.* Stereospecificity 
in an Irradiation Process. 


By D. H. R. Barton, R. BERNASCONI, and J. KLEIN. 


Irradiation of dehydrolumisteryl acetate affords a stereoisomer of photo- 
dehydroergosteryl acetate. By comparison of a model diene-dione from 
artemisin with the diene-dione obtained earlier from photodehydroergosterol 
it has been shown that the photochemical transformation of dehydro- 
ergosterol proceeds with inversion of configuration at the angular methyl 
group. A complete stereochemical representation of photodehydroergosterol 
is thus provided. 

The solvolysis rates of tetrahydrophotohydroergosterol toluene-p- 
sulphonate and related compounds have been measured and the vinylcyclo- 
propane ring thus shown to participate strongly in the reaction. 

A preliminary account of this work has already been published.* 


THE conversion of dehydroergosteryl acetate (I) into its photo-isomer (II; R = Ac) was 
described in an earlier paper of this series.2_ The stereochemistry of the product (II) is 
* Part VI, J., 1960, 1. 


1 Barton and Klein, Bull. Res. Council Israel, 1958, 7 A, 94. 
2 Barton and Kende, J., 1958, 688. 
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of some interest, in particular in its bearing upon the stereospecificity of the photochemical 
rearrangement. In principle the rearrangement could involve homolysis of the 9,10-bond. 
If this were so then irradiation of dehydrolumisteryl acetate (III) would be expected to 
furnish the same photo-compound as was obtained earlier from the isomer (I). In fact 
a new compound, photodehydrolumisteryl acetate resulted. Since it has the same peculiar 
ultraviolet spectrum as its analogue (II; R= Ac), it is regarded as its 10-epimer, a 
conclusion confirmed by further degradation (see below). The photochemical rearrange- 
ment is, therefore highly stereospecific. 

Now the hydroxyl group of photodehydroergosterol (II; R = H) must be equatorial 
because Windaus e¢ al.® recovered tetrahydrophotodehydroergosterol? (IV) unchanged 
after subjecting it to equilibrating conditions. Furthermore, the reduction of tetrahydro- 
photodehydroergosterone (V) with sodium borohydride to give back exclusively? the 
alcohol (IV) suggests also* that the hydroxyl of (IV) [and hence of (II; R= H)] is 
equatorial. In view of the failure to isomerise the hydroxyl group of ergosterol (equatorial) 
or of lumisterol (axial) by irradiation, it is most improbable that such a change could have 
taken place in the genesis of the alcohol (II; R =H). Indeed the hydroxyl group has no 
ultraviolet absorption band which would conceivably permit such a change. The hydroxyl 
group of (II; R = H) must therefore be « if the formula is written as in (IIB; R =H), 
8 if written as in (IIA; R= H). If the cyclohexane ring is placed in chair conformation 
with the «-hydroxyl equatorial and we note that a cyclopropane ring (like an ethylene 
oxide ring) must with a high degree of probability be cis-fused to a six- or five-membered 
ring, then the stereochemistry (VI) or (VII) for the alcohol (IIA; R = H) follows. In (VJ), 
the configuration of the 10-methyl] group has been preserved, in (VII) it has been inverted. 

The configuration at position 10 was investigated by the method developed by Klyne 5 
and applied successfully to problems very like the present one. The diene-dione (VIII) 
described in our earlier paper has a chromophore which can be closely approximated 
by starting with artemisin® (IX). Selective hydrogenation of this compound’ gave 
dihydroartemisin (X) which, by controlled chromic acid oxidation to the diketone (XI) 
and treatment of this with mild base, afforded the model diene-dione (XII). The latter 
showed a very strongly positive [aJ, (+344°). In contrast the diene-dione described 
earlier? had a large negative {xJ,, (—418°). One must conclude therefore® that the 
configurations of the angular methyl groups are opposite in the two cases. The correct 
configuration for the diene-dione is thus as already shown in (VIII), whilst photodehydro- 
ergosterol itself must be as represented in (VII). The implication is also that photo- 
dehydrolumisterol must be (VI), the initially axial hydroxyl of lumisterol ® being thereby 
changed to an equatorial conformation. In agreement photodehydroergosterol acetate 
showed (in CS,) a C-O stretching frequency at 1026 cm. and the dehydrolumisterol 
analogue a band at 1025 cm.7. These frequencies are characteristic of equatorial 
acetates.® 

The assignment of stereochemistry to the angular methyl group of the dione (VIII) has 
been further confirmed by taking photodehydrolumisterol acetate through the series of 
reactions applied to photodehydroergosterol, thus obtaining a stereoisomeric diene-dione 
(XIII). This had [a], +134°, opposite in sign to the rotation of (VIII). 

The solvolysis of toluene-f-sulphonates and related derivatives has been the subject 
of much investigation, particularly by Winstein and his collaborators. It is well 
established that a suitably disposed By-ethylenic linkage causes marked participation in 

3 Windaus, Gaede, Késer, and Stein, Annalen, 1930, 4838, 17. 

4 Dauben, Fonken, and Noyce, J. Amer. Chem. Soc., 1956, 78, 2579. 

5 Klyne, J., 1952, 2916; 1953, 3072. 

® Sumi, Proc. Japan Acad., 1956, 32, 684; 1957, 38, 153; Pharm. Bull., 1957, 5, 187. 

7 Cf. Banerji, Barton, and Cookson, J., 1957, 5041. 

§ Cole, J., 1952, 4969; Castells, Jones, and Williams, Proc. Chem. Soc., 1958, 7. 

* Page, J., 1955, 2017. 


10 For example, Winstein, Morse, Grunwald, Jones, Corse, Trifan, and Marshall, J. Amer. Chem. 
Soc., 1952, '74, 1127. 
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the solvolytic process. From cholesteryl toluene-p-sulphonate cyclo-steroids are, of 


course, formed. The possible participation of a suitably disposed Py-attached cyclo- 
propane ring does not appear to have been examined hitherto. 


(ILA) (ITB) (III) 





AcO 





HO-., 


(IV) (V) (VIII) 





> 
COH 
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(X11) (X11) CO.H 


The ready availability of photodehydroergosterol and its derivatives prompted us to 
measure the rates of solvolysis of appropriate toluene-p-sulphonates. The toluene-p- 
sulphonates of cholesterol (XIV) and 5,6-dihydroergosterol (XV) were used as models. 
Our results (see Table) on cholesteryl toluene-f-sulphonate are in good agreement with 


Mean first-order solvolysis constant at 56-1° 


(in min.~) 
In 99-5 : 0-5 w/w In 90: 10 v/v Relative 
Toluene-p-sulphonate of acetic acid-H,O dioxan—H,O rates 
Chotentaral GEV) scicssessenccoscssesoesscsrsasece 1-9 x 10° 1-1 x 10° 126 
5,6-Dihydroergosterol (XV) ........ssseeeeeeeees — 8-7 x 10-* 1 
Tetrahydrophotodehydroergosterol (IV) ... 2-3 x 107 * 1:0 x 10° 115 
Photodehydroergosterol (VII) ........-+2+0+ — 3-6 x 10% 414 


* 2-6 x 10-* in the presence of 0-1m-sodium acetate. 


those recorded earlier for solvolysis in acetic acid“ and for aqueous dioxan.” The rate 
for the toluene-p-sulphonate of (XV) is, so far as extrapolation is possible, in satisfactory 
agreement with the rate recorded 121% for cholestanyl toluene-f-sulphonate and indicates, 
as expected, no participation of the 7,8-ethylenic linkage. In contrast the toluene-f- 
sulphonate of tetrahydrophotodehydroergosterol (IV) showed strong participation, the 
rate constant being close to that found for cholesteryl toluene-p-sulphonate. The marked 
enhancement of rate over that for the toluene-f-sulphonate of the isomer (XV) can be 


11 Winstein and Adams, ibid., 1948, 70, 838. 
12 Sneen, ibid., 1958, 80, 3977. 
13 Stoll, Z. physiol. Chem., 1937, 246, 6. 
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explained by vinylcyclopropane participation. The toluene-p-sulphonate of the photo- 
alcohol (IV) does not react by an initial opening of the cyclopropane ring to give a By-un- 
saturated or other olefin followed by normal participation, for the corresponding acetate 
was completely stable in acetic acid containing sodium acetate or in dioxan with added 
toluene-p-sulphonic acid. 

It will be noted that the initial product of the assisted solvolysis of the toluene-/- 
sulphonate of tetrahydrophotodehydroergosterol (IV) would be either the allylic carbonium 
ion (XVI) or the tertiary carbonium ion (XVII). The solvolysis of photodehydroergosteryl 


yes cf 


(X1V) (XV) (XVI) (XVII) (X VIIT) 


toluene-p-sulphonate itself was even faster (by a factor of approx. 4) than that of its 
tetrahydro-analogue. This suggests that an even more stabilised intermediate is formed, 
suitably the allylic ion (XVIII). 





HO 


EXPERIMENTAL 

M. p.s were taken on the Kofler block. [a], refer to CHCl, solutions. Ultraviolet absorption 
spectra were determined for EtOH solutions on the Unicam S.P. 500 spectrophotometer. The 
alumina for chromatography was acid-washed, neutralised, and standardised according to 
Brockmann’s method. Light petroleum refers to the fraction of b. p. 40—60°. 

Photodehydrolumisteryl Acetate——Dehydrolumisteryl acetate 14 was obtained in improved 
yield by the following procedure. Lumisteryl acetate (10 g.) in chloroform (150 ml.) was 
shaken at 0° under nitrogen with mercuric acetate (35 g.) in acetic acid (300 ml.) for 140 hr. 
(ultraviolet spectrophotometric control). The solution was worked up as in the earlier pro- 
cedure,! and the product chromatographed over alumina (Grade III; 400 g.). Elution with 
9: 1 light petroleum—benzene afforded dehydrolumisteryl acetate (3 g.). 

Dehydrolumisteryl acetate (400 mg.) in benzene (20 ml.) was irradiated under reflux with a 
bare-arc ultraviolet lamp in a nitrogen atmosphere. An ordinary Pyrex flask was employed. 
The reaction was followed spectrophotometrically. Removal of the solvent im vacuo and 
crystallisation of the residue from ethanol afforded photodehydrolumisteryl acetate (200 mg.), 
m. p. 100—102°. Chromatographed over alumina in light petroleum (b. p. 40—60°) and 
crystallised from the same solvent, this had m. p. 103°, [a],, + 25° (c 0-80), Amax, 261 my (ec 10,400) 
(Found: C, 82-4; H, 10-2. C39H,,O, requires C, 82-5; H, 10-15%). There was a marked 
depression in m. p. on admixture with photodehydroergosteryl acetate. 

Tetrahydrophotodehydrolumisterol and Derivatives.—Photodehydrolumisteryl acetate (1-0 g.) 
in ethyl acetate (80 ml.) and ethanol (100 ml.) was hydrogenated over palladised charcoal 
(2 mols. uptake). The product did not crystallise but it showed a broad band at 222 my 
(ec 5000) closely similar to that of tetrahydrophotohydroergosteryl acetate.2 The oily tetra- 
hydrophotodehydrolumisteryl acetate (1-0 g.) was saponified with 5% ethanolic sodium 
hydroxide (50 ml.) under reflux for 1 hr. The product again did not crystallise although it 
showed the correct ultraviolet absorption [Amax, 222 my (e¢ 5000)]. Tetrahydrophotodehydro- 
lumisterol (1-2 g.) in 1:1 benzene—‘ AnalaR ”’ pyridine (20 ml.) was added dropwise to the 
pyridine-chromium trioxide complex formed by adding chromium trioxide (1-5 g.) to ‘‘ AnalaR ”’ 
pyridine (20 ml.). After being shaken for 12 hr. the mixture was poured into water and 
extracted in the usual way. The oily product in ethanol (50 ml.) was treated with 5% ethanolic 
potassium hydroxide (2 drops). After 2 min. (ultraviolet absorption control of the appearance 
of the band at 305 my), the solution was acidified with acetic acid. Removal of the solvent 
in vacuo and chromatography over silica gel (60 g.) [elution with benzene-ether (4: 1)] gave 
the crystalline diene-dione [5a-methyl-19-norergosta-1(10),8,22-triene-2,7-dione] (XIII), m. p. 
(from ether—methanol) 193—195°, [a],, +134° (c 0-75), Amax, 228 and 307 my (¢ 7500 and 24,600 
respectively), Vmax, (im CCl,) 1675 (cyclohexenones) and 1581 (conjugated ethylenic linkages) 
cm.7? (Found: C, 81-55; H, 9-9. C,,H,.O, requires C, 81-9; H, 10-3%). We add the analysis 

14 Heilbron, Spring, and Stewart, J., 1935, 1221. 
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for the corresponding diene-dione from photohydroergosterol which was inadvertently omitted 
from the earlier paper of Barton and Kende 2? (Found: C, 82-05; H, 10-3%). 

On refluxing of the diene-dione (XIII) (12 mg.) with zinc dust (100 mg.) and acetic acid (5 
ml.) the band at 307 my disappeared and a band at 254 my (e 7000) took its place (cf. Barton 
and Kende ”). 

Dihydroartemisin and Dervivatives——Artemisin (5-2 g.) in ethanol (100 ml.) and benzene 
(100 ml.) was hydrogenated over Raney nickel until 1 mol. of hydrogen had been absorbed. 
Crystallisation from ethyl acetate afforded dihydroartemisin (X), m. p. 205—207°, [aJ,, +96° 
(c 1-55), Amax, 244 my (e 14,000) (Found: C, 68-45; H, 7-6. C,;H,,O, requires C, 68-2; H, 7-55%). 

Dihydroartemisin (500 mg.) was oxidised as described for the oxidation of y-santonin.! 
Filtration of the product in benzene solution through silica gel and crystallisation from benzene 
or ethyl acetate gave the required diketone (XI), m. p. 156—158°, Amax, 240 my (e 14,200) (Found: 
C, 69-05; H, 7-05. C,;H,,O, requires C, 68-7; H, 6-9%). 

This diketone was treated under mildly basic conditions as detailed by Barton and de Mayo 
for a closely analogous case. The course of the reaction was followed spectrophotometrically. 
Separation into acidic and neutral fractions afforded the required diene-dione acid (XII) (110 
mg. from 200 mg. of starting diketone). Chromatography of this acid over silica gel and 
elution with 19: 1 benzene—chloroform gave, on recrystallisation from benzene, the pure acid 
(XII), m. p. 183°, [a], +344° (c 0-53), Amax 311 my (e 20,500) (Found: C, 69-05; H, 7-15. 
C,;H,,0O, requires C, 68-7; H, 6-9%). 

5,6-Dihydvoergosteryl Toluene-p-sulphonate.—5,6-Dihydroergosterol (2-0 g.), toluene-p- 
sulphonyl chloride (recrystallised; 2-1 g.), and pyridine (10 ml.) were left at room temperature 
for two days. Ethanol (2-0 ml.) was added and, after 15 min., the product was precipitated 
by the addition of water. Crystallisation from ether—acetone furnished the toluene-p-sulphonate, 
m. p. 170—172° decomp., [a], —26° (c 1:10) (Found: C, 76-1; H, 9-8. C,;H,;,0,S requires 
C, 76:2; H, 9-45%). The toluene-p-sulphonates of cholesterol #* and of tetrahydrophoto- 
dehydroergosterol ? were prepared according to the literature cited. 

Photodehydroergosteryl Toluene-p-sulphonate.—Photodehydroergosterol (IV) (300 mg.) in 
“ AnalaR’”’ pyridine (10 ml.) was treated with recrystallised toluene-p-sulphonyl chloride 
(500 mg.) for 18 hr. atroom temperature. Crystallisation of the product from acetone furnished 
the toluene-p-sulphonate, m. p. 75—87° (decomp.), [a], +90° (c 1-03), Amax, 226 and 261 mp 
(c 16,500 and 12,500 respectively) (Found: C, 76-45; H, 9-1. C3;H4,0,S requires C, 76-6;. 
H, 8-8%). 

Tetrahydrophotodehydroergosterol Epoxide.—The alcohol (500 mg.) in dry ether was treated 
with perphthalic acid at 0° in the usual way (titrimetric control). After 1-1 ml. of per-acid had 
been consumed (constant) the solution was worked up. Crystallisation from ether-light 
petroleum gave tetrahydrophotodehydroergosterol epoxide (350 mg.), m. p. 137—139°, [a], —18° 
(c 1-00), no ultraviolet absorption (Found: C, 81-3; H, 11-2. C,,H,,O, requires C, 81-1; 
H, 11-2%). ; 

Solvolysis of the Toluene-p-sulphonates.—Measurements were made at 56-1°. 

(a) In ‘‘ AnalaR”’ acetic acid containing 0-5% of water. Approximately 0-01m-solutions of 
the toluene-p-sulphonates were used. The course of solvolysis was determined by titration 
of aliquot parts with 0-5N-sodium acetate in ‘‘ AnalaR”’ acetic acid with Crystal Violet as 
indicator.17 When the acetolysis was run in the presence of sodium acetate the excess of - 
acetate was titrated with 0-5N-toluene-p-sulphonic acid in ‘‘ AnalaR ”’ acetic acid. 

(b) In 9: 1 v/v dioxan-water. The determinations were made according to Sneen’s method,!” 
with 0-01m-solutions of the toluene-p-sulphonates made 0-02m with respect to sodium acetate. 
The stability of tetrahydrophotodehydroergosteryl acetate in this mediun? was checked as 
follows. The acetate (200 mg.) in 9: 1 (v/v) dioxan—water (50 ml.) was heated with toluene-p- 
sulphonic acid (100 mg.) at 100° for 2 hr. The product was saponified with ethanolic sodium 
hydroxide and then crystallised from methanol to furnish tetrahydrophotodehydroergosterol 
(120 mg.), identified by m. p. and mixed m. p. 
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15 Barton and de Mayo, J., 1957, 150. 


16 Wallis, Fernholz, and Gephart, J. Amer. Chem. Soc., 1937, 59, 137. 
17 Markunas and Riddick, Analyt. Chem., 1951, 28, 337. 
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106. Lattice Energies of Some Alkali Selenides and Tellurides. 
By S. C. Bevan and D. F. C. Morris. 


Term-by-term theoretical calculations of the lattice energies of alkali 
selenides and tellurides with the antifluorite structure are reported. The 
lattice energies, in kcal./mole (0° k), are: Li,Se, 564-9; Na,.Se, 508-7; K,Se, 
461-8; Li,Te, 528-8; Na,Te, 477-3; K,Te, 437-3. The results, in conjunc- 
tion with experimental thermochemical data, yield a value for the two-stage 
electron affinity of atomic selenium, E(Se —» Se?~) = — 101 kcal./mole (0° k). 

The calculated lattice energies correspond to Karapet’yants’s linear 
relationships. This has enabled an estimate to be made of the lattice 
energies of rubidium and czsium monoselenides and monotellurides. 


THis paper reports calculations of the lattice energies of the monoselenides and mono- 
tellurides of lithium, sodium, and potassium. The results have been employed in conjunc- 
tion with thermodynamic data to estimate the affinity of atomic selenium for two electrons, 
which cannot be found by direct experiment. 

The theory underlying the calculations of the lattice energies is that of Born and 
Mayer,! and the method is similar to that used by Morris ? for alkali monoxides and mono- 
sulphides. 

Calculation of the Lattice Energies.—The lattice energy U, of an ionic crystal, namely, 
the energy required at 0° kK to separate the constituent ions per mole to an infinite distance, 
can be expressed in the form: 


U, = Uz — Un + Uw — Uz. . €« . ° (1) 


where Ug represents the Coulomb or electrostatic energy of attraction between the ions, 
Ug the repulsion energy, Uw the van der Waals energy, and Uz the zero-point energy, which 
can all be evaluated. The application of this “‘ term-by-term ”’ procedure to calculation of 
the lattice energies of alkali monoselenides and monotellurides with the antifluorite 
structure is described below. 

(a) The Coulomb energy term. This may be obtained from the equation: 


Up=@NAlr,. . . 2. . ws ss 2) 


where e is the electronic charge (4-8024 x 10° e.s.u.), N is the Avogadro number 
(6-023 x 105), and 7, is the shortest equilibrium internuclear separation of oppositely 
charged ions in the stable crystal lattice. A is the Madelung constant referred to 7, for 
the antifluorite (and fluorite) lattice * (5-03878). 

Values of 7. used in the present work have been obtained from the lattice constants a, 
compiled by Wyckoff “—for the antifluorite structure 7, = +/3(a)/4). 


1 Born and Mayer, Z. Physik, 1932, '75, 1. 

2 Morris, Proc. Roy. Soc., 1957, A, 242, 116; Acta Cryst., 1958, 11, 163; J. Phys. Chem. Solids, 1958, 
5, 264. 

3 Emersleben, Z. Physik, 1923, 24, 73; Z. phys. Chem. (Leipzig), 1955, B, 204, 43; Benson and 
Van Zeggeran, J. Chem. Phys., 1957, 26, 1083; Sakamoto, ibid., 1958, 28, 164. 

* Wyckoff, “‘ Crystal Structures,” Interscience Publ. Inc., New York, 1951. 
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(b) The repulsion energy term. This term may be represented by the expression: 
Up = ON| ne,_ exp {(r, +r— rele} + n'c,, exp {(2r, hye} 
+4n''c__ exp {(2r. -- hare)le} | —, ae 


The symbols in this equation have the following significance: ’ = a repulsion constant 
obtainable from the condition (dU,/dr),-,, = 0; ¢,_,¢,,,¢_. = factors introduced by 
Pauling ® and given by the expression cy. = (1 + z,/m, + 2,/”,), where z is the formal 
charge of an ion and % is the number of electrons in its outer shell; 7,,r_ = “ basic radii” 
of cations and anions, respectively; = co-ordination number of an anion; ’,n” = 
number of nearest like neighbours of a cation and an anion, respectively; ep = a constant 
obtainable from compressibility data; k, = ratio of the shortest cation-cation distance to 
%; k, = ratio of the shortest anion—anion distance to 7o. 

In the present calculations the constant p has been taken as having the value 
4 x 10% cm. due to Huggins,® and corresponding basic radii due to Huggins® and to 
Huggins and Sakamoto ” have been used. 

(c) The van der Waals energy term. This dispersion energy term may be represented 
by the equation: 
ae. 
where C and D are constants for a given crystalline compound, and refer to dipole-dipole 
and quadrupole—dipole attraction respectively. These constants may be evaluated from 
the equations: 


C mm Selby. + BSe"ben FASE ww 
D = Sit. + 4S +O es © 
i . &S2 
di = 5 A Ho e+ & . ° ° . . ° . . . . (7) 
= 9di2 Oe | AEs 
91,2 = 4e2 (5 as Pe . . . . . . . . . (8) 


where « refers to the polarisability of an ion, ¢ refers to an energy characteristic of the 
oscillators in the ion, and # refers to the “ effective ” number of outer electrons. S,’, S,”’, 
S6"", Sg’, Sg’, and S,”” are sums of /* and /* over the unlike and the like points of the 
lattice, if / is the distance between the lattice points. The sums depend on the lattice type 
and on the choice of 7, which is here taken as the distance between unlike neighbour- 
ing ions. 

In the present work, polarisabilities and values of e_ have been chosen by following a 
detailed consideration of data presented by Tessman, Kahn, and Shockley ® and by Mayer.® 
As recommended by Mayer,’ ¢, has been taken as 0-75, where J, is the ionisation potential 
of the gaseous cation. The values of the sums S,’, S,’, etc., are due to Morris * and have 
been computed from a Table of similar sums due to Jones and Ingham.’ Values of £_ 
have been chosen by following a consideration of the results of Mayer ® for Cl- andI-. It 
has been assumed that , = ,. 

The choice of values for some of these quantities employed in calculating the 
van der Waals energy is subject to uncertainty. However, owing to the use of an empirical 
repulsive potential, determined from the attractive potential and the constants of the 
crystal, the magnitude of error introduced into the computation of lattice energy by an 
error in the values of C and D is less than that introduced into the van der Waals energy. 


5 Pauling, Z. Krist., 1928, 67, 377. 

® Huggins, J. Chem. Phys., 1937, 5, 143. 

7 Huggins and Sakamoto, J. Phys. Soc. Japan, 1957, 12, 241. 
8 Tessman, Kahn, and Shockley, Phys. Rev., 1953, 92, 890. 
® Mayer, J. Chem. Phys., 1933, 1, 270. 

10 Jones and Ingham, Proc. Roy. Soc., 1925, A, 107, 636. 
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(d) The zero-point energy term. This term is given by the equation: 


27 ’ 
Uz = 8 NR yax. . . . . . . . . . (9) 
where h is Planck’s constant (6-6242 x 10°? erg sec.) and vmx, is the Debye maximum 


frequency. 

Values of Vmax, have been derived for alkali selenides and tellurides from the relationship, 
due to Waddington," between the absolute entropies at 298° x of crystals and vmx. Where 
experimental entropy values have not been available, their magnitude has been estimated 
by Latimer’s method.” 


TABLE 1. Lattice energies, U, (in kcal./mole at 0° k), of alkali monoselenides and 
monotellurides (all antifluorite types) calculated term-by-term. 


Compound Li,Se Na,Se K,Se Li,Te Na,Te K,Te 
Energy term 
WE: ecndendtcidbensies 643-3 567-4 503-3 594-0 528-2 473-9 
“EE savebsndddeceseces — 86-3 —75°5 — 64-5 — 73-2 — 62-2 —55°8 
A  cavennsececetavace 9-1 17-4 23-4 9-2 11-8 19-5 
a —1-2 —0-6 —0-4 —1-2 —0-5 —0-3 
Fe eeneticesneisavens 564-9 508-7 461-8 528-8 477-3 437-3 
Data employed for calculation of the terms 
Li,Se Na,Se K,Se Li,Te Na,Te K,Te 
WisIER - eethatieetiobiats 2-600 2-948 3-324 2-816 3-167 3-530 
1025 (ergs/molecule) 1-547 1-864 1-995 1-204 1-455 1-605 
W.. ccicticcsussastrcveincens 8 8 8 8 8 8 
OF scknncsnesundenqevenceas 6 6 6 6 6 6 
WF  sknscereuaeemvateie 12 12 12 12 12 12 
fie silbcantntwerecanrecesons 1-154 1-154 1-154 1-154 1-154 1-154 
Dk sissnisnnennnienene 1-633 1-633 1-633 1-633 1-633 1-633 
Ma missisenscasiunoaae 0-57 0-94 1-235 0-57 0-94 1-235 
i 1-69 1-69 1-69 1-93 1-93 1-93 
Bin seeecviccnveensasoecs 1-25 0-875 0-875 1-25 0-875 0-875 
nd /teercetnacnanenntvin 2 1-25 1-25 2 1-25 1-25 
Winn Sinacenedntaetnnties 0-5 0-5 0-5 0-5 0-5 0-5 
10®C (erg cm.®)_... 160 626 1727 265-5 677 2117 
107*D (erg cm.) ... 242 1460 5090 428 1472 6264 
10%, (cm.®) ......... 0-029 0-255 1-201 0-029 0-255 1-201 
10%a_ (cm.®) ......... 6-0 10-9 11-3 8-7 11-7 14-7 
10*c, (ergs/ion) ...... 90-8 56-8 38-2 90-8 56-8 38-2 
10*¢_ (ergs/ion) ...... 13-0 9-6 9-5 10-8 9-3 8-3 
Ie wéeseenscrentnerseens 2 8 8 2 8 8 
, aren 3-6 3-6 3-6 4-0 4-0 4-0 
Ti Sebnaetncchentoienton 8-709 8-709 8-709 8-709 8-709 8-709 
Se - Hrebvanetiscemeensnns 1-524 1-524 1-524 1-524 1-524 1-524 
ie savkdeessscenssvinnes 0-762 0-762 0-762 0-762 0-762 0-762 
Tk. denareennaipeananeed 8-208 8-208 8-208 8-208 8-208 8-208 
Ga” ‘debniiediasedintiind 0-506 0-506 0-506 0-506 0-506 0-506 
ge eee 0-253 0-253 0-253 0-253 0-253 0-253 
10®d,_ (ergs cm.®)... 3-0 34 155 3-7 36 181 
10°d,. (ergs cm.®$)... 0-057 2-77 41-3 00-057 2-77 41:3 
10°d__ (ergs cm.*)... 351 856 910 613 955 1345 
107°g,_ (ergs cm.*)... 6-7 103 537 8-8 101 638 
1076q,, (ergs cm.§)... 0-015 0-98 46 0-015 0-98 46 
1076g__ (ergs cm.®)... 1483 4852 5293 2810 5068 8006 
10 aes, (s0C.“*) ...... 3-7 1-8 1-1 3-6 1-7 1-0 
J (abs. joule/cal.) 4-1840 4-1840 4-1840 4-1840 4-1840 4-1840 


(e) Results. The results of the term-by-term calculations are summarised in Table 1, 
together with data employed in the calculation of the different terms. Some doubts as to 
the correct value for p and in the estimation of U, should not give rise to an uncertainty 
in the values of U, exceeding -+-5 kcal. mole. 


11 Waddington, Adv. Inorg. Chem. Radiochem., 1959, 1, 158. 
12 Latimer, J. Amer. Chem. Soc., 1951, 78, 1480. 
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Discussion.—For the monoselenides, the consistency of the calculated lattice energies 
may be tested by using the values in conjunction with experimental thermochemical data 
to derive the two-stage electron affinity E(Se —» Se?-). This may be done by means of the 
Born—Haber cycle. Insufficient thermochemical results are available for a similar test of 
the consistency of the lattice energies of the monotellurides. 

The values obtained for E(Se —» Se?-) and the relevant thermodynamic data from 
which they are calculated are shown in Table 2. The thermochemical data have been taken 


TABLE 2. The affinity (in kcal./mole) of atomic selenium for two electrons. 


— AH° 95 D 2L5 2I —U, E(Se ——» Se?-) 
BAD svncenane 91-1 48-23 74 248-6 — 564-9 — 103-0 
ee 63-0 48-23 52 237-0 — 508-7 — 108-7 
| ere 79-3 48-23 43-2 200-0 — 461-8 —91-4 
Mean value E(Se ——» Se*-) = —101-0 + 3-8 kcal./mole (0° k). 


from the following sources. Values for the heats of formation of the cystalline selenides 
AH° 9, have been taken from the National Bureau of Standards Circular.'* The heat of 
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atomisation, D, of selenium at 0° K has also been taken from this compilation. The heats 
of atomisation of the alkali metals, L, at 0° K, are the values adopted by Baughan,"™ while 
the ionisation potentials J of the elements at 0° K have been taken from Moore.® 

The E(Se —» Se?-) values refer to 0° K and are equal to the sum of the thermodynamic 
terms, corrected to 0° K where necessary. The small energy changes between the enthalpies 
of formation at 0° and 298-16° k have been estimated, and have been included in the calcul- 
ation of the electron affinity, although they are not given explicitly in Table 2. 

Although the probable error in the arithmetical mean for E(Se —» Se*-) is +3-8 kcal. 
there is considerable uncertainty in some of the thermochemical data. The error is there- 
fore multiplied by a factor of 3 to denote the reasonable limit of the arithmetical mean, and 
it is concluded that E(Se —» Se?) = —101-0 + 11-4 kcal./mole or —4-38 + 0-5 ev (0° k). 
This result is in satisfactory agreement with values derived by Baughan 1* (—101 + 3 kcal.) 


13 Rossini, Wagman, Evans, Levine, and Jaffe, ‘‘ Selected Values of Chemical Thermodynamic 
Properties,’’ Nat. Bur. Standards, Circular no. 500, 1952. 

14 Baughan, Trans. Faraday Soc., 1954, 50, 322. 

15 Moore, “‘ Atomic Energy Levels,” Nat. Bur. Standards, Circular no. 467, 1949. 

16 Baughan, Trans. Faraday Soc., 1959, 55, 736. 
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and by Huggins and Sakamoto ? (—116 + 15 kcal.) from recent work on monoselenides of 
Periodic Group ITA. 
Karapet’yants 1? has indicated various linear relationships between lattice energies. 
In the Figure the lattice energies calculated in the present work are plotted against the 
lattice energies of the corresponding alkali halides. * Extrapolations permit estimation 
of the lattice energies of the monoselenides and monotellurides of rubidium and cesium; 
the results, in kcal./mole (0° k), are: 
Rb,Se Rb,Te Cs,Se Cs,Te 
Tig: eetentinsvensensensdsoceess 439 417 417 397 
These lattice energies could not have been derived conveniently by direct term-by-term 
calculation, since the crystals have complicated structures. 
DEPARTMENT OF CHEMISTRY, 
BRUNEL COLLEGE OF TECHNOLOGY, LONDON, W.3. [Received, August 5th, 1959.) 
* In Morris’s paper,'* J should be 100-0 kcal./mole for potassium, and the Born—Haber cycle values 
for the lattice energies of potassium halides should be reduced by 2 kcal./mole. 


17 Karapet’yants, Zhur. fiz. Khim., 1954, 28, 1136. 
18 Morris, Acta Cryst., 1956, 9, 197. 





107. Molecular Rearrangements. Part IV.* The Thermal 
Rearrangement of N-Chloroacetanilide. 


By C. C. Bearp, J. R. B. Boocock, and W. J. HIcKINBOTTOM. 


Evidence is presented in support of the view that the rearrangement of 
N-chloroacetanilide in the fused state is an intermolecular chlorination. 


It is known that N-chloroacetanilide changes above its melting point into a mixture of 
o- and #-chloroacetanilide; other N-chloroacylarylamides behave similarly.1> There are 
already sufficient observations to exclude belief that this migration is a true intramolecular 
rearrangement, if the term is used in the strict sense of implying that the chlorine remains 
within the confines of the molecule. Thus, Bradfield ® found that at 100° N-chloro- 
acetanilide gives, not only o- and #-chloroacetanilide, but also some acetanilide and 2,4-di- 
chloroacetanilide as well as unidentified material and acid fumes. Chattaway and Orton * 
observed the formation of benzoyl chloride from N-chlorobenzanilide at 120—130°; some 
4’-chlorobenzanilide was also formed. Benzoyl chloride was also formed when N,2,4-tri- 
chlorobenzanilide was heated: a tar was also produced from which 2’,4’-dichlorobenz- 
anilide was isolated. From N,2,4-trichloro-formanilide and -acetanilide, chlorine is 
liberated on heating and from the residue 2,4-dichloro-formanilide or -acetanilide can be 
isolated. 

The work described in the present paper was undertaken to obtain further evidence 
which might provide a suitable working hypothesis for the course of the thermal 
rearrangement. 

Bender’s observation! that N-chloroacetanilide could chlorinate #-nitroaniline and 
acetoacetic ester provides a significant clue: that N-chloroacetanilide can act as a chlorinat- 
ing agent. Some evidence to support this has been obtained in earlier work with alkyl- 
benzenes, but no valid conclusions could be drawn from these observations until there was 
clear and unambiguous evidence of the absence of hydroperoxides in the alkylbenzenes and 
that none develops in the course of the reaction. 


Part III, J., 1959, 1873. 


* 
1 Bender, Ber., 1886, 19, 2272. 

2 Slosson, Ber., 1895, 28, 3265. 

% Chattaway and Orton, /J., 1899, 75, 1046. 

4 Porter and Wilbur, J. Amer. Chem. Soc., 1927, 49, 2145. 
5 Bradfield, J., 1928, 351. 
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When precautions are taken to exclude the presence or development of hydroperoxides 
it is found that N,2,4,6-tetrachloracetanilide chlorinates boiling toluene to give benzyl 
chloride: #-xylene is similarly chlorinated in the side chain. 

When N,2,4,6-tetrachloroacetanilide is replaced by N-chloroacetanilide, chlorination of 
toluene also occurs, to give benzyl chloride, but this reaction is accompanied by thermal 
rearrangement to 4-chloroacetanilide. When, N-chloroacetanilide is heated with o- or p- 
nitroaniline, instead of toluene, in a suitable solvent, this rearrangement is suppressed and 
chlorination of the nitroaniline is the only recognisable reaction. Acetoacetic ester and 
acetylacetone are similarly chlorinated. 

It is now evident that, if the thermal rearrangement of N-chloroacetanilide is carried out 
in a suitable solvent, the chlorine can be transferred to the solvent with the formation of 
acetanilide. The extent to which this transfer occurs depends on the solvent. In readily 
substituted solvents such as acetylacetone, acetoacetic ester, or nitroaniline, the transfer is 
complete, and there is no formation of #-chloroacetanilide. But in other solvents, where 
the chlorination is slower, as in toluene or acetophenone, the chlorination of the solvent 
and formation of #-chloroacetanilide occur simultaneously. 

From the fact that alkylbenzenes are chlorinated in the side chain and not the nucleus, 
it is assumed that the thermal chlorination by N-chloroacetanilides is a homolytic 
reaction. On this basis, the initial phase can be taken as a homolytic dissociation (a). 
In the absence of a second substance the formation of o- and f-chloroacetanilide from N- 
chloroacetanilide proceeds by the scheme proposed in an earlier paper.’ 

When the thermal decomposition of N-chloroacetanilide is carried out in a solvent 
such as toluene or acetylacetone, chlorination of the solvent can be represented by: 


4 H = 
(a) PhiNClk-Ac ——pe Cle} PhiNAc <> x » = 


(b) Ph*NAc ++ CH,RR’ ——t PhNHAc + *CHRR’ 
(c) Cl+ + CH,RR’ —— a HCI + *CHRR’ 
(d) *CHRR’ + Ph*NCIAc ——g> CICHRR’ + Ph*NAc 


In this scheme the chlorine atom from the thermal dissociation of the N-chloroacet- 
anilide (a) may also take part in the reaction with the formation of hydrogen chloride (c). 
The amount formed, however, is not sufficient to alter the reaction from a free-radical 
chlorination to proton-catalysed chlorination, the characteristics of which are known 
already. 

The possibility was also considered that these chlorinations may proceed by a 
bimolecular homolytic reaction between N-chloroacetanilide and the solvent without 
preliminary dissociation into free radicals. On such a scheme it is possible to represent 
the course of the reaction qualitatively. Yet the scheme outlined above is preferred since 
it can be used to account for the formation of molecular chlorine, acetyl chloride, and other 
by-products from the N-chloro-di- and -tri-chloroacylanilides when they are heated alone. 


EXPERIMENTAL 


N-Chloroacetanilide as a Chlorinating Agent.—(a) Toluene. ‘To ensure that the toluene was 
free from peroxide and that none developed in the subsequent stages, toluene, freshly distilled 
from sodium, was refluxed for some hours with stannous chloride and distilled directly on to a 
known weight of N-chloro-compound. All these operations and the subsequent refluxing of 
the toluene solution of the N-chloro-compound were conducted in nitrogen and in absence of 
light. 

When there was no longer a positive reaction for N-chloro-compound, the solution was 
chilled and any acetyl derivative which had separated was collected and washed with light 
petroleum. The solution was concentrated and light petroleum added. After filtration and 


® Cf. Robertson and Waters, J., 1947, 492. 
7 Ayad, Beard, Garwood, and Hickinbottom, J., 1957, 2981. 
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repetition of this treatment to remove as much as possible of the solid matter, the solution was 
distilled. 

A preliminary study was made with N,2,4,6-tetrachlorcacetanilide in boiling toluene. 
After 15 hours’ refluxing, toluene (35 c.c.) and N,2,4,6-tetrachloroacetanilide (25 g.) gave 
2,4,6-trichloroacetanilide, m. p. and mixed m. p. 205—206-5°, and benzyl chloride (7 g.; 
n,% 1-5333—1-5395), b. p. 68—69°/16 mm., ,2° 1-5395 (Found: C, 66-2; H, 5-7; Cl, 27-3: 
labile Cl, 27-0. Calc. for C,H,Cl: C, 66-4; H, 5-6; Cl, 28-0%) [converted by the Sommelet 
reaction into benzaldehyde (semicarbazone, m. p. and mixed m. p. 209—210°) and benzoic 
acid, m. p. and mixed m. p. 120—121°]. 

Similar chlorinations were carried out with substantially the same results. -Xylene with 
N,2,4,6-tetrachloroacetanilide gave 4-methylbenzyl chloride. 

Toluene (155 c.c.) and N-chloroacetanilide (25 g.), refluxed together for 52 hr., gave a mixture 
of acetanilide and p-chloroacetanilide (Found: Cl, 18-25, 18-3, 18-5, for different preparations, 
Calc. for C,H,ONCI: Cl, 20-99%) which were both obtained pure by fractional crystallisation, 
Nearly pure benzyl chloride (~0-8 c.c.) was also isolated (S-benzylthiuronium picrate, m. p. 
and mixed m. p. 184—185°; also gave benzaldehyde). 

(b) o-Nitroaniline. To o-nitroaniline (1-62 g.) in 1,1,2,2-tetrachloroethane (40 c.c.) at 100— 
120° N-chloroacetanilide (1-98 g.) was added portionwise. The resulting dark solution was 
extracted with boiling water (3 x 200c.c.). The extract, on cooling, deposited orange needles 
of 4-chloro-2-nitroaniline, m. p. 115-5—116-5°. p-Chloroacetanilide could not be recognised 
in the product. 


(c) p-Nitroaniline. To p-nitroaniline (1-62 g.) in boiling carbon tetrachloride (40 c.c.) was 
added N-chloroacetanilide (1-9 g.). After 5 min. a vigorous reaction took place and the 
solution became reddish-orange. After removal of the organic solvent by steam, the products 
were separated by fractional crystallisation from water into 2-chloro-4-nitroaniline, yellow 
needles, m. p. and mixed m. p. 106—107° (Found: C, 41-4; H, 3-2; N, 20-4; Cl, 16-1. Cale. 
for C,H,O,N,Cl: C, 41-7; H, 2-9; Cl, 16-2; N, 20-55%), and acetanilide, m. p. and mixed m. p. 
113—114-5° (from benzene). 

(d) Ethyl acetoacetate. Powdered N-chloroacetanilide (10-3 g.) was added in portions to 
freshly distilled acetoacetic ester (10 g.), with cooling after each addition. The reaction was 
completed by 30 minutes’ shaking. Acetanilide separated and a further amount was obtained 
by diluting the liquid with light petroleum (b. p. <40°) [total yield, 6-44 g.; m. p. 113—114° 
(from water)]. Distillation of the light petroleum filtrate gave almost pure chloroacetoacetic 
ester, b. p. 80—88°/13 mm., ,,?° 1-4447—1-4464, whose identity was established by comparison 
with an authentic specimen (infrared spectroscopy) and by conversion into ethyl 2-amino-4- 
methylthiazole-5-carboxylate, m. p. and mixed m. p. 173—174°, by reaction with thiourea. 

(e) Acetylacetone. N-Chloroacetanilide (8 g.) was added portionwise to freshly distilled 
acetylacetone (6 g.), asin (d). Treatment of the resulting pasty mass with light petroleum left 
acetanilide, m. p. 113—114-5° (from water). Distillation of the light petroleum extract gave 
nearly pure chloroacetylacetone, b. p. 40°/15 mm., 7,,!* 1-4681 (infrared spectroscopy), converted 
by thiourea into 5-acetyl-2-amino-4-methylthiazole, m. p. 265—266° not depressed on admixture 
with a sample from chloroacetylacetone prepared in another way (Found: C, 46-5; H, 5:2; 
N, 18-1; S, 20-3. Calc. for C,H,ON,S: C, 46-1; H, 5-2; N, 17-9; S, 20:3%). 

(f) Acetophenone. Acetophenone (15 g.) was heated at 200° and N-chloroacetanilide (14 g.) 
added in portions. Trituration of the cooled melt with light petroleum gave 10 g. of a light 
brown solid from which p-chloroacetanilide, m. p. and mixed m. p. 175—176-5°, and acetanilide, 
m. p. and mixed m. p. 113—114°, were separated by fractional crystallisation from water. 
Distillation of the light petroleum extract gave acetophenone (11-45 g.) and a lachrymatory 
residue (4-45 g.) from which o-chloroacetophenone was isolated by steam-distillation and 
crystallisation from light petroleum; this had m. p. and mixed m. p. 54—55° (Found: C, 62-4; 
H, 4-6; Cl, 22-9. Calc. for C,H,OCI: C, 62:1; H, 4-6; Cl, 22-9%). From it, 2-amino-4 
phenylthiazole was prepared, having m. p. and mixed m. p. 147—148°. 


The authors thank the Hydrocarbons Research Group of the Institute of Petroleum for 
support. One of them (J. R. B. B.) is also indebted to the Department of Scientific and 
Industrial Research for a maintenance grant. 
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108. An X-Ray Structural Investigation of Two Isomeric Forms of 
1,2-Dimethyl-1,2-diphenyldiphosphine Disulphide. 
By P. J. WHEATLEY. 


The characterization of two forms of 1,2-dimethyl-1,2-diphenyldiphos- 
phine disulphide is described. The high-melting crystals consist of the meso- 
form, since the space group requires the molecule to have a centre of symmetry. 
The X-ray evidence for the structure of the low-melting crystals is incon- 
clusive, but suggests very strongly that these crystals are the racemate. 
A two-dimensional X-ray structural analysis of the meso-form has been 
carried out. The bond lengths indicate that conjugation between the 
benzene ring and the rest of the molecule is no greater than any hyper- 
conjugation between the methyl group and the rest of the molecule. The 
distribution of the bonds around the phosphorus atom departs only slightly 
from regular tetrahedral. 


WEN methylthiophosphonyl dibromide, CH,*PSBr,, reacts with an ethereal phenyl- 
magnesium bromide solution, two isomeric products, (C;HgPS),, can be isolated. These 
differ widely in their solubilities and by about 60° in their melting points. Work on similar 
symmetrical compounds also shows that the molecular formula is twice the empirical 
formula, and infrared and Raman spectroscopic evidence suggests that these symmetrical 
compounds contain a phosphorus—phosphorus bond and not a disulphide bridge. It is 
reasonable, therefore, to suppose that (C,H,PS), should be formulated as (I) rather than 
(II). If (I) is the basis of the structure of the present compound, the molecule contains 
two asymmetric phosphorus atoms and can exist in (+)-, (—)-, and meso-forms. Further, 
crystals of the racemate, consisting of equal numbers of (-++-)- and (—)-molecules, may exist. 
The present investigation was undertaken in order to establish the structure of the two 
isomers that have been isolated. 


CeHs\ Pe CoHs\. Jos 


p—3—~s—F 
CH,’ ||_ || cH, - CH,” \cH, 
$ § (I) 
(I) 


The high-melting form (m. p. 207°) forms excellent lozenge-like crystals from ether- 
chloroform. An X-ray examination shows that the crystals are orthorhombic. The 
absence of reflexions AkO with h odd, Ok with k odd, and hO/ with / odd yields the space 
group Pbca. The density determined by flotation in a solution of potassium bromide 
shows that there are four molecules in the unit cell. Since there are eight equivalent 
positions in Pbca, the molecule must possess some symmetry, and the only possibility is a 
centre of symmetry. Consequently the high-melting crystals must be the meso-form. 
The crystallographic constants and a full structural analysis are described below. 

The low-melting form (m. p. 145°) gives needle-like crystals from a wide variety of 
solvents and solvent mixtures. Rotation photographs give the length of the needle axis 
as 6-87 A. Weissenberg photographs round the needle axis show that the crystals are 
triclinic and are invariably twinned about {010}. Measurement of the Weissenberg 
photographs gives 0-1185 A+, 0-0729 A+, and 84-5° for b*, c*, and «* respectively. Thus 
the volume of the unit cell, calculated from the formula V = a/b*c* sin «*, is 798 A%, 
The density determined by flotation in a solution of potassium bromide is 1-288 g.cm.-*. 
The unit cell contains two, molecules, and the space group is either P1 or PI. 


1 Maier, Angew. Chem., 1959, 71, 575. 

? Reinhardt, Bianchi, and Mdlle, Chem. Ber., 1957, 90, 1656; Isslieb and Tzschach, ibid., 1959, 92, 
704; Kuchen and Buchwald, Angew. Chem., 1959, 71, 162. 

* Goubeau, Reinhardt, and Bianchi, Z. phys. Chem. (Frankfurt), 1957, 12, 387; Christen, van der 
Linde, and Hooge, Rec. Trav. chim., 1959, 78, 161. 
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If the space group is P1, the asymmetric unit must consist of two molecules, and these 
may be two molecules of the (++)-form, two of the (—)-form, or one each of the (++) and 
the (—)-form. Each of these three possibilities is crystallographically unlikely, but 
nevertheless they are all possible. A solution of 0-2163 g. of the low-melting crystals jn 
10 c.c. of chloroform was tested in a 20 cm. cell on a Zeiss 0-01° polarimeter for optical 
activity. None was observed, which further reduces the possibility that these crystals 


Fic. 1. (a) Projection of the contents of the unit cell down [c]. (b) Projection of the contents of the unit.celj 
down [b]. Contours are drawn at equal, arbitrary units. 
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consist of the pure (+)- of (—)-form. If the space group is PI, the asymmetric unit 
consists of one molecule, and only two possibilities arise. Either the crystals are the 
racemate with equal numbers of (+-)- and (—)-molecules centrosymmetrically related to 
each other, or the crystals are a second modification of the meso-form with the two centro- 
symmetric molecules in the unit cell lying in different orientations on the two types of 
centre of symmetry. 

To test this last possibility, saturated solutions of the high- and low-melting crystals 
were made up separately in chloroform at room temperature. Each solution was seeded 
with a crystal of the other type but no interconversion took place. It is highly improbable 
therefore that the high- and the low-melting form are different crystal modifications of the 
same substance. 

The evidence accumulated on the low-melting crystals, although not conclusive, suggests 
most strongly that these crystals are the racemate. 

X-Ray Structural Analysis of the meso-Form.—C,,Hj,P,S,. M = 310-4. Ortho- 
thombic. a = 17-104, b = 10-62,,c = 8-59, A. U = 1562 A’, D,, = 1-329 (by flotation), 
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Z=4, D, = 1-320, F(000) = 648. Space group, Pbca (D5, No. 61). Cu-K, radiatian 
(2 1-542 A), single crystal rotation and Weissenberg photographs. 

Multiple-film Weissenberg photographs were taken round [6] and [c] with irregular 
crystals, the greatest dimension of which did not exceed 0:12 mm. No correction was made 


TABLE 1. Fractional co-ordinates. 

Atom </a ylb ale Atom 2/a ylb alc Atom «ja ylb ale 

S 00625 0-222 0-019 C, —0-099 0-105 0-149 Cy; —0-252 0-151 0-229 

P 0-005 0-072 0-092 C,; -—0-138 0-023 0-250 Ce —0-215 0-236 0-127 

C, 0050  —0-014 0-251 C, —0215 0:046 0-298 C, —0-138 0-209 0-084 
for absorption (41 = 47-0cm.*). Relative intensities were estimated visually by comparison 
with standard strips prepared from the same crystals. 102 hkO and 80 A0/ reflexions were 
observed to be non-zero. 

Each projection was solved from a sharpened Patterson synthesis. Since the molecule 
lies on a centre of symmetry, the P-P vector peak could readily be located about 2-2 A 
from the origin of the Patterson map. Next the heavy P-S peak was found, and the 
co-ordinates obtained for the sulphur atom were checked against the S-S peak. A set 


TABLE 2. Observed and calculated structure factors for one asymmetric unit. 





hkO Fo Fe hkO =Fo—s*Fe hkO 8 =Fo—s Fe a a ae 
2.0.0 1287 13:52 6 364 —325 8 2-47 —2-19 4 453 457 20 0-71 —0-31 
4 12-08 1128 8 263 313 10 0-72 0-09 © 43 -40 i106 2 900 
6 5-08 —400 10 5-96 619 12 2-53 2-81 8 3-39 404 5 141 —1-81 
8 464 353 12 470 466 14 164 1-73 10 162 «157 3 ie + 
10 065 —113 14 3-05 3-68 18 046 -065 i009 141 -10 4 yo ee + 
g 76 6 ag 96 7) Ve 
12 — 2 2 3390 334 os) 0638-17-30 «8 1569 17:20 5 229 2-04 
14 — == = O78 029 4 408 —3-79 5 318 460 6 769 —7-59 
16 one 24.0 252 260 6 497 —5-22 6 1:38 1-47 “an : 
18 = co ¢ 3-36 260 8 477 —413 9 7 — te o =a 
20 ”" 6 2-91 —2-30 10 3-75 —349 8 5-58 5-32 4 +4 + lant 
0.2.0 0:95 —0-79 8 745 —825 12 279 —239 12 2-76 3170 4) 0-61 —0-36 
4 1291 1201 10 5-72 —5-98 14 261 —201 13 0-99 0-70 } . 2t- 
6 9-01 —8-31 12 5-27 —5-38 16 1:30 —108 14 485 395 33 eee 
8 3-06 —1-50 14 2-94 4-68 2.9.0 083 —114 15 0-94 O58 34 199 —1-39 
10 1:32 —102 1640 1:21 1:26 6 118 —2-10 a = 2-4 16 1-43 —1-25 
21.0 184 —151 18 116 8 =6135 0 9190 61-41 04g 301 2e6 27 0-72 —1-04 
4 15-08 16-94 20 074 -O74 4 2:56 —3-33 49 2-71 9.95 18 0-39 0:56 
: re 2} 2.5.0 0-96 | —0-63 6 ie 148 115 1.08 0-87 1-23 
aa reo 4 8-74 8-93 0-91 ~—1- 2 1-32 1-24 
10 6-46 —6-93 6 1-63 0-92 10 0-50 —O0-91 1.0.4 0-91 —0-90 3 “Of 1:72 
12 310 —3-19 > 3 399 «4680S 1-00 : 
14 192 —205 45 3:90 266 2.11.0 0-96 —141 4 360 -266 © —_= = 
18 os 688s lke —— “a = 0-46 —004 5 678 606-86 & 2 
2 ; 4 75 “% 6 0-77 = «1:32 : ae 48 —1-7 
20 194 2:37 99 112 142 116 -123 - “oan 2 1:37 —1-99 
2.2.0 2.6.0 913 —7-38 10 1:89 —144 8-35 —8-43 1 2°53 —3-50 
4 4 5-48 —4:87 192 0-81 —0-65 9 0-50 —0-38 212 0-49 —0-50 
6 6 3-50 —2-97 ae t) 167 —2-19 
; 50 2.12.0 118 0-88 10 10-00 —10-69 
10 : “a is OG 201 200 11 222 —1-75 1.0.10 0-32 0-10 
: 10 591 -604 ¢ 219 148 12 3-58 —256 2 1:35 1-44 
12 2-89 —269 176 «1-58 «13 210 194 3 1:25 2658 
: 14 3-31 — 4°32 14 106 —0-48 4 177-214 
18 16 155 —1-48 2.13.0 1:33 —1-34 - ‘ @.a ‘ ‘ 
: 4 3416 182 262 5 0-53 0-50 
” 18 279 —276 4 162 —1i4 47 122 130 6 132 1-38 
2.3.0 872 —8-94 2.7.0 174 -—214 AO! 18 047 -049 8 0-78 0-58 
4 11:20 —11-44 6 128 -148 0.02 109 0-82 19 104 1-18 


of phases was calculated from the co-ordinates found in this manner for the sulphur and 
phosphorus atoms, and from the resulting Fourier map all seven carbon atoms could 
readily be identified. Refinement by Fourier and difference syntheses was carried out 
until the agreement index for each projection had dropped to R = 13%. This figure 
includes only those reflexions that were observed. Hydrogen atoms were ignored. The 
scattering factors used were those of Tomiie and Stam ‘ for the sulphur and phosphorus 
atoms, and that of Berghuis et al.5 for the carbon atom. A single isotropic temperature 
factor, B = 3-4 A?, proved adequate throughout. 

The co-ordinates of the atoms are-given in Table 1. Figs. 1(a) and (b) show the final 
Fourier maps for the kO and the hOl projection respectively, and Fig. 2 the bond lengths, 
some of the bond angles, and the labelling of the atoms. Table 2 gives the observed and 


* Tomiie and Stam, Acta Cryst., 1958, 11, 126. 
° Berghuis, Haanappel, Potters, Loopstra, MacGillavry, and Veenendaal, ibid., 1955, 8, 478. 
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calculated structure factors. Table 3 lists the remaining bond angles, those formed by 
bonds to the phosphorus atom. 


TABLE 3. The valency angles at the phosphorus atom. 

P’PS P’PC, P’PC, SPC, SPC, C,PC, 

111-8° 102-9° 104-0° 115-8° 113-8° 107-4° 
The P-P distance is the same as that found in elementary phosphorus ® (2-21 A) and in 
PI, 7 (2-212 A). The P-S length is a little longer than the length of formally comparable 
bonds found in the phosphorus sulphides ® (1-94—1-96 A), but is definitely longer than 
the P-S bond in PSBr, ® (1-89 A), PSCI, ? (1-85 A), and PSF, 11 (1-86 A). There is no 
significant difference between the lengths of the two P-C bonds, and each agrees within 
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experimental error with the corresponding length in P(CHg), ! (1-87 A). Thus there is 
no evidence that conjugation between the benzene ring and the rest of the molecule is 
greater than any hyperconjugation between the methyl group and the rest of the molecule, 
The bonds around the phosphorus atom are tetrahedrally disposed, but there seem to be 
slight departures from regular tetrahedral. The intermolecular distances are normal. 


I thank Dr. L. Maier of this laboratory for the samples and Dr. I. B. Johns for helpful 
suggestions and discussions. 
MONSANTO RESEARCH S.A., BINZSTRASSE 39, 
Ziricu 3/45, SwiItZERLAND. [Received, August 31st, 1959.} 
® Maxwell, Hendricks, and Mosley, J. Chem. Phys., 1935, 8, 699. 
7 Leung and Waser, J. Phys. Chem., 1956, 60, 539. 
® Vos and Wiebenga, Acta Cryst., 1955, 8, 217; van Houten and Wiebenga, ibid., 1957, 10, 156. 
® Secrist and Brockway, J]. Amer. Chem. Soc., 1944, 66, 1941. 
10 Williams, Sheridan, and Gordy, J. Chem. Phys., 1952, 20, 164. 
11 Hawkins, Cohen, and Koski, ibid., p. 528. 
12 Springall and Brockway, J. Amer. Chem. Soc., 1938, 60, 996. 





VIII.* The Action of Degassed Raney Nickel on Quinoline and 
Some of its Derivatives. 
By W. H. F. Sass. 
The action of W7-J degassed Raney nickel on quinoline produces, inter 
alia, indole, 3-methylindole, carbazole, aniline, o-toluidine, 1,2,3,4-tetrahydro- 
quinoline, 2-methylquinoline, 2,2’-biquinolyl, and an aliphatic hydrocarbon 
of unknown structure. The reactions with methylquinolines are similarly 
complex. All quinolines examined gave 2,2’-biquinolyls; the best yield was 
obtained from 4-methylquinoline, while traces of 2,2’-biquinolyls were 
isolated from quinolines with methyl groups in the 2-position. 


In an earlier paper! in this series the formation of 2,2’-biquinolyl from quinoline under 

the influence of degassed Raney nickel was described. Later, indole was isolated from 
* Part VII, J., 1959, 3046. 

1 Badger and Sasse, J., 1956, 616. 








(I 


the 
de 
ex! 





d in 
‘able 
than 
is no 
ithin 


re is 
le is 
cule, 
o be 


ipful 


art 


and 


der 
rom 








1960] Activated Metal Catalysts. Part VIII. 527 


the same reaction.2 The formation of these products has now been studied in greater 
detail, and the reaction between W7-J nickel and several methylquinolines has been 
examined. 

Most experiments were carried out by refluxing the bases over the catalyst at atmo- 
spheric pressure, but in some cases lower reaction temperatures were attained by using 
reduced pressure. Preliminary work had shown that, within minutes from the beginning 
of refluxing, indoles could be detected in the mixture by means of #-dimethylamino- 
benzaldehyde. 

The neutral products were separated quantitatively from the bases by counter-current 
distribution between dilute acid and ether. These neutral fractions were separated by 
chromatography on alumina to give indole, 3-methylindole, carbazole, and a hydrocarbon, 
m. p. 59—60°, which could not be identified. The hydrocarbon did not react with bromine 
or potassium permanganate and its infrared spectrum showed strong absorption at 
frequencies corresponding to C-H stretching and deformation vibrations in methyl and 
methylene groups. It was isolated in all the experiments, and in spite of slight variations 
in the melting points of samples of different origins the infrared spectra and composition 
of these materials were identical and corresponded to those of a polymethylene. The 
detection and separation of the indoles were assisted by chromatography on acetylated 
paper, and the composition of the mixtures of indole and 3-methylindole was estimated 
either by examination of the C-H stretching and deformation regions of the infrared 
spectra or by gas-liquid partition chromatography. 2-Methylindole was not found 
although it could readily be detected in standard mixtures. The combined yields of 
indole and 3-methylindole are shown in the Table, the percentage content of 3-methyl- 
indole being indicated in parentheses. The yield of these products was increased by prolonged 
heating at higher temperatures (see Table). The quinoline bases with methyl groups in 
the hetero-ring did not give rise to any indoles other than indole and 3-methylindole. 
However, the weights of the indole fractions isolated from these experiments were much 
smaller and the ratio indole : 3-methylindole was reversed. With 7-methylquinoline an 
intermediate yield of indoles was observed, 6-methylindole being the major product. 

The absence of 2-methylindole in these reaction mixtures disagrees with the findings of 
Padoa and Carughi,* who reported the formation of 2-methylindole in the reaction between 
quinoline, hydrogen, and reduced nickel at 260—-280°. However, the reported properties 
of their indole are compatible with those of a mixture of indole with some 3-methylindole. 
Repetition of this work seems necessary as Padoa and Scagliarini reported that under 
similar conditions 1,2,3,4-tetrahydroquinoline gave 3-methylindole.4 After the detection 
of aniline (from 1,2,3,4-tetrahydroquinoline) and o-toluidine (from quinoline) Padoa 
suggested a pathway for these changes which involved fission of the hetero-ring of quinoline 
to give an o-alkylaniline which was then to undergo ring closure to form 2-methylindole. 
Depending on the mode of fission in the first step, different alkylanilines would be expected 
which could form either 3-methylindole or; its 2-isomer. Dehydrocyclisation of o-alkyl- 
anilines is known to occur at temperatures above 400°,5 and Padoa and Carrasco showed 
that indole was formed when N-methyl-o-toluidine is passed over reduced nickel at 300— 
330°. Although aniline and o-toluidine were detected during the present study (see 
below), it seems difficult to explain in terms of Padoa’s mechanism the simultaneous 
formation of indole and 3-methylindole, and the absence of 2-methylindole in all experi- 
ments, without additional hypotheses, the discussion of which is to be postponed until 
current work is complete. 

Traces of carbazole and aniline were formed from all quinolines examined, except from 

2 Sargeson and Sasse, Proc. Chem. Soc.,’1958, 150. 

3 Padoa and Carughi, Atti Reale Accad. Lincei, Rend., 1906, 15, I, 113. 

* Padoa and Scagliarini, ibid., 1908, 17, 730. 

5 Baeyer and Caro, Ber., 1877, 10, 692; Hansch and Helmkamp, J. Amer. Chem. Soc., 1951, 73, 


3080; Lesiak, Roczniki Chem., 1957, 81, 1057 (Chem. Abs., 1958, 52, 8120). 
® Padoa and Carrasco, Atti Reale Accad. Lincei, Rend., 1906, 15, 701. 
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7-methylquinoline or from quinoline at 110°. 3-Methylquinoline yielded about ten times 
more carbazole than did any of the other quinolines studied. Partially hydrogenated 
carbazole, aniline, and o-toluidine are known to be formed during the hydrogenolysis of 
quinoline at elevated temperatures and pressures,’ and it is suggested that the traces of 
these compounds found during the present work were formed in this way. The absence of 
o-toluidine in the reactions with 4-methylquinoline and 2,4-dimethylquinoline points 


Yields (g.) in reaction between some quinolines and W7-J Raney nickel (from 125 g. of 
1:1 aluminium-nickel). 


Time Carb- 
Base (hr.) Temp. Biaryl Indoles [(CH,]z azole Other bases ¢ 
Quinoline ............... 140 235° 2-0 4:85 (25%) 0-30 0-03 2-Me, H,, NH,Ph, Tol. 
en 42 110 85 1-75 (20%) ‘ 001% 0 2-Me, H,, Tol. 
de, entmnendiasnens a 9 ty 4-08 (12%) 0-10 0-03 — 
€ . — _ _— — 
2-Methylquinoline ...... 46 246 0-30 0-20 (80%)* 0-04 0-01 Quinoline, NH,Ph, Tol., 
NHEtPh 
3-Methylquinoline ...... 19 260 1-2 0-15 (60%)* 0-10 0-30 NH,Ph, Tol., 2 bases 
4-Methylquinoline ...... 50 262 81 O01 (80%)* 0-10 0-05 Aniline, 5 bases 
4-Methylquinoline* ... 31 140 20-4 — — —_ ae 
7-Methylquinoline* ... 46 257 23 1-:77(15%)4 0-01 0 -— 
2,4-Dimethylquinoline 50 265 0-6 0-14 (65%)* 0-014 0-03 Quinoline, 4~-Me 


* 2-Me, 4-Me = 2- or 4-methylquinoline; H, = 1,2,3,4-tetrahydroquinoline; see exptl. section 
for yields. ° % of 3-methylindole (within +5%) in the mixture as determined by gas-liquid partition 
chromatography and infrared spectra. ¢ Not all products formed in the reaction were isolated. 
4 Yield of 6-methylindole and 3,6-dimethylindole, with the percentage of the latter in parentheses 
(determined by gas-liquid partition chromatography). 


towards fission of the 1,2- and 3,4-bonds in the hetero-ring of the quinolines. Fission at 
the 1,2- and 4,9-bonds would lead to an intermediate (I) that could either react with 
hydrogen to give aniline, or, less frequently, undergo recombination to form a 2,2’-diamino- 
biphenyl derivative, which in turn could eliminate ammonia to produce carbazole. As no 
phenazine was detected, these reactions must occur while the nitrogen atoms are attached 
to the catalyst. 

It is not certain whether the hydrogenolysis of the quinolines proceeds via the 1,2,3,4- 
tetrahydroquinoline derivatives. So far, traces of 1,2,3,4-tetrahydroquinoline were 
isolated only from the experiments with quinoline. The major basic product formed in 
these reactions was 2-methylquinoline. This finding agrees with the observation that 
some «-picoline is formed during the hydrogenation of pyridine over Raney nickel. How- 
ever, the situation is complicated by the formation of quinoline from 2-methylquinoline 
(see below). The origin of the new methyl group is as yet obscure. Methylation by free 
radicals seems unlikely as no other methylated products were discovered. An alternative 
source may be found in a reaction between the catalyst and 2,2’-biquinolyl. Prolonged 
heating of quinoline with the catalyst at temperatures near 235° led to progressively lower 
yields of 2,2’-biquinolyl, indicating that the biaryl was further changed by the catalyst. 
Even in boiling xylene (140°), 2,2’-biquinolyl slowly reacted with W7-] nickel to give small 
quantities of indole, 3-methylindole, and quinoline. A second base was identified by 
paper and gas-liquid partition chromatography as 2-methylquinoline, but derivatives 
have not been prepared. These results suggest that the formation of 2,2’-biquinolyl from 
quinoline and W7-J nickel is reversible, and that the quinoline produced from the biaryl 
reacts further with the catalyst. As far as the formation of 2-methylquinoline is con- 
cerned, a sequence of reactions may be envisaged leading from 2,2’-biquinolyl to 2-methyl- 
quinoline and indole, presumably via a derivative of o-ethylaniline. 

7 Rapoport, J. Appl. Chem. U.S.S.R., 1936, 9, 1456 (Chem. Abs., 1937, $1, 2216); Eru, Sakhnov- 


skaya, and Pychko, J. Gen. Chem. U.S.S.R., 1938, 8, 1563 (Chem. Abs., 1939, 38, 4595). 
8 Jones and Lindsey, /J., 1952, 3261. 
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All quinolines examined formed 2,2’-biaryls, the structures of which were confirmed 
either by comparison with authentic specimens or by the formation of coloured cuprous 
chelate compounds. The biaryl obtained from 3-methylquinoline did not form such a 
derivative, but 3,3’-dimethyl-2,2’-biquinolyl should not be capable of chelate formation for 


H e in R 
hapa ” R’ 
Né N° N. °N N~* 
7H 7H 7H H7 \ a 
Ni Ni Ni Ni Ni H 


(I) (II) R=Me, R‘=H 
(III) R=H, R’=Me 


steric reasons. Like quinoline, 4-methylquinoline gave more biaryl when the reaction was 
carried out under reduced pressure. The observed differences in the yields of the 2,2’-bi- 
aryls agree with the mechanism proposed earlier.1_ The introduction of a methyl group 
into quinoline increases the basicity and thus facilitates chemisorption. With the 
exception of 2- and 3-methylquinoline, the yields obtained vary with the strengths of the 
bases.? With 3-methylquinoline, steric interaction between the methyl groups would 
make combination of the intermediate (II) more difficult. The effect would be more 
pronounced with the 2-isomer (III) where the methyl group would also interfere with the 
chemisorption of the base. Traces of 2,2’-biquinolyl, together with some quinoline, were 
formed from 2-methylquinoline only after prolonged heating. As the concentration of 
quinoline in the reaction mixture is small, it seems unlikely that the biaryl is derived from 
the quinoline; instead the quinoline could be formed by the reaction between 2,2’-bi- 
quinolyl and the catalyst. Alternatively, the reaction between the intermediate (III) and 
hydrogen may lead to quinoline. Similarly, 2,4-dimethylquinoline gave some 4,4’-di- 
methyl-2,2’-biquinolyl. 

Prolonged heating of quinoline over W7-J nickel at atmospheric pressure produced 
increasing amounts of tars from which a base C,,H..N, was isolated. Its properties were 
similar to those of 2-2’-indolylquinoline which was prepared by the action of polyphosphoric 
acid on the phenylhydrazone of 2-acetylquindline. Comparison of the spectra of these 
compounds suggested that the new base is an indolylquinoline, possibly the 2-3’-indolyl- 
quinoline. 

EXPERIMENTAL 


Detection and Determination of Indoles.—(a) p-Dimethylaminobenzaldehyde, dissolved in an 
excess of 6N-hydrochloric acid, was used to detect indoles ! and carbazole in the presence of 
large quantities of quinolines. With this reagent a red colour was obtained within 10 min. of 
the beginning of the reaction between nickel and quinoline. 

(b) Indoles were detected and characterised by chromatography on acetylated paper. The 
papers were prepared according to Spotswood 1 but more sulphuric acid (0-8 g. of 92% acid per 
1. of acetic anhydride) was used. The solvent system ethanol-toluene—water (80: 25:5) was 
satisfactory for development by descent. The indoles were detected by exposure of the papers 
toiodine vapour. The Ry values obtained varied with different batches of papers, and standards 
were run simultaneously with unknown samples; typical values are: indole 0-35; 2-methyl- 
indole 0-40; 3-methylindole 0-40. A more highly acetylated paper resulted when the acetyl- 
ation was continued for 8 hr., and larger differences in the Rp values were observed: indole 
0:31; 2-methylindole 0-42; 3-methylindole 0-50. 

(c) The approximate composition of the mixtures of indole and 3-methylindole was deter- 
mined either by gas-liquid partition chromatography (see below) or by examination of the C-H 
stretching and deformation frequene¢ies in the infrared spectrum (calcium fluoride prism) in 
carbon tetrachloride. 

® Brown, McDaniel, and Hafliger in Braude and Nachod, “‘ Determination of Organic Structures,” 
Academic Press Inc., New York, 1955, p. 602. 

© Chernoff, Ind. Eng. Chem., Analyt., 1940, 12, 273. 

‘l Spotswood, J. Chromatog., 1959, 2, 90. 
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Gas—Liquid Partition Chromatography.—A Griffin V.P.C. apparatus Mk. II was used with 
4 ft. column packed with ‘ Celite ” [40—80 mesh, coated with 20% (wt.) of Apiezon L]. With 
a flow rate of one I. per hr. of nitrogen, an inlet pressure of 330 mm., and an outlet pressure of 
97 mm., the following retention times (min.) were observed at 202°: quinoline 5-23; 2-methy]- 
quinoline 6-87; 3-methylquinoline 8-85; 4-methylquinoline 9-65; 2,4-dimethylquinoline 12-10; 
7-methylquinoline, 8-43; 1,2,3,4-tetrahydroquinoline 6-95; o0-toluidine 2-35; aniline 1-53. 
indole 6-00; 2-methylindole 9-20; 3-methylindole 9-0; 1-methylindole 5-55. 

By comparison of the areas under the peaks the approximate compositions of several 
mixtures were obtained. Wherever possible the method was checked with standard mixtures, 

Paper Chromatography of the Basic Reaction Products.—The hydrochlorides were placed on 
Whatman paper No. 1 and developed by descent, with the solvent butan-1l-ol—concentrated 
hydrochloric acid—water (80 : 20: 60). After drying, the papers were exposed to iodine vapour, 
The Ry values obtained in this way varied slightly and standard samples were run simul- 
taneously whenever unknown mixtures were examined. However, the sequence of the Rp, 
values remained unchanged and is exemplified by the following series: quinoline 0-51; 2-methyl- 
quinoline 0-59; 3-methylquinoline 0-66; 4-methylquinoline 0-55; 7-methylquinoline 0-63; 
2,4-dimethylquinoline 0-60; 1,2,3,4-tetrahydroquinoline 0-78; o-toluidine 0-80; aniline 0-75; 
phenazine 0-90; 2,2’-indolylquinoline 0-77; 2,2’-biquinolyl 0-63. 

Starting Materials.—Quinoline ™ (n,** 1-6262), 2-methylquinoline * (m,,° 1-6092), and 2,4- 
dimethylquinoline ™ (n,,** 1-6070) were prepared by standard methods and purified by fractional 
distillation and by crystallisation of their hexachlorozincates. 7-Methylquinoline (B.D.H)) 
(z,,** 1-6142) and 4-methylquinoline (B.D.H.) (,* 1-6070) were purified similarly. 3-Methyl- 
quinoline (m. p. 16-5—17-5°; m,** 1-6069; picrate, m. p. 187—188°) was best prepared from 
3-methylquinoline-4-carboxylic acid 4 by using Kaslow and Buchner’s method *¢ for preparation 
of 3-phenylquinoline; Willimot and Simpson’s procedure !? produced an inferior product in 
low yield. 

All bases were found to be homogeneous on gas-liquid partition chromatography and paper 
chromatography. 

Catalyst.—The catalyst was prepared as described in Part VII. Unless otherwise stated, 
125 g. of alloy were used in each experiment. 

2-2’-Indolylquinoline.—2-Acetylquinoline phenylhydrazone * (1 g.) was heated under 
stirring with polyphosphoric acid (10 c.c., 80% of P,O;) to 210° during 15 min. After decom- 
position with water and basification with ammonia solution, the product was purified by 
chromatography in benzene on alumina. After crystallisation from benzene—light petroleum 
(b. p. 40—70°), 2-2’-indolylquinoline (0-45 g.) formed colourless needles with a light yellow tinge, 
m. p. 190—191-5° (Found: C, 83-8; H, 5:2; N, 11-1. C,,H,.N, requires C, 83-5; H, 4:95; N. 
11-5%): it gave no colour with p-dimethylaminobenzaldehyde. Its infrared spectrum showed 
an intense band at 3459 + 2cm.. Its ultraviolet spectrum in 95% ethanol showed maxima 
(log ¢ values) at 244 (5-40), 292 (5-11), 320 (4-19), and 360 my (5-40), and minima at 234 (5-34), 
266 (4-77), 298 (5-08), and 330 my (5-09). The hydrochloride of this compound was orange 
and only sparingly soluble in cold aqueous hydrochloric acid. 

Quinoline.—(a) Quinoline (100 c.c.) was refluxed over the catalyst for 140 hr. Most of the 
black product was decanted and the remainder removed from the catalyst by repeated extrac- 
tion, first with boiling benzene and then with boiling ethanol. After removal of the solvents 
the combined parts were separated into a neutral and a basic fraction in a Craig countercurrent 
apparatus (30 tubes, of 100 c.c. each) with 2N-hydrochloric acid as the stationary phase and 
ether (5 1.) as the transfer phase. 

The neutral fraction was chromatographed on alumina (350 g.) in light petroleum (pb. p. 
<40°). Elution with this solvent (500 c.c.) yielded (i) a colourless waxy substance (0-40 g.). 
Crystallisation from ethanol gave colourless crystals (0-30 g.), m. p. 59—60° {Found: C, 85-35; 
H, 14-6; C-Me, 0-4%; M (cryoscopic in naphthalene), 580. [CH,], requires C, 85-6; H, 144%}, 
Vmax. (S) 2959, 2924, 2824, 2853, 1466, and 1460 cm.~1. 

#2 Clarke and Davis, Org. Synth., 1932, Coll. Vol. I, p. 466. ‘ 

13 Vogel, “‘ Elementary Practical Organic Chemistry,’’ Longmans, Green, London, 1957, Part I, p. 320. 

14 Vaughan, Org. Synth., 1948, 28, 49. 

15 Ornstein, Ber., 1907, 40, 1088. 

16 Kaslow and Buchner, J. Org. Chem., 1958, 28, 271. 

17 Willimot and Simpson, J., 1926, 2807. 

18 Kaufmann, Dandliker, and Burkhardt, Ber., 1913, 46, 2929. 
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Elution was continued with light petroleum (b. p. 40—60°) and fractions which gave a red 
colour with p-dimethylaminobenzaldehyde were examined by paper chromatography, ap- 
propriate fractions being combined. In this way were obtained (ii) 3-methylindole (0-40 g.), 
plates, m. p. 93° [from light petroleum (b. p. 40—60°)] [picrate, m. p. 170—171° (lit., m. p. 171°); 
trinitrobenzene complex, m. p. 185° (lit., m. p. 185°)] (all three compounds were identified by 
comparison with authentic specimens), (iii) a colourless solid (3-95 g.), m. p. 40—48°, paper 
chromatography (acetylated paper) of which showed the presence of indole and 3-methylindole, 
the infrared spectrum indicating an 8: 2 ratio indole : 3-methylindole, and (iv) indole (0-40 g.), 
m. p. 50—51° [picrate, m. p. 175° (lit., m. p. 175°); trinitrobenzene complex, m. p. 187° (lit., 
m. p. 187°) (identical with authentic specimens)]. 

Further elution with light petroleum, b. p. 60—90°, yielded more indole (0-10 g.) and 
fraction (v) light brown plates (0-06 g.). Crystallisation from ethanol—water gave colourless 
plates (0-03 g.), m. p. 238° alone and mixed with carbazole [Found: C, 86-3; H, 5-5; N, 8:3%; 
M (cryoscopic in camphor), 152. Calc. for C,,H,N: C, 86-0; H, 5-4; N, 84%; M, 167]. The 
picrate separated from xylene in red needles, m. p. 185° (lit., m. p. 185°), alone and mixed with 
an authentic specimen. 

After completion of the countercurrent distribution the aqueous phases were combined, 
basified, and extracted with ether. Distillation gave a yellow liquid (65 c.c.), b. p. 103— 
125°/25 mm., and a black residue (9 g.). Paper chromatography showed that the latter 
contained at least five components. By repeated chromatography on alumina in benzene, 
pure 2,2’-biquinolyl (2 g.) was obtained. Somewhat more strongly adsorbed on alumina was a 
substance, m. p. 190—191-5° (1 g.), needles from benzene [Found: C, 83-9; H, 4-8; N, 11-2; 
active H, 0-47%; M (cryoscopic in camphor), 249. (C,,H,,.N, requires C, 83-6; H, 4:95; N, 
11:5; active H, 0:-41%; M, 244]. This base formed a yellowish-green hydrochloride which 
fluoresced strongly in ultraviolet light and was moderately soluble in aqueous hydrochloric 
acid. It did not give a colour with p-dimethylaminobenzaldehyde in hydrochloric acid. It 
had Vinax, at 3483 + 2 (s) cm.? and Amay, (in 95% EtOH) (log e) at 228 (4-38), 277 (4-07), and 
358 my (3-92), Amin, 248 (3-89) and 324 my (3-49). 

Part of the distillate (60 c.c.) was distilled through a jacketed column (2 x 60 cm.) filled 
with single-turn glass helices. A reflux ratio of 1 : 10 was used to collect the fractions (i), b. p. 
105—116°/25 mm. (3-8 c.c.), (ii) b. p. 116—117°/25 mm. (5 c.c.), (iii) b. p. 118°/25 mm. (8 c.c.), 
(iv) b. p. 118°/25 mm. (10 c.c.), and (v) b. p. 118°/25 mm. (21 c.c.). These fractions and the 
residue from the distillation (10 c.c.) were examined by paper chromatography and by gas-— 
liquid partition chromatography. Fraction (i) contained quinoline (52%), aniline (45%), and 
o-toluidine (2-6%). Fraction (ii) contained quinoline (86%) and o-toluidine (13%). Fractions 
(iii) and (iv) consisted of quinoline. In fraction (v) quinoline (>95%) and traces of 2-methyl- 
quinoline and 1,2,3,4-tetrahydroquinoline were present. The last two compounds could not 
be resolved by vapour-phase chromatography and appeared as one component (2—4%); how- 
ever, they were readily identified on paper. Similarly, the residue of the distillation contained 
quinoline (40%), and a mixture (60%) of 2-methylquinoline and 1,2,3,4-tetrahydroquinoline. 
The last compound (3%) was separated and characterised as the toluene-p-sulphonyl derivative, 
m. p. 96° (lit., m. p. 95°), needles from ethanol (Found: C, 66-7; H, 5-9; O, 11-4; S, 10-9. 
Calc. for C,,H,,O,NS: C, 66-9; H, 6-0; O, 11-1; S, 11-2%). The remaining tertiary amines 
were fractionally distilled; the last fraction obtained in this way showed all the infrared bands 
of 2-methylquinoline (liquid film, sodium chloride prism). Its picrate, m. p. 190°, crystallised 
in yellow needles from benzene; the mixture with authentic 2-methylquinoline picrate melted 
at 194°, while pure 2-methylquinoline picrate melted at 195° (lit., m. p. 195°). Heating it with 
phthalic anhydride gave quinophthalone,!® yellow needles (from acetic acid), m. p. and mixed 
m. p. 240° (Found: C, 79-1; H, 4:1; N, 6-1. Calc. for C,,H,,O,N: C, 79-1; H, 4:1; N, 
51%). 

(6) Quinoline (132 c.c.) was refluxed over the catalyst for 42 hr. at 18 mm. The product 
was treated with ethanol to separate 2,2’-biquinolyl (7 g.; m. p. 190—192°). After removal of 
the alcohol the filtrate was worked up as described above. From the neutral fraction were 
isolated paraffin (0-01 g., largely liquid), and a mixture (1-75 g.) of indole (80%) and 3-methyl- 
indole. Pure carbazole could not be isolated. After distillation of the basic fraction (100 c.c.; 
b. p. 110—125°/25 mm.) 2,2’-biquinolyl (1-5 g.) was separated from the residue (4°5 g.) by 
chromatography. After fractional distillation of the liquid part, followed by gas-liquid 


1® Eibner and Lange, Annalen, 1901, 315, 303. 
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partition chromatography, the presence of a mixture of 2-methylquinoline and 1,2,3,4-tetra. 
hydroquinoline (about 5%) was revealed. Paper chromatography showed the presence of 
traces of a base with the Ry» value of o-toluidine. 

(c) Quinoline (150 c.c.) was refluxed over the catalyst for 50 hr. The following products 
were isolated: paraffin (0-100 g.), mixture (4-08 g.) of indole and 3-methylindole (10—15%), 
carbazole (0-025 g.), and 2,2’-biquinolyl (2-5 g.). 

(2) Quinoline (132 c.c.) was refluxed over the catalyst at 18 mm. for 12 hr. All products 
boiling up to 125°/25 mm. were removed by distillation. 2,2’-Biquinolyl (5-1 g.) was isolated 
from the residue. 

2-Methylquinoline.—2-Methylquinoline (100 c.c.) was refluxed over the catalyst for 46 hr, 
and the resulting mixture was worked up as described for quinoline. The neutral fraction 
yielded carbazole (0-01 g.), a mixture (0-20 g.) of indole and 3-methylindole (about 80%), and 
paraffinic material, m. p. 57—-58° (0-044 g., after crystallisation from ethanol) (Found: C, 85:3; 
H, 14-6. Calc. for [CH,],: C, 85-6; H, 14-4%). The infrared spectrum of the paraffin was 
identical with that of the compound obtained from quinoline and a mixed m. p. showed no 
depression. 2,2’-Biquinolyl (0-300 g.) was separated from the basic fraction, and aniline, 
o-toluidine, N-ethylaniline, and quinoline were identified by paper and gas-liquid partition 
chromatography. An unidentified base (retention time 5-65 min.; conditions as above) could 
not be removed by means of toluene-p-sulphonyl chloride. 

3-Methylquinoline.—3-Methylquinoline (90 c.c.) was refluxed over the catalyst for 19 hr, 
The product was black and strongly adsorbed by the nickel. From the neutral fraction 
carbazole (0-300 g.) and paraffin (0-100 g.; m. p. 55—60°) were separated by chromatography. 
In the intermediate fractions (0-150 g.) indole and 3-methylindole were identified by paper and 
gas-liquid partition chromatography and by their picrates, which were compared with authentic 
samples by means of their infrared spectra (sodium chloride prism, Nujol). Neither com- 
pound was obtained pure, but no evidence for the presence of 2- or 1-methylindole was found. 
A 4:6 ratio of indole: 3-methylindole was inferred frbm the gas-liquid chromatogram. 
Distillation of the basic fraction gave a liquid (60 c.c.; b. p. 110—138°/22 mm.) and a residue 
(7-5 g.). The latter was repeatedly chromatographed on alumina, first in benzene, then in 
light petroleum (b. p. 60—90°). Elution with light petroleum (b. p. 60—90°) gave 3,3’-di- 
methyl-2,2’-biquinolyl (2?) (Found: C, 84-4; H, 5-7; N, 9-8. CoH gN, requires C, 84-5; H, 
5-7; N, 9-85%), needles, m. p. 143—144° (1-2 g.), which gave no colour with cuprous ions. 
Aniline and o-toluidine were identified in the liquid products. Two bases with retention times 
of 4-65 and 8-05 min. did not react with toluene-p-sulphonyl chloride. 

4-Methylquinoline.—4-Methylquinoline (120 c.c.) was refluxed over the catalyst for 50 hr. 
Extraction from the catalyst and removal of the solvent gave needles (5-8 g.) (from benzene), 
m. p. 278—280°, of 4,4’-dimethyl-2,2’-biquinolyl (Found: C, 84-6; H, 5-55; N, 9-6%), were 
obtained; they gave a deep purple colour with cuprous ions in aqueous acetic acid. The 
neutral fraction gave paraffin (0-100 g.), m. p. 50—55°, carbazole (0-05 g.), and a mixture 
(0-100 g.) of indole and 3-methylindole (80%). Distillation of the basic fraction gave a pale 
yellow liquid (100 c.c.; b. p. 110—141°/25 mm.) and a residue (9 g.). Chromatography of the 
latter in benzene yielded 4,4’-dimethyl-2,2’-biquinolyl (2-3 g.). At least six bases were detected 
in the liquid fraction by paper and gas-liquid partition chromatography, but only aniline was 
identified. 

(b) 4-Methylquinoline (100 c.c.) was refluxed over the catalyst for 31 hr. at 22 mm. The 
nickel was filtered off while the mixture was still hot. On cooling of the filtrate, 4,4’-dimethyl- 
2,2’-biquinolyl separated in needles (11 g.), m. p. 275—276°. After distillation of the liquid 
products (65 c.c.) more biaryl (5-1 g.; m. p. 273—275°) was obtained from the residue by wash- 
ing with benzene. Incomplete extraction (Soxhlet) (24 hr.) of the nickel with benzene yielded 
another crop of the biaryl (4-3 g.; m. p. 277—279°). The distillate gave positive tests for 
indoles. 

2,4-Dimethylquinoline.—2,4-Dimethylquinoline (100 c.c.) was refluxed over the catalyst for 
50 hr. and worked up as described for quinoline. From the neutral fraction were isolated 
paraffin (0-022 g.; after crystallisation 0-014 g., m. p. 56—57°), carbazole (0-030 g.), and a 
mixture (0-142 g.) of indole and 3-methylindole (65%). Distillation of the basic fraction gave a 
liquid (75 c.c.; b. p. 110—146°/25 mm.) and a residue (11 g.). From the latter 4,4’-dimethyl- 
2,2’-biquinolyl (0-610 g.; m. p. and mixed m. p. 277—279°) was separated by chromatography in 
benzene on alumina. Benzene and chloroform eluted dark brown amorphous solids which did 
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not crystallise. In the liquid fraction three bases were detected, none of which boiled below 
quinoline. Peaks corresponding to quinoline and 4-methylquinoline occurred in the gas-liquid 
chromatogram, but the Ry values of these bases were too close to allow their unambiguous 
identification. 

7-Methylquinoline.—7-Methylquinoline (90 c.c.) was refluxed over the catalyst for 46 hr., 
and worked up as described for quinoline. The neutral fraction gave paraffin (0-05 g.; m. p. 
56—57°) and a mixture of indoles (1-77 g.). Chromatography on alumina gave 3,6-dimethyl- 
indole (0-08 g.), m. p. 89—92° (lit.,2° m. p. 90—93°), whose picrate, m. p. 158° (decomp.) (lit.,”° 
163—164°), crystallised from benzene as dark red needles (Found: C, 51:3; H, 3-9; N, 15-0. 
Cale. for C,,H,,O,N,: C, 51-5; H, 3-8; N, 15-0%). The next iraction (0-6 g.), a liquid, 
contained 3,6-dimethylindole (28%) (retention time 12-45 min.; conditions as described), and 
6-methylindole (retention time 8-30 min.); later fractions (1-1 g.) contained only 6-methyl- 
indole [picrate, m. p. 160—161° (lit.,24 m. p. 152°, 161-5°) (Found: C, 49-8; H, 3:4; N, 15:3; 
O, 31-3. Calc. for C,,H,,0O,N,: C, 50-0; H, 3-4; N, 15-5; O, 31-:1%)]. From the basic 
fraction was isolated 7,7’-dimethyl-2,2’-biquinolyl (8-3 g.), needles (from toluene), m. p. 288° 
(Found: C, 84-8; H, 5-9; N, 9-4%), forming a purple chelate compound with cuprous ions in 
acetic acid. 

2,2’-Biquinolyl.—2,2’-Biquinolyl (5 g.) was refluxed in xylene (90 c.c.) for 4 days. After 
addition of more boiling xylene (100 c.c.) the catalyst was filtered off and repeatedly extracted 
with hot xylene. The combined filtrate and washings yielded crude 2,2’-biquinolyl (4-25 g.), 
m. p. 185—190°. The residue from this crystallisation was separated into a neutral and a basic 
fraction. Paper chromatography showed the presence of 3-methylindole and of less indole; 
only 3-methylindole was obtained crystalline (0-005 g.; m. p. 93—94°). Traces of wax which did 
not react with p-dimethylaminobenzaldehyde were also present. The basic fraction (0-075 
g.) was mainly quinoline (picrate, Ry value, and retention time). A second base (5%) had th> 
Ry value and retention time of 2-methylquinoline. 


The author thanks Professor G. M. Badger for his interest, Mr. A. G. Moritz for the infrared 
spectra, Dr. H. J. Rodda for assistance with gas-liquid partition chromatography, and 
Mr. T. M. Spotswood for advice concerning the preparation of acetylated paper. The micro- 
analyses were carried out by the C.S.I.R.O. Microanalytical Laboratory, Melbourne. 
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110. The Heat of Sublimation and the Metal-Metal Bond 
Energy in Mn,(CO)jo. 
By F. A. Cotron and R. R. MoNCHAMP. 

The heat of sublimation of Mn,(CO),,) has been estimated from measure- 
ments of the temperature-dependence of the equilibrium vapour pressure 
over the solid in the range 102—146°c. The result, 15-0 + 0-5 kcal./mole, 
has been used with other thermochemical data and spectroscopically derived 


valency-state promotion energies to estimate the strength of the Mn-—Mn 
bond. The result is 34 + 13 kcal./mole. 


Untit fairly recently there was no direct and unequivocal evidence for the existence of 
stable bonds between pairs of transition-metal atoms in chemical compounds. Within the 
past several years, however, the existence of such bonds has been recognized for several 
compounds. Infrared studies have suggested their existence in solid salts of 
(Co™(CN),],®,2 [Ni#(CN)g]o*,1 and [Ni!(CN),CO],*.2 Conclusive evidence for the presence 
of metal-metal bonds, unsupported by any bridging CO groups, has been given by Dahl, 
Ishishi, and Rundle * for Mn,(CO),, and Re,(CO),5. The strength of such bonds is of 
interest, especially since it is reported * that the Mn—Mn and the Re-Re distance are 2-93 


1 Griffith and Wilkinson, J. Inorg. Nuclear Chem., 1958, 7, 295. 
2 Griffith, Cotton, and Wilkinson, ibid., 1959, 10, 23. 
* Dahl, Ishishi, and Rundle, J. Chem. Phys., 1957, 26, 1750. 
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and 3-02 A, respectively, compared with distances of ~2-4 and ~2-6 A expected from 
sums of estimated covalent radii. Wilson and Shoemaker * have concluded that the sole 
link between the two halves of [x-C;H;Mo(CO) 3], is an Mo—Mo bond with a length of 3-22 A. 
which they considered “ rather long.” In this paper we make an estimate, from thermo- 
chemical data, of the energy of the Mn—Mn bond in Mn,(CO),o. 

The enthalpy of formation of Mn,(CO),,) has recently been reported® as —400-9 
kcal./mole. We have measured the enthalpy of sublimation to be 15-0 + 0-5 kcal./mole. 
Infrared study ® has indicated that the molecular structure in the gas phase is the same as 
that in the crystal. By using the above values of the enthalpy of formation and enthalpy 
of sublimation of Mn,(CO),9, together with the enthalpy of sublimation of Mn(s) ? and the 
enthalpy of formation of CO(g),? we calculate the enthalpy of the following process: 


Mn,(CO),9(g) = 2Mn(g) + 10CO(g): AH°y9, = 258 + 2 kcal./mole . . (1) 


The Mn—Mn bond energy can now be estimated by the following procedure. We first 
calculate the enthalpies of the following reactions, utilizing the thermochemical data of 
Cotton, Fischer, and Wilkinson ** and the valency-state promotion energies of Skinner and 
Sumner.” Cr* and Fe* represent the metal atoms in their valency states.® 


1/6 Cr(CO),(g) = 1/6 Cr*(g) + CO(g): AH = 55-3 kcal./mole 
1/5 Fe(CO);(g) = 1/5 Fe*(g) + CO(g): AH = 58-3 kcal./mole 


It seems reasonable to expect that the energies of formation of the metal-to-carbon 
monoxide bonds will change regularly with increasing atomic number of the metal atom 
provided we consider the metal atom in its promoted state.t Thus we can write, by 
interpolation of the above: 


1/5 Mn(CO),(g) = 1/5 Mn*(g) + CO(g): AH = 568 kcal./mole . . (2) 


Dr. H. A. Skinner has kindly provided us with an estimate from spectroscopic data of the 
energy of promotion of the manganese atom to the appropriate valency state, namely, 
d?,,a*,.d*,.ds. Using the formula A(d’) — 8B +- 4C (see ref. 10), he calculated: 


Mn(g) = Mn*(g): AH = 1718+ 58kcal./mole . . . . (3) 
Subtracting 1/5 of eqn. (3) from eqn. (2), we obtain: 
1/5 Mn(CO),(g) = 1/5 Mn(g) + CO: AH = 22-4+ 1-2 kcal./mole . . (4) 
Then, subtracting ten times eqn. (4) from eqn. (1), we finally obtain: 
Mn,(CO),9(g) = 2 Mn(CO),(g): AH = 34 + 13 kcal./mole 


Most of the uncertainty (+12 kcal./mole) comes, of course, from the uncertainty in the 
promotion energy of the manganese atom. 


+ No particular regularity is to be expected if we consider metal atoms in their ground states. We 
thank Professor C. D. Coryell for a helpful discussion in which he raised this point. It is also possible 
that, since the hybridization of the Mn atoms in Mn,(CO),, is quite similar to that of Cr in Cr(CO)g, it 
might be better to assume for the enthalpy of equation (2) 55-3 kcal./mole. If this is done, the final 
Mn-—Mn bond energy derived is 49 + 13 kcal./mole which only adds further weight to the subsequent 
considerations concerning the Mn—Mn bond length. It should of course be obvious that the enthalpy 
of equation (2) is at the same time the least certain quantity involved in the calculation and the one to 
which the final result is most sensitive owing to the fact that it is ultimately multiplied by ten. How- 
ever, we believe that the answer obtained is of some value since it seems unlikely that the enthalpy of 
equation (2) should be far from a figure of 55 to 57 kcal./mole. 


4 Wilson and Shoemaker, J. Chem. Phys., 1957, 27, 809. 
5 Good, Fairbrother, and Waddington, J. Chem. Phys., 1958, 62, 853. 
® Cotton, Liehr, and Wilkinson, J. Inorg. Nuclear Chem., 1956, 2, 141. 
7 Selected Values of Chemical Thermodynamic Properties, U.S. Nat. Bur. Standards, Circular 500. 
All heats used in this paper are at 25°c. 
§ Cotton, Fischer, and Wilkinson, J. Amer. Chem. Soc., 1956, 78, 5158. 
® Idem, ibid., 1959, 81, 800. 
10 Skinner and Sumner, J. Inorg. Nuclear Chem., 1957, 4, 245. 
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Unfortunately, the limits of error are so great that detailed discussion of the significance 
of this result would be unwarranted. If, however, the true value is 34 kcal./mole or higher, 
one might question the idea of the Mn—Mn bond being “ unusually long.” Perhaps the 
assumed covalent radii are too short, by something approaching 0-25 A. It seems difficult 
to believe that a bond between such heavy atoms, which is ~0-5 A longer than it “ ought ”’ 
to be, could be as strong as 34 kcal./mole. Thus this work might further suggest that the 
“normal ’”’ covalent radii assumed for zerovalent metals of the transition group (such as 
those used in estimating the multiple bond character in metal-to-CO bonds) may in fact 
be too small. Wilson and Shoemaker‘ implied that the long Mo-Mo bond in [(z- 
C;H;Mo(CO);], may be influenced by steric strain, but here also the correctness of the 
“expected” bond length might be questioned. Further studies of bond energies and 
pond lengths in metal carbonyls, their derivatives, and related compounds should be 
worthwhile. 

Thermal decomposition of Mn,(CO),, to Mn and CO made the determination of the 
vapour pressures somewhat laborious since corrections for the pressure of carbon monoxide 
were tequired. However, this decomposition might possibly provide further information 
about the Mn—Mn bond strength, and a kinetic study is in progress. 

The heats of sublimation of Re,(CO),) and several other carbonyls have been measured 
and will be reported soon. 


EXPERIMENTAL 


A sample of Mn,(CO),,) of high purity, originally prepared in the laboratories of the Ethyl 
Corporation, was used in this study. It was from the same batch as was used in the measure- 
ment of the heat of combustion,® and we are indebted to Dr. Guy Waddington, formerly of the 
Bureau of Mines, for supplying this material. 

The vapour pressures were measured at various temperatures in the range 102—146° c and 
it was found that, even at the lower temperature, Mn,(CO),.9 slowly decomposes with the form- 
ation of carbon monoxide. This was allowed for by quickly cooling the apparatus after 
measurement of the pressure in the system at an elevated temperature, T,, and measuring the 
carbon monoxide pressure at room temperature, 7,, after the apparatus had attained thermal 
equilibrium. The ideal gas law being assumed valid at such low pressures of carbon monoxide 
(0‘5—12 mm.), the vapour pressure of Mn,(CO),.) was obtained by subtracting the product of 
the ratio T,/T, and CO pressure at T, from the total pressure at T,. 

Pressures were measured with a high-sensitivity double spoon gauge ™ as a null indicator 
which was connected (see Figure) to a closed-tube (13 mm. int. diam.) mercury manometer 
mounted against a mirrored scale. Pressure readings obtained from both a cathetometer and 
the mirrored scale never differed by more than 0-1 mm. Hg. 

The sample chamber (SC) was prepared by subliming the carbonyl under a high vacuum into 
a break-seal tube which was then joined to the gauge at A as shown in the figure. After the 
gauge had been connected to the pumping system by means of tubing B-C and the gauge to the 
envelope with break-seal E, the entire apparatus was evacuated to 2 x 10% mm. Hg. The 
sample chamber was then opened magnetically with a glass-enclosed iron plunger, and evacuated 
for several minutes to insure removal of any carbon monoxide which might have been formed in 
sealing off the sample chamber. The sample chamber was then cooled to —78°, and the area 
at B warmed with a stream of hot air in order to remove any carbonyl deposited in the area 
which would be decomposed on sealing at B. The tube was then sealed at B and the section of 
tubing B-C removed. This procedure for mounting of the samples ensured the absence of 
residual carbon monoxide at the beginning of the measurements. 

The gauge was then syrrounded by an oil-bath which was provided with heaters, stirrer, 
thermoregulator, and thermometer. The temperature of the bath was held constant to within 
0-5° over the range 100—170°. The gauge was balanced by admitting or removing air to the 
envelope through stopcock D until the pointer returned to the null position. This was easily 
accomplished by observing the reference point and pointer through a telescope fitted with a 
micrometer eyepiece. After complete measurement of a sample, the pressures in the sample 


11 Monchamp, Bannister, and Cotton, Rev. Sci. Instr., 1959, 80, 945. 
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chamber and envelope were equalized through break-seal E and the gauge was then detached 
and cleaned for the next sample. 


Diagram showing the attachment of sample chamber and gauge to the vacuum-system. 
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Three separate samples gave values of 14-9, 15-0, and 15-2 kcal./mole for the heat of sublim- 
ation of Mn,(CO), 9. The equation for the line best fitting all of the data is: log,, p (mm.) = 
9-2251 — 3262-64/T. 
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111. The Synthesis of 8-Methylbenzo[k]fluoranthene and of 
Dibenzo| bk] fluoranthene. 
By Ne Pu. Buu-Hoi and DENIsE Lavit. 
8-Methylbenzo[k]fluoranthene has been prepared from 8,9,10,11-tetra- 
hydro-8-oxobenzo[k]fluoranthene, and dibenzo[bk]fluoranthene from succinic 


anhydride and 8,9,10,11-tetrahydrobenzo[k]fluoranthene. Several condensed 
fluoranthenocarbazoles have also been synthesised. 


RECENTLY 8,9,10,11-tetrahydro-8-oxobenzo[k]fluoranthene (I) was prepared from succinic 
anhydride and fluoranthene.! It has now been used in syntheses of polycyclic derivatives 
required for testing as potential carcinogenic substances. 

Methylmagnesium iodide with ketone (I) gave an alcohol which was not isolated but 
was directly treated with selenium powder, to give a mixture of 8-methylbenzo[f]fluor- 
anthene (II) and a considerable quantity of benzo[k]fluoranthene (III) resulting from loss 
of the methyl group. 

8,9,10,11-Tetrahydrobenzo{k]fluoranthene being an 8,9-disubstituted fluoranthene, its 
reaction with succinic anhydride gave, as was to be expected, a single keto-acid which 
accordingly must have structure (IV). This acid, obtained in excellent yield, furnished, on 
1 Buu-Hoi, Lavit, and Lamy, J., 1959, 1845. 
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Wolff-Kishner reduction, the butyric acid (V) whose chloride on cyclisation led to the 
octahydro-4-oxodibenzo[),k}fluoranthene (VI). Wolff-Kishner reduction then afforded 
the octahydrodibenzo[bk]fluoranthene (VII), which in turn underwent dehydrogenation 
to dibenzo[bk}fluoranthene (VIII), m. p. 236°. This hydrocarbon was identical with a 


G4 ve 
WARK | 
R 
(II) R= Me (IV) R= co-[CH,] -CO.H 
(Ill) R=H (V) R= [CH] »COH 





product described in the literature as melting at 230—231° and obtained by cyclisation of 
9-0-chlorobenzylidene-2,3-benzofluorene (IX) with potassium hydroxide in quinoline.” 
In view of the greater reactivity of naphthalene than of benzene rings, this cyclisation 
product was later tentatively considered as dibenzo[be]fluoranthene (X) rather than the 
isomeric dibenzo[bk]fluoranthene.* That the latter structure is correct is further proof of 
the difficulty in synthesising 3,4-benzophenanthrenes. 





(VI} X=O (VID (IX) 
(VII X= H, 

In view of the known carcinogenic activity of polycyclic carbazoles, several carbazoles 
bearing the fluoranthene group have been prepared. Fischer indolisation of the phenyl- 
hydrazone of ketone (I) afforded a dihydrocarbazole, which was readily dehydrogenated 
by means of chloranil to fluorantheno[8,9-a]carbazole (XI). The same reaction sequence, 


(X11) 





applied to ketone (VI), furnished the tetrahydro-compound (XII), which however resisted 
further dehydrogenation by chloranil. On the other hand, 9-benzylidene-8,9,10,11-tetra- 
hydro-8-oxobenzo[k]fluoranthene, prepared by condensation of benzaldehyde with ketone 
(I), failed to undergo cyclodehydrogenation to the corresponding fluorene by means of 
phosphoric oxide in the usual experimental conditions. 


EXPERIMENTAL 

8-Methylbenzo[k] fluoranthene (II1).—To a Grignard reagent prepared from methyl iodide 
(2-1 g.) and magnesium shavings (0-36 g.) in anhydrous ether (20 c.c.), 8,9,10,11-tetrahydro-8- 
oxobenzo[k]fluoranthene (2 g., dissolved in 150 c.c. of anhydrous benzene) was added, and the 

2 I.G. Farbenindustrie A.-G. B.P. 459,108/1936; French P. 807,704/1936. 

3 Clar, ‘‘ Aromatische Kohlenwasserstoffe,” Springer-Verlag, Berlin, 1952, p. 404. 

* Cf. Buu-Hoi and Cagniant, Rev. sci., 1942, 80, 319, 384, 436; 1943, 81, 30; Buu-Hoi and Saint- 
Ruf, J., 1957, 3806; Saint-Ruf, Buu-Hoi, and Jacquignon, /J., 1958, 48. 
T 
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yellow suspension obtained was refluxed on a water-bath for 90 min. After cooling, 10% 
aqueous sulphuric acid (100 c.c.) was added, the product extracted in benzene, washed with 
water, and dried (Na,SO,), and the solvent distilled off. The residue was heated with selenium 
powder (1-5 g.) for 3 hr. at 350°, the product taken up in benzene, the benzene distilled off, and 
the residue treated with acetic acid (150 c.c.), leaving undissolved a viscous brown impurity, 
The acetic acid solution was concentrated to 50 c.c., and the solid precipitate obtained on 
cooling was crystallised several times from benzene-ethanol, giving 8-methylbenzo[k] fluoranthene 
as colourless needles (0-1 g.), m. p. 207° (Found: C, 94-6; H, 5-2. C,,H,, requires C, 94-7; H, 
5-3%), along with the unsubstituted hydrocarbon (0-5 g.), m. p. 217°. The mixture of the two 
hydrocarbons melted at ca. 180°. 

Fluorantheno[8,9-a|carbazole (XI).—A mixture of ketone (I) (1 g.) and phenylhydrazine 
(1 g.) was heated at 140° for 5 min., and the crude crystalline phenylhydrazone obtained on 
cooling was treated during 1 hr. with acetic acid saturated with hydrogen chloride (15 c.c.), 
After cooling, water was added, and the precipitate of the 3,4-dihydrocarbazole derivative was 
collected, washed with water, dried, and recrystallised from toluene, giving yellowish needles 
(1 g.), m. p. 246° (Found: C, 90-9; H, 5-1. C,,H,,N requires C, 90-9; H, 5-0%). A solution of 
this compound (0-8 g.) in anhydrous xylene (50 c.c.) was refluxed for 3 hr. with chloranil 
(0-63 g.); fluorantheno[8,9-a]carbazole, precipitated on cooling, was collected and treated with 
hot aqueous sodium hydroxide, and the undissolved portion was filtered off, washed with water, 
dried, and recrystallised from xylene, giving cream-coloured needles (0-5 g.), m. p. 338° (Found: 
C, 91-4; H, 4-4. C,,H,,N requires C, 91-5; H, 4-4%). 

9-Benzylidene-8,9,10,11-tetrahydro-8-oxobenzo[k] fluoranthene.—A solution of ketone (I) (4 g.) 
and benzaldehyde (1-9 g.) in ethanol (67 c.c.) and dioxan (75 c.c.) was shaken with potassium 
hydroxide (6 g., in 7 c.c. of water), and the mixture was refluxed for 10 min.; after cooling and 
dilution with water, the precipitate formed was collected, washed with water, and recrystallised 
twice from ethanol—toluene. The benzylidene derivative formed yellowish prisms (2 g.), m. p. 
187—-188°, whose solutions in sulphuric acid were red (Found: C, 90-3; H, 5-1. C,,H,,0 
requires C, 90-5; H, 5-1%). 

y-(8,9,10,11-Tetrahydrobenzo[k] fluoranthen-3-yl)-y-oxobutyric Acid (IV).—To a solution of 
8,9,10,11-tetrahydrobenzo[k]}fluoranthene (8-2 g.) and succinic anhydride (3-2 g.) in anhydrous 
nitrobenzene (100 c.c.), finely powdered aluminium chloride (9-6 g.) was added in small portions 
with stirring at room temperature; the brown-red mixture was left for 4 days, then decomposed 
with dilute hydrochloric acid, the nitrobenzene was removed by steam-distillation, and the solid 
residue recrystallised twice from chlorobenzene. The keto-acid formed greenish-yellow needles, 
(8-8 g.), m. p. 252°, whose solutions in sulphuric acid were brown-red (Found: C, 80-6; H, 5:7. 
Cy4H 90, requires C, 80-9; H, 5-7%). 

y-(8,9,10,11-Tetrahydrobenzo[k] fluoranthen-3-yl)butyric Acid (V).—The foregoing acid (8 g.), 
85% hydrazine hydrate (8 g.), and potassium hydroxide (8 g.) in diethylene glycol (75 c.c.) 
were refluxed for 6 hr. and, on cooling, acidified with dilute hydrochloric acid. The solid 
precipitate was collected, washed with water, dried, and recrystallised from toluene, to give 
cream-coloured needles of the acid (V) (6-5 g.) which melted first at 188°, became solid, and 
melted anew at 193°; its solutions in sulphuric acid were greenish-brown (Found: C, 84-0; 
H, 6-5. C,,H,.O, requires C, 84-2; H, 6-5%). 

1,2,3,4,9,10,11,12-Octahydro-4-oxodibenzo[bk] fluoranthene (V1).—A suspension of the fore- 
going acid (5-8 g.) in anhydrous ether (100 c.c.) was refluxed for 4 hr. with thionyl chloride 
(2-9 g.) and 3 drops of pyridine. The acid gradually dissolved and a precipitate was formed; 
the solvent and thionyl chloride in excess were distilled off in vacuo, and the crude acid chloride 
obtained was treated in nitrobenzene (100 c.c.) with aluminium chloride (2-5 g.) portionwise at 
room temperature. The mixture was left overnight, then decomposed with dilute hydrochloric 
acid, the nitrobenzene steam-distilled, and the solid residue recrystallised from ethanol. The 
ketone formed yellow needles (3-5 g.), m. p. 169°, whose solutions in sulphuric acid were red 
(Found: C, 88-8; H, 6-3. C,,H,9O requires C, 88-9; H, 6-2%). 

1,2,3,4,9,10,11,12-Octahydrodibenzo[bk] fluoranthene (VII).—The ketone (VI) (1 g.), hydrazine 
hydrate (1 g.), and potassium hydroxide (1 g.) in diethylene glycol (20 c.c.) were refluxed for 
2hr.; after cooling and dilution with water, the precipitated hydrocarbon was collected, washed 
with water, and recrystallised from ethanol in pale yellow needles (0-85 g.), m. p. 113°, giving 
no colour in sulphuric acid (Found: C, 92-8; H, 7-1. C,,H,». requires C, 92-9; H, 7-1%). 
Dibenzo[bk]fluoranthene (VIII).—A mixture of the foregoing octahydro-compound (0-65 g.) 
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and selenium powder (1 g.) was heated for 4 hr. at 350°; after cooling, the product was taken up 
in toluene, and recrystallised several times from that solvent, to furnish pale yellow needles 
(0-35 g.), m. p. 236°, which gave no colour in sulphuric acid (Found: C, 95-5; H, 4-7. Calc. for 
CyuHu: ©, 95°3; H, 4-7%). 

10,11,12,13-Tetrahydrobenzo[8,9] fluorantheno[3,2-a]carbazole (XII).—A mixture of ketone 
(VI) (2-2 g-) and phenylhydrazine (2 g.) was heated for 5 min. at 180°, and the crude phenyl- 
hydrazone heated for 30 min. with acetic acid saturated with hydrogen chloride (150 c.c.). 
After cooling and dilution with water, the precipitate was collected, washed with water, dried, 
and recrystallised from toluene, giving the hexahydrocarbazole, yellow needles (1-75 g.), which 
melted first at 307°, then resolidified, and melted anew at 315° (Found: C, 90-3; H, 5-9. 
CypH.3N requires C, 90-6; H, 5-8%). A solution of this compound (0-5 g.) and chloranil (0-31 g.) 
in anhydrous xylene (50 c.c.) was refluxed for 3 hr. The solid obtained on cooling was treated 
with hot aqueous sodium hydroxide, and the insoluble portion was washed with water, dried, 
and recrystallised from toluene (charcoal), giving tetrahydro-compound (XII), bright yellow 
leaflets (0-3 g.), m. p. 330° (Found: C, 91-0; H, 5-5. Cy 9H,,N requires C, 91-1; H, 54%). The 
same compound was obtained when the hexahydrocarbazole (0-5 g.) was heated for 5 hr. with 
an excess of chloranil (1 g.) in xylene (50 c.c.). 


THe Rapium INstTITUTE, THE UNIVERSITY OF ParIs. (Received, July 21st, 1959.) 





112. The Methylation of Adenosine and Adenylic Acid. 
By P. Brookes and P. D. LAWLEY. 


Methylation of adenosine with dimethyl sulphate in dimethylformamide, 
followed by acid hydrolysis, gave as main products 1- and 3-methyladenine, 
5-aminoimidazole-4-N’-methylcarboxamidine, and (probably) 1,3-dimethyl- 
adenine, which were separated by ion-exchange chromatography. The amidine 
results from the action of acid on 1-methyladenine. The ultraviolet spectra 
of these compounds are given and the action of alkali on them is discussed. 

Methylation of adenylic acid in aqueous solution at pH 7 results in 
reaction at Ni) and Nj). 

The action of alkali on 1-methyladenylic acid was shown, as with 1-methyl- 
adenine, to result in net migration of the methyl group from Ni, to the 
extranuclear amino-group. 


In preliminary studies of the alkylation of nucleic acids and their constituent nucleotides * 
it was found that reaction occurred on the bases guanine, adenine, and cytosine. Whereas 
it has been shown ®3 that in the case of the guanine nucleotides alkylation occurs at N,), 
alkylation of adenine nucleotides yielded two products, the structures of which were not 
established. The object of the present work was to determine the position of methylation 
of adenosine and adenylic acid. 

Of the possible N-methyladenines, 3-methyladenine, 7-methyladenine, and 6-methyl- 
aminopurine are known. The synthesis of 1-methyladenine has not so far been reported 
and Elion * failed to obtain it by the action of ammonia on 6-mercapto-l-methylpurine. 

Since some methyladenines are known to be unstable in alkaline conditions,*® such 
conditions were avoided in our work. Methylation of adenosine with dimethyl sulphate 
in dimethylformamide was followed by acid hydrolysis of the methylated nucleosides. 
The resulting bases were separated by chromatography on a cation-exchange resin. The 
total acid-hydrolysate was thus found to contain five major components in addition to 
adenine (Fig. la). However, as the principal product could not be adequately separated 

1 Lawley, Biochim. Biophys. Acta, 1957, 26, 450. 

2 Lawley and Wallick, Chem. and Ind., 1957, 633. 

3 Lawley, Proc. Chem. Soc., 1957, 290. 

4 Cf. Elion, ‘‘ Ciba Foundation Symposium on the Chemistry and Biology of Purines,” J. and A. 


Churchill Ltd., London, 1957, p. 39. 
5 Leese and Timmis, Abs. of 7th Internat. Cancer Congress, London, 1958, p. 144. 
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from adenine in this way, preliminary removal of adenine was necessary. This was done 
on the assumption that the methyladenines would yield uncharged bases in weakly alkaline 
solution, in contrast to adenine itself which forms an anion. The mixture of bases in 
aqueous ammonia at pH 10 was passed through an anion-exchange column: adenine was 
retained by the resin. When the filtrate from this column was chromatographed on a 
cation-exchange resin the pattern of elution of the remaining bases was substantially as 
before (Fig. 1b), except that the product (A) eluted first was missing (attempts to isolate 
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this product were unsuccessful). Evaporation of the solvent resulted in loss of the specific 
ultraviolet absorption due to material A (Amax, 277 my). The four major products which 
were isolated and purified are numbered (I)—(IV). 

Two series of experiments were carried out, with molar ratios of dimethyl sulphate to 
adenosine of 1-5 and 3. In neither case was complete conversion of adenosine observed, 
suggesting that side reactions had developed which inhibited methylation. The principal 


TABLE 1. Properties of products from the methylation of adenosine. 


a daw Ea80 Ry t¢ in solvent: 
Compound pH (my) 10%¢ (my) E260 pk,’ * 1 2 3 
(IIT) 4 259 11-7 228 0-23 7-2 1-3 1-6 0-8 
13 270 14-4 239 0-85 11-0 
(II) 2 274 15-9 235 1-26 1-5 1-2 1-1 
13 273 12-8 244 1-48 
(IV) 4 281 12-8 242 1-8 9-5 1:3 1-8 0-5 
12 290 15-4 251 2-6 
(I) 4 276 15-7 239 1-5 11-0 1:8 2-1 0-3 
13 279 14-1 240 2-0 


* 70-05 at 20°. ¢ Relative to adenine; for soivents see p. 543. 


effect of the larger proportion of dimethyl sulphate was to increase the relative yield of 
product (I) (Fig. 1b and c), suggesting that this might be a dimethyladenine: at the same 
time the relative amounts of products (III) and (IV) remained constant, suggesting that 
one might be a transformation product of the other. 

Ultraviolet absorption spectra of these products, in aqueous solution at various pH, are 
shown in Table 1 and Fig. 2. Comparison with the data given by Elion * for the known 
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methyladenines shows only one correspondence, namely, of compound (II) with 3-methyl- 
adenine: detailed comparison confirmed this identity. 

Compound (III), purified as sulphate, gave analyses of a monomethyladenine and the 
molecular weight of the picrate, determined spectrophotometrically,® was consistent with 
this. The pK, values were determined spectrophotometrically (Fig. 2 and Table 1): 
absence of a dissociation at pH ~4 suggests that the compound forms an imino-, rather 
than an amino-base. For a monomethyladenine this would be the case only if the methyl 
group were attached to a pyrimidine-ring nitrogen atom. Since compound (IJ) is 3-methyl- 
adenine, compound (III) should then be l-methyladenine. The values of pK, observed, 
7-2 and 11-0, would then be due to the dissociation of protons from the amino-group and 
from the imidazole ring, probably in that order. Confirmation was provided when 
compound (III) was converted by alkali into 6-methylaminopurine (V) in over 80% yield, 
this being analogous to the conversion’ of 1,2-dihydro-2-imino-l-methylpyrimidine into 
2-methylaminopyrimidine. Further, Elion * found that 6-mercapto-l-methylpurine with 


Fic. 2. Absorption spectra of 1-methyl- Pa 
adenine, (A) pH 4, (B) pH 7-2, (C)-pH 'O 
9, (D) pH 10-7, (E) pH 13. se 





Wavelength(muz) 


hot aqueous ammonia yielded 6-methylaminopurine; and Leese and Timmis * reported that 
methylation of 9-phenethyladenine yielded a quaternary salt which was not identified but 
gave 6-methylamino-9-phenethylpurine on treatment with alkali (the evidence now available 
suggests that the quaternary salt was 1-methyl-9-phenethyladenine). 

Compound (I) was purified as sulphate and gave analyses for a dimethyladenine, with 


HAN HNN HN HN 
cx. MeN N N N MeN N 
> a rr’ ; PTs an & 
NA N N Pa " AN . 
CsH yO, Me Me 
(1) (II) Ps , a 


HN 
MeHN 
H,N-OC N MeHN N N~ N 
LD ey %. 
HNN H.N~ N n* N 
(V1) (IV) (V) 


which the molecular weight of the picrate was in agreement. The absorption spectrum 
in acid solution was very similar to that of 3-methyladenine (Table 1). For an alkaline 
solution the absorption curve, although similar in shape to that for 3-methyladenine, 
showed a bathochromic shift, as found with 1-methyladenine and 6-methylaminopurine. 


* Cunningham, Dawson, and Spring, J., 1951, 2305. 
* Brown, Hoerger, and Mason, J., 1955, 4035. 
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Heating compound (I) in alkaline solution greatly reduced the ultraviolet absorption 
above 225 my, the remaining absorption having no maximum in this region. By analogy 
with the behaviour of other dialkyladenines, it would be expected that compounds having 
one substituent on the pyrimidine-ring nitrogen and the other on the imidazole-ring 
nitrogen would, under similar alkaline conditions, give, in high yield, stable products 
having specific ultraviolet absorption with maxima in the region of 260—280 my. These 
considerations suggest that compound (I) has both methyl groups attached to the 
pyrimidine moiety and, in view of the structures of compounds (II) and (III), it is proposed 
that compound (I) is a 1,3-dimethyladenine salt, although the 3-methyl-6-methylamino- 
purine cannot be excluded. 

The analysis of compound (IV) as a dihydrochloride and the molecular weight of the 
dipicrate were consistent with a formula C;H,N; for the base. With alkali this compound 


TABLE 2. 
Time (min.) _............ 0 20 40 70 140 240 1400 
Conversion (%) ........- 0 8-4 16 26-4 45-8 65 100 
Dogo/Deogo (mp) (obs.)... 0-23 0-33 0-38 0-49 0-72 0-925 1-3 
Deso/Deoeo (mp) (calc.)... — 0-31 0-38 0-49 0-72 1-01 1-66 
Deyo (mp) (obs.) ......... 0-024 0-092 0-138 0-204 0-275 0-363 0-275 
Dogo (mp) (calc.) ...... —- 0-085 0-140 0-216 0-356 0-496 0-75 


yielded 5-aminoimidazole-4-carboxamide (VI) as major product and is thus probably 
5-aminoimidazole-4-N’-methylcarboxamidine. This compound could have been derived 





Fic. 3. Absorption spectra showing the 
conversion of 1-methyladenylic acid at 
pH 11-7 and 37°; (A), initial; (B), 
after 35 min.; (C), after 70 min.; (D), 
after 105 min.; (E), after 18 or 27 hr. 


Optica/ density 














220 260 300 340 
Wavelength (mp) 


from 1-methyladenosine or 1-methyladenine by fission of the pyrimidine ring with loss of 
Cy. Such a ring opening, but without loss of Cy, was proposed by Taylor § as a possible 
intermediate step in the rearrangement of 1l-methyladenine to 6-methylaminopurine: 
since then our experiments had involved acid-treatment of the bases from methylated 
adenosine, the action of acid on 1-methyladenine was studied. We found that refluxing 
1-methyladenine with 6N-hydrochloric acid did afford compound (IV). This reaction was 
followed by ultraviolet spectroscopy, by using the known extinction coefficients of 1-methyl- 
adenine and 5-aminoimidazole-4-N’-methylcarboxamidine. The initial stages were in line 
with this assumption, indicating a first-order reaction with a half-life of 158 min. (Table 2), 
but in the latter stages further degradation, into material with lower ultraviolet absorption, 
was indicated. 

The position of methylation of adenosine in an organic solvent having been determined, 
methylation of adenylic acid in aqueous solution was investigated. The acid was 
methylated in neutral phosphate buffer. Paper chromatography showed that unchanged 
adenylic acid accounted for ~80% of the products having absorption in the ultraviolet 


® Taylor, “‘Ciba Foundation Symposium on the Chemistry and Biology of Purines,” J. and A. 
Churchill Ltd., London, 1957, p. 57. 
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region. Two other products were observed and these were isolated from the paper and 
hydrolysed in acid. The major product (approx. 15% yield) gave 1-methyladenine; the 
other (approx. 5% yield) gave 3-methyladenine. 

1-Methyladenine was shown, by the change in its ultraviolet spectrum (Fig. 3), to be 
converted by aqueous alkali quantitatively into a product with spectra in acid and alkali 
almost identical with those of 6-methylaminopurine riboside.® Acid hydrolysis of this 
product yielded 6-methylaminopurine identified by comparison with an authentic 
specimen (Table 3). 


TABLE 3. Ultraviolet absorption spectra of the principal product obtained by methylation 
of adenylic acid at pH 7 and 37°, and of products from its subsequent conversion in 
aqueous alkalt. 


pH Amax. (my) E280/€260 
BE OGIDS voce sicsiccnserevcocsssagancievesers 7 258-5 0-26 
12 259 0-39 
After irreversible change in alkali ............ 12 266 0-66 
2 262 0-45 
After subsequent acid-hydrolysis ............ 0 267 0-80 
12 273 1-17 
6-Methylaminopurine riboside ............... 12 266 0-66 
2 262 0-43 
6-Methylaminopurine .................sesesseees 0 267 0-73 
12 273 1-20 


It is therefore shown that the methylation of adenylic acid in aqueous solution and of 
adenosine in dimethylformamide are analogous in that alkylation occurs principally at Ni), 
but also at Ni). Treatment of 1-methyladenylic acid with alkali results, as with 1-methyl- 
adenine, in net migration of the methyl group from N,) to extranuclear nitrogen. 

It is of interest that the adenine nucleotides are alkylated on the pyrimidine ring, but 
guanine nucleotides on the imidazole ring.** These findings are in agreement with 
theoretical estimates of the relative reactivities of ring-nitrogen atoms of the two purines 
by Nakajima and Pullman.” 


EXPERIMENTAL 

M. p.s were observed on a microscope hot stage. Absorption spectra were measured with 
a Unicam SP.500 spectrophotometer for aqueous solutions. 

Paper chromatography was carried out on Whatman No. 1 filter paper, the following 
solvents being used: (1) methanol-concentrated hydrochloric acid—water (7:2:1); (2) 
propan-2-ol-5% aqueous ammonium sulphate (1:19); (3) butan-l-ol saturated with water-— 
aqueous ammonia (d 0-88) (100: 1). Descending chromatography was used for solvent system 
(1) and (3), and ascending for solvent (2). 

Methylation of Adenosine.—Adenosine (1-2 g.; dried in vacuo) was heated in dry, redistilled 
dimethylformamide (15 c.c.) and dimethyl sulphate [1-7 g., 3 equiv.; dried (K,CO,) and 
redistilled] at 100° for 2 hr. The solvent was removed in vacuo and the residue refluxed in 
N-hydrochloric acid (20 c.c.) for 1 hr. Evaporation gave a residue, paper chromatography of 
which disclosed a number of products including much adenine. 

Removal of adenine. The above aqueous solution was adjusted to pH 10 with concentrated 
ammonia solution and applied to a column (15 x 1-8 cm.) of Dowex-1 (Cl~ form) which had 
been washed until neutral with water. The column was washed with ammonia solution of pH 
10 until the filtrate had no significant absorption at 260 mu. A paper chromatogram of the 
combined column filtrate was identical with that of the input to the column, except that 
adenine was no longer present. 

Separation of the products. The filtrate from the anion-exchange column was made acid by 
adding one-tenth of its volume of goncentrated hydrochloric acid and applied to a column 
(17-2 x 2 cm.) of Dowex-50 (H* form, equilibrated with N-hydrochloric acid). The column 
was developed with n-acid, and 25 c.c. fractions were collected. The optical density of the 
fractions at 260 and 280 my was measured, with dilution where necessary with N-hydrochloric 


® Littlefield and Dunn, Biochem. J., 1958, 70, 642. 
10 Nakajima and Pullman, Bull. Soc. chim. France, 1958, 1502; Pullman, J., 1959, 1621. 
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acid. ‘The value for Asx, of any product found in the fractions was also noted. The first 200 
fractions contained three major products. The strength of the eluting acid was then increased 
to 2N, and a fourth product obtained. No further products were obtained when elution was 
continued with 4n-hydrochloric acid. 

The yield of each product was estimated by summation of the optical densities at 260 my 
of appropriate fractions. Subsequent purification and analysis of these products enabled their 
molar extinction coefficients to be determined, and hence the total amounts in the column 
fractions were calculated. The molar proportion of adenine in the mixture of bases, estimated 
from the loss in ultraviolet absorption resulting when the mixed bases were passed through the 
anion-exchange resin, amounted to 28% of the initial adenosine. The yields were (I) 6%, 
(II) 7%, (III) 31%, and (IV) 20%. 

1,3-Dimethyladenine salts. Fractions 82—88 contained a product (I), Amax, 276 my, and on 
evaporation gave a solid chloride, which could not be crystallised. It was converted into the 
sulphate which crystallised from methanol as needles, m. p. 302—303°(Found: C, 31-8; H, 4-0; 
N, 26-2. C,H,,O,N,;S requires C, 32-2; H, 4:2; N, 268%). <A derived picrate crystallised 
from water as plates, m. p. 256—257° [Found: M (spectroscopic method of Cunningham, 
Dawson, and Spring *), 392. C,,H,,0,N, requires M, 392). 

3-Methyladenine. Fractions 96—102, containing product (II), Amax, 274 my, gave a hydro- 
chloride which could not be crystallised. The sulphate crystallised from methanol as needles, 
m. p. 268—270°, identical with the sulphate prepared from 3-methyladenine (kindly supplied 
by Dr. G. H. Hitchings of the Burroughs Wellcome Laboratories, New York) as shown by 
ultraviolet spectra, m. p., and Rp in 3 solvent systems. The picrate crystallised as needles 
(from water), and sublimed above 270° (Found: M, 376. Calc for C,,H,),O,N,: M, 378). 

1-Methyladenine. Fractions 135—170° containing product (III), Amax, 259 my, yielded a 
hydrochloride which failed to crystallise. The sulphate separated from methanol as prisms, 
m. p. 276—278° (Found: C, 29-5; H, 3-7; N, 27-6. C,H,O,N,S requires C, 29-2; H, 3-6; 
N, 284%). <A picrate recrystallised from water as yellow prisms, m. p. 253—255° (Found: 
M, 380. C,,H,)0,N, requires M, 378). 

5-Aminoimidazole-4-N’-methylcarboxamidine. Fractions 203—220 contained a product (IV), 
max. 279 my, and on evaporation to dryness yielded a crude hydrochloride which did not crystal- 
lise. A dipicrate recrystallised from water as yellow needles, m. p. 200—201° (Found: M, 598. 
C,,H,;0,4N,, requires M, 597). Analysis of this dipicrate failed to give satisfactory results so 
the dihydrochloride was regenerated with hydrogen chloride in dry ether. It then recrystallised 
from methanol-ethyl acetate as needles, m. p. 233° (Found: C, 28-0; H, 5-6; N, 33:3. 
C;H,,N,Cl, requires C, 28-3; H, 5-2; N, 33-0%). 

Action of Alkali on Methylation Products.—0-1—0-5 mg. of products (I), (III), and (IV), 
separated on the ion-exchange column, were separately heated in 0-1 c.c. of concentrated 
aqueous ammonia (sealed tubes) at 100° for 18 hr. The tubes were then opened and the 
solvent was distilled off. 

Substance (I) (1,3-dimethyladenine sulphate) gave a mixture which was shown by paper 
chromatography to contain 4 compounds. The major product behaved chromatographically 
like the starting material; the others were not identified. 

Substance (II) (l-methyladenine sulphate) gave only one product, whose ultraviolet 
absorption at pH 1 and 13 and the Ry values in 3 solvent systems were identical with those of 
6-methylaminopurine (kindly supplied by Mr. G. M. Timmis and Dr. C. L. Leese, of this 
Institute). 

Substance (IV) gave a product with an ultraviolet absorption spectrum closely resembling 
that of 5-aminoimidazole-4-carboxamide. Paper chromatography showed 5 substances to 
be present, but only one occurred in significant amount (40% yield). This compound was 
eluted from the paper and its ultraviolet spectra at pH 1 and 13 and its Rp in 3 solvent systems 
confirmed its identity with 5-aminoimidazole-4-carboxamide. 

0-01% solutions of the compounds (I) and (II) in 0-1N-sodium hydroxide were prepared, and 
the ultraviolet absorption spectra of the solutions measured before and after 18 hours’ heating 
at 100°. For compound (II) the spectrum of the product obtained was identical with that of 
6-methylaminopurine. With compound (I) this treatment resulted in 92% loss of ultraviolet 
absorption at the original maximum of 280 my. 

Methylation of Adenylic Acid.—Neutralised adenosine-5’ phosphate (35 mg.) was treated 
in 0-4n-phosphate buffer (pH 7-2; 1 c.c.) with dimethyl sulphate (13 mg.) and kept at 37° for 
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1 hr. The solution was then chromatographed on Whatman No. 4 paper, with saturated 
aqueous ammonium sulphate—propan-2-ol—0-1N-phosphate (79: 2:19), at pH 7-2, as solvent. 
When examined in ultraviolet light (A 253-7 my) three components were observed, one of Rp 
0-3 being unchanged adenosine-5’ phosphate, one of Ry 0-65 showing light blue fluorescence, 
and a third of Ry 0-8. The relative yields were estimated by elution into 0-04N-phosphate 
puffer (pH 7) and measurement of the optical density at 260 my. This indicated that ~80% 
of the adenosine-5’ phosphate was unchanged, there being 5% of the product of Rp 0-65 and 15% 
of the product of Rp 0-8. 

When the products were eluted with N-hydrochloric acid and hydrolysed at 100° for 1 hr., 
the compound of Ry 0-8 yielded 1-methyladenine, while that of Ry 0-65 gave 3-methyladenine. 

In a further experiment the major product was eluted from paper with water and the 
solution adjusted to pH 11-7 and kept at 37°. The ultraviolet absorption spectrum was taken 
immediately and again after 35, 70, 105 min., 18 and 27 hr., on a Cary automatic recording 
spectrophotometer. The results (Fig. 3 and Table 3) show quantitative conversion into a 
product with ultraviolet absorption spectrum almost identical with that of 6-methylamino- 
purine riboside. To the final solution obtained was added 0-1 volume of concentrated hydro- 
chloric acid, and the solution was kept at 100° for l hr. The ultraviolet absorption was then 
identical with that of 6-methylaminopurine. 

Action of Acid on 1-Methyladenine.—1-Methyladenine (~4 mg.) was refluxed in 6N-hydro- 
chloric acid (3 c.c.) 2 hr. The solution was evaporated, and the residue dissolved in methanol 
(I c.c.) and treated with ethyl acetate until a cloud was obtained. A seed of 5-aminoimidazole- 
4-N’-methylcarboxamidine dihydrochloride was added. After 3 hr. at 0° the crystals were 
collected and shown to be 5-aminoimidazole-4-N’-methylcarboxamidine dihydrochloride. 

In a similar experiment the acid solution was kept at 100°. Samples were removed at 
intervals and after dilution with water the ultraviolet absorption was determined (see Table 2). 


Analyses were by the Microanalytical Laboratory, Imperial College of Science and Tech- 
nology, and by Mr. P. R. W. Baker, of Wellcome Research Laboratories. This investigation 
has been supported by grants to this Institute from the British Empire Cancer Campaign, the 
Jane Coffin Childs Memorial Fund for Medical Research, the Anna Fuller Fund, and the National 
Cancer Institute of the National Institutes of Health, United States Public Health Service. 
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THE INSTITUTE OF CANCER RESEARCH: Royat CANCER HOSPITAL, 
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113. Amide Hydrolysis in Very Strong Acids. Part I. 
Cryoscopic Measurements in Anhydrous Sulphuric Acid. 


By J. A. Durry and J. A. LEISTEN. 


The behaviour of 15 amides has been examined in 100% sulphuric acid, 
in search of a unimolecular mechanism of hydrolysis. First-order changes 
of freezing point were observed in 8 cases, as the amides were hydrolysed or 
sulphonated. The two processes were distinguished by observing the effect of 
added water on the freezing point of the solutions after the reactions had been 
followed to completion, and by qualitative examination of the reaction 
products. Six amides were shown to be hydrolysed. 


Tue effect of the acid concentration on the rate of hydrolysis in aqueous solutions of strong 
acids has been determined for several amides.1 As the concentration is increased, the rate 
for a particular amide at first increases, then passes through a maximum, and finally 
decreases to very low values, a fact which has set the upper limit of acid concentration in 
previous kinetic investigations at about 10 molar. The reaction is thought to proceed 


1 (a) Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” G. Bell and Sons Ltd., London, 


1953, p. 786; (b) Rabinowitch and Winkler, Canad. J. Res., 1942, 20, B, 73; (c) Edward and Meacock, 
J., 1957, 2000; (d) Leisten, J., 1959, 153. 
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throughout this region by the attack of water upon the conjugate acid of the amide, i.e, 
by the A-2 mechanism. Many carboxylic esters are hydrolysed by the A-2 mechanism 
in this region of acid concentration: but hydrolysis of esters in more concentrated acids 
proceeds by a different and probably unimolecular mechanism.? The corresponding 
mechanism for amides is: 


R"CO*NH,R ——t R”COt + R*NH, 
Slow 
R’*COt + H,O —we R’CO,H,* 
Fast 
R*NH, -+ Ht ——t R-NH,t 
Fast 


but no previous attempt has been made to determine whether, under appropriate 
conditions, amides might be hydrolysed in this way. 

In seeking and demonstrating the occurrence of this type of hydrolysis it is necessary 
to use an acid which favours ionic dissociation, but which contains little or no free water 
so as to avoid hydrolysis by the A-2 route. Anhydrous sulphuric acid is an obvious choice, 
and the present paper is concerned with the behaviour of a number of differently substituted 
amides in this solvent. We have found only one previous observation of relevance: 
pentamethylbenzanilide is sulphonated and cleaved by sulphuric acid, the two processes 
occurring either synchronously or in rapid succession.® 

Some of the results and conclusions in this and the following paper * have appeared in 
a preliminary report.5 

Amides are strong bases in anhydrous sulphuric acid. That this is true even of the 
very weakly basic amides listed in Table 1 is shown by the two-fold freezing-point 
depressions, in accordance with equation (1), which .were obtained immediately on 
dissolution (see col. 2): 

R’-CO*NHR + H,SO, — R“C(OH*)"NHR + HSQQ-. . «eee Cl) 
If an amide is to be hydrolysed in anhydrous sulphuric acid, the hydrolytic water must 
necessarily come from the sulphuric acid itself, affording sulphur trioxide which is known? 
to combine with hydrogen sulphate to form the hydrogen disulphate ion HS,O-,. Carb- 
oxylic acids exist as acidium ions in this medium.’ The equation for such a hydrolysis 
can therefore be written a priori: 


R’*C(OH*)"NHR + HSO,~ + 2H,SO, — R”"CO,H,t + R*NH,t + HSO,- + HS,O,- . (2) 
The hydrogen disulphate ion produced should repress the self-dissociation which occurs 
in 100% sulphuric acid: ® 2H,SO, =™ H,O* + HS,0,-. The hydrolysis might therefore 
be expected to produce rather less than four-fold depression of the freezing point, even 
though four particles appear on the right-hand side of expression (2). 
Unfortunately sulphonation would also lead to a final i-factor of about 4: 
R’*C(OH*)*NHPh + HSO,~ + 2H,SO, —t R”C(OH*)*NH°C,Hy'SO3H + H,O+ + 2HSO,- . . (3) 
Whether such a freezing-point change is the result of hydrolysis or of sulphonation can be 
determined by “ cryoscopic titration ” with water. Hydrolysis produces a concentration 
of hydrogen disulphate ion, by equation (2), equal to the initial concentration of the amide. 
When water is now added the principle reaction to occur will be HS,O,~- + H,O —» 
HSO, + H,SO,, which does not change the total number of solute particles. The 
freezing point of the solution will therefore remain nearly constant until the hydrogen 
2 (a) Ref. 1(a), p. 771; (b) Leisten, J., 1956, 1572. 
% Newman and Deno, J. Amer. Chem. Soc., 1951, 78, 3651. 


* Duffy and Leisten, in the press. 

5 Duffy and Leisten, Nature, 1956, 178, 1242. (The rate constants there recorded are in error by 
a constant factor.) 

® Gillespie and Leisten, Quart. Rev., 1954, 8, 61. 

7 Brand, J., 1946, 880; Gillespie, J., 1950, 2516. 

8 Leisten, J., 1955, 298. 

® Gillespie, J., 1950, 2515. 

© Ref. 6, p. 60. 
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disulphate ion has been “ neutralised;”’ then further additions will produce the nearly 
two-fold depression usual for water. On the other hand, added water will give the normal 
freezing-point depression from the first if sulphonation has occurred. 

The amides in Table 1 were all found to give first-order changes of the freezing point 
when kept at the temperatures recorded in col. 5. The final i-factors (col. 3), determined 


TABLE 1. First-order rate constants from freezing-point measurements. 


Amide R:°CO-NHR’ * Initial Final Reaction 108k 
R R’ i-factor i-factor too temp. (min.~") 

Ac 3,5-(NO,),C,H, 1-92 3-44 3-46 65-0° 15-7 

Et-CO - 1-95 3°52 3-55 60-0 22-2 

Ac p-NO, "C,H, 2-01 3-84 3-84 55-8 141 
Bz 2,4-(NO,).C,H; ? 3-58 3-70 8 13 

-NO,C,H, J 1-94 3-43 3-40 50-0 10-2 
o-NO,"C,H, e t 3-05 3-11 8 14 
t 3-14 3-14 8 14 
p-C,H;Me -NO,C,H, 2-13 3-27 3-37 50-2 39 
o-C,H,Me t 3-28 3-30 20-0 19 


” 1 
* Concn. ~0-25m. f Greater than 2 and increasing rapidly. 


when the freezing-points had become constant, vary from 3-1 to 3-8. By plotting the 
logarithm of (i. — 7) against time, straight lines are obtained from the slopes of which 
values of the first-order rate constants can be found (col. 6). The values of 7.., chosen to 
give the best straight lines, correspond well with the experimentally determined final 
i-factors (cf. cols. 3 and 4). The results of the cryoscopic titrations are given in Table 2. 
From them it appears that the first six amides in Table 2 have been hydrolysed, and the 
next four sulphonated. Later it will be shown that these conclusions require modification ; 
and that the last amide in Table 2, phthalamic acid, is a special case. Cryoscopic results 


TABLE 2. 1-Factors for water added to the reacted solutions. 


Amide R:CO-NHR’ Molality of amide Molality i-Factor 
R R’ before reaction of water (for water) 
Ac 3,5-(NO,).C,H, 0-146 0-062 0-10 
0-123 0-32 
Et-CO eS 0-131 0-105 0-40 
Ac p-NO,°C,H, 0-140 0-062 0-14 
0-092 0-18 
0-123 0-25 
Bz 2,4-(NO,),C,H, 0-139 0-062 0-14 
p-NO,°C,H, * 0-134 0-062 0-02 
o-NO,"C,H, 0-129 0-123 0-34 
Ac Ph 0-166 0-062 1-73 
Ac p-C,H,Cl 0-163 0-062 2-04 
p-C,H,Me p-NO,°C,H, 0-148 0-123 1-49 
o-C,H,Me pi 0-151 0-062 1-36 
Phthalamic acid 0-149 0-062 1-95 


TABLE 3. Further cryoscopic results. 


Amide * Initial i-factor Change of i-factor 

TEI: stinaicimcncentosipesscincoseescense 1-90 2-11 after 21 hr. at 90° 
PURI isc ctoiscvcrecsesvescccsceiscsess 1-99 2-23 after 154 hr. at 90° 
N-Chloroacetyl-3,5-dinitroaniline ......... 1-92 2-26 after 154 hr. at 90° 
PEIN, | cn isiccnnsssvessipieostncssots 3-74 3-70 after 13 min. at 70° 
BE athe ssingccpicbesicenindespecants t 3-88 after 2} hr. at 25° 
$-Chioroacetanillide ...............c0..cceseeee 1-99 3-32 after 154 hr. at 90° 
IND sts si cern ccsstevecncecsssbvseses 1-92 4-59 after 17 hr. at 90° 
DCRCICRD . o.cceseccccescessssesoscessees 1-98 2-11 after 20 hr. at 90° 
CS BS eae 1-87 1-87 after 15 min. at 60° 
2,4-Dinitroaniline .................. Daduehas 1-94 No change at room temp. 
G-TUTOUOMEGES GORE 2.5..500050ccceccccsccconss 1-72 No change at room temp. 


* Concn. ~0-25m. { Greater than 2 and increasing rapidly. 


from which rate constants cannot be calculated, whether through the slowness or the 
complexity of the reaction or through an insufficiency of experimental observations, are 
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contained in Table 3. The last four results suggest that, as might be expected, in sulphuric 
acid the hydrolysis products are more stable than the amides themselves. 

Hydrolysis without sulphonation, and sulphonation without hydrolysis, have so far 
been considered, but various combinations of the two may occur as consecutive or 
simultaneous reactions. The ways in which these would affect the freezing-point changes 
both during the reactions and on subsequent additions of water are easily predicted, and 
only one of them will be considered here, since this alone can seriously affect the validity 
of the conclusions so far reached. If sulphonation and hydrolysis were to occur side by 
side, the measured rate constant would be the sum of those for sulphonation and hydrolysis, 
and the final i-factor would be lower than if either reaction occurred alone, reaching a theoret- 
ical minimum of 3, according to equation (4), when both reactions have the same rate: 


R’*C(OH*)*NHPh + HSO,~ ++ H,SO, —> 
$RCOH,* ++ $Ph*NHg* ++ $R’“C(OH*)*NH°CyHySO3H + IFHSO,- . . (4) 


It is thought that of the six amides which have been shown to be hydrolysed, one, 2,4-di- 
nitro-N-o-nitrobenzoylaniline, is probably sulphonated in a side reaction to a small extent; 
and that of the amides shown to sulphonate, two, p-nitro-N-o- and -f-toluoylaniline, are 
also hydrolysed to an appreciable extent. This is suggested by the final 7-factors for these 
three amides which have the lowest values in Table 1, and by other evidence in Part II4 

To confirm the interpretations of the cryoscopic results, the products of the reactions 
were examined qualitatively. Hydrolysis products were identified in those cases where 
the cryoscopic results indicated hydrolysis, but not for acetanilide and p-chloroacetanilide 
where sulphonation was indicated. The products from the toluanilides were not examined, 
Phthalimide was shown to be produced by the reaction of phthalamic acid in sulphuric 
acid. This, and the i-factor of nearly 4, is well explained by the equation: 


0-HO,C*CgHy*CO*NH, + 2H,SO, —t 0-CyH,(CO),NH,* + H,Ot + 2HSO,- 


The results in Table 1 reveal constitutional effects on the rate of hydrolysis. These 
are discussed in Part II, together with results obtained in other acid solvents. 


EXPERIMENTAL 


Materials.—Commercial samples of acetamide, propionamide, isobutyramide, and acetanilide 
were recrystallised from water, and p-chloroacetanilide from ethanol. -Nitroacetanilide was 
purified by precipitation from 80% sulphuric acid with ice, washing with water, and recrystal- 
lisation from ethanol. The following compounds were prepared and purified by the methods 
given in the references: N-acetyl-3,5-dinitroaniline; 14 N-benzoyl-2,4-dinitroaniline; 12 N-p- 
nitrobenzoyl-2,4-dinitroaniline; #2 phthalamic acid;1* N-p-nitrobenzoyl-2,4-dinitroaniline.™ 
p-Nitro-N-p-toluoylaniline was prepared by treating o-toluoyl chloride with p-nitroaniline at 
230°, and recrystallising the product from ethanol; the p-toluoyl analogue was prepared 
similarly. All these compounds melted sharply close to the recorded m. p.s. 3,5-Dinitro-N- 
propionylaniline was prepared by heating 3,5-dinitrobenzazide ™ (3 g.) with propionic anhydride 
(9 ml.) and concentrated sulphuric acid (2 drops) at 100°. When no more gas appeared to be 
evolved the mixture was cooled and poured into water. The solid obtained was recrystallised 
from ethanol: it had m. p. 157° (Found: C, 44-9; H, 3-7; N, 17-4. C,H,O;N, requires C, 45-2; 
H, 3-8; N,17-6%). N-Chloroacetyl-3,5-dinitroaniline was prepared in a similar way, by using 
chloroacetic anhydride (12 g.) in place of propionic anhydride; it had m. p. 138° (Found: 
C, 37:0; H, 2-7; N, 15-6. C,H,O,;N,Cl requires C, 37-0; H, 2-3; N, 16-2%). 

Cryoscopic Measurements.—The measurements of i-factors and of rate constants were 
carried out as in previous work.” The rate constants were determined graphically; a typical 


11 Blanksma and Verberg, Rec. Trav. chim., 1934, 58, 988. 
12 Kym, Ber., 1899, 32, 2178. 

13 Aschan, Ber., 1886, 19, 1402. 

14 Van Horsen, Rec. Trav. chim., 1936, 55, 249. 

18 Davies and Perkin, J., 1922, 2207. 
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set of results is given below, the rate constant being calculated for each point from 17% to 90% 


2-303 lo — 
hydrolysis by the formula: k = we log ek The results are for the hydrolysis of 


too — Ut 
N-acetyl-3,5-dinitroaniline at 65-0°. The value of i was taken as 3-46, and, determined 
graphically, k = 15:7 X 10% min... 


Time (min.) ............... 0 10 25 40 575 1455 816 
i RR 1-92 2-18 2-43 2-63 2-86 3-30 3-44 
10% (min.-!) ...........000. om 18-7 16-1 15-5 16-4 15-6 ~ 


Oleum was adjusted to 100% sulphuric acid, with its freezing point as the criterion, by 
adding water from an “‘ Agla”’ micro-syringe fitted with a long L-shaped glass needle. The 
advantages of this technique are that small amounts of water can be added accurately, and 
beneath the surface of the acid so that no water is vaporised. The cryoscopic titrations were 
conveniently performed in this way. 

Product Analyses.—After the final freezing-point measurements the solutions were poured 
on ice, and the mixture was examined for the products of hydrolysis. As an example, N-p- 
nitrobenzoyl-2,4-dinitroaniline, on reaction in sulphuric acid and dilution, gave a yellow 
precipitate which was separated, washed, and treated with dilute aqueous alkali. The solid 
residue was shown by mixed m. p. to be 2,4-dinitroaniline. The alkaline solution on acidification 
gave a precipitate which was similarly shown to be p-nitrobenzoic acid. 


THE UNIVERSITY, SHEFFIELD, 10. [Received, July 31st, 1959.} 





114. Pristimerin. Part III.1 A Modified Structure for the 
Chromophore. 


By P. K. Grant, A. W. Jounson, P. F. Jusy, and T. J. Kine. 


The structure suggested earlier * for the chromophore of pristimerin has 
been re-examined. The “ inert carbonyl” group is now shown to be con- 
tained in an ester group which is not conjugated with the main chromophore. 
A consequence of this change is that in the previous structure (I), the bottom 
ring, which was postulated to account for the existence of different naphthal- 
enoid acid rearrangement products of pristimerin, is no longer necessary. 
The preferred partial formula (II) for pristimerin is related to certain tri- 
terpene structures. 


In previous papers }»? we described some reactions of the wood pigment pristimerin and 
advanced a tentative partial structure (I; R= Me or OMe). Further experimental 
results have led us to modify the proposed structure (I) in several important respects, and 
the preferred partial structure is now (II) in which the bottom ring of (I) has been deleted— 
the “‘ inert carbonyl’ and the methoxyl group of (I) are combined in a methoxycarbonyl 
group elsewhere in the molecule. 

The bottom ring in structure (I) was postulated to explain the existence of two 
naphthalenoid acid rearrangement products one of which was believed to be conjugated 
with the “‘ inert carbonyl” group. It now seems that neither of the naphthalene deriv- 
atives has its chromophore conjugated with the ester function and it is obvious that 
structure (II) affords enough scope for Wagner-type rearrangements to account for the 
formation of different naphthalenes. The phenanthrene-type skeleton is suggested on the 
basis of the Japanese claim * to have obtained a picene derivative from pristimerin after 
fusion with zinc dust and by analogy with the structure of other well-known natural 
products. 

The possibility that a methoxycarbonyl group was present in pristimerin has been 

1 Part II, Grant and Johnson, /., 1957, 4669. 


2 Grant and Johnson, J., 1957, 4079. 
3 Nakanishi, Kakisawa, and Hirata, J. Amer. Chem. Soc., 1955, 77, 3169. 
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considered by other groups of workers but has been discarded partly on the grounds that 
celastrol (>C=O band at 1709 cm. in carbon tetrachloride solution), although converted 
by diazomethane into pristimerin (>C=O band at 1738 cm." in carbon tetrachloride), was 
considered not to be a carboxylic acid. More recently Indian workers ® claim to have 
proved the absence of an ester group in pristimerin by a study of the reduction with lithium 
aluminium hydride, but their experimental results do not accord with our own. Dr. R.S, 
Cooke, of the University of Melbourne, whom we thank for helpful correspondence, has also 


7 
soy | oy naea | 


(Me) MeO,C 
(1) (11) (III) (IV) 





concluded ® that the evidence against the presence of a methoxycarbonyl group is not 
conclusive and has suggested (III) as a possible structure for pristimerin. 

The evidence which we have obtained for the presence of the ester group is the results of 
the reduction of two derivatives of pristimerin with lithium aluminium hydride and of the 
hydrolysis of one of them. The derivatives were the benzenoid compound pristimerol 
dimethyl ether (partial structure IV; R = Me) and the dimethoxynaphthalene derivative 
(previously undescribed) obtained by hydrolysis and methylation (OAc —» OH —» 
OMe) of the Thiele acetylation product.? In both cases the reduction product had lost one 
methoxyl (Zeisel) and a carbonyl group (infrared absorption) but contained a new hydroxyl 
group. These results are explained by the reduction of -CO,Me to -CH,°OH. Alkaline 
hydrolysis of the naphthalenoid dimethyl ether (>C=O band at 1736 cm.* in carbon tetra- 
chloride), already referred to, gave a carboxylic acid (>C=O band at 1701 cm." in carbon 
tetrachloride) which could be isolated as the sparingly soluble potassium salt and with 
diazomethane regenerated starting material. 

However we differ from Cooke and Thomson * in that we do not believe that the ester 
group is attached to the chromophore. The ultraviolet absorption spectrum of pristimerol 
(IV; R = H) is typical of a catechol and not of a substituted salicylic ester; moreover a 
hitherto unreported oxidation product of pristimerin, in which six carbon atoms have been 
lost with destruction of the chromophore, still contains the methoxyl group (see below). 
Finally the ultraviolet absorption of the dimethoxynaphthalene from pristimerin is un- 
changed after reduction by lithium aluminium hydride, showing that the carbonyl group 
cannot be conjugated with the naphthalene nucleus and hence the ester group cannot be 
attached to ring A or B of pristimerin. Dr. Cooke (personal communication) now concedes 
this point. The position of the ester-carbonyl band in the infrared spectra of solutions of 
pristimerin and many of its derivatives in solution is at ca. 1725 cm.. This frequency 
would normally suggest the presence of an «$-unsaturated ester and indeed such a grouping 
has not been entirely ruled out, but our present interpretation is that the ester is in a fully 
substituted position as in certain other triterpene esters (e.g., methyl arjunolate; 7 >C=0 
ester band at 1724 cm.) which show low-frequency carbonyl absorption. 

Acid-rearrangement Products of Pristimerin.—One of the most characteristic properties 
of the pristimerin molecule is the ease with which it undergoes rearrangement under acid 


- es J. Amer. Pharm. Assoc., (a) 1939, 28, 440; (b) 1940, 29, 12; (c) ibid., p. 432; (d) 1942, 
, 529. 

5 Seshadri, Mhaskar, Kulkarni, and Shah, J. Sci. Ind. Res., India, 1958 17, B. 111. 

* Cooke and Thomson, Rev. Pure Appl. Chem., 1958, 8, 85. 

7 King, King, and Ross, J., 1954, 3995. 
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conditions to aromatic derivatives with loss of the chromophoric group, and several 
crystalline products, including two naphthalene derivatives, from acid-rearrangements 
under different conditions were described in Part I.2 A direct comparison of the 
dihydroxynaphthalene obtained by acid-rearrangement with the dihydroxynaphthalene 
obtained by hydrolysis of the Thiele acetylation product has now confirmed that they are 
different compounds although, as the ultraviolet absorption of the corresponding diacetates 
are virtually superimposable, it may be assumed that the two products are closely related. 
The main difference between these two dihydroxynaphthalenes is the unusually low infra- 
red frequency (1691 cm. in chloroform; 1703 cm.* in carbon tetrachloride) of the ester- 
carbonyl group in the acid-rearrangement product. This has been ascribed to intra- 
molecular hydrogen bonding with one of the hydroxyl groups and on this basis the 
o-hydroxy-groups in this product and consequently in pristimerin itself were believed to 
be in the 1,2- rather than 2,3-position. Further examination of the properties of these 
dihydroxynaphthalenes has now caused us to favour the 2,3-disposition of the hydroxyl 
groups. Thus the relative stability towards aerial oxidation and the failure of the Thiele 
hydrolysis product to give a quinone after treatment with silver oxide are more in keeping 
with the properties of 2,3-dihydroxynaphthalenes. Further, the Gibbs test on each of the 
diols was negative, from which it may be surmised that a 1,2-dihydroxynaphthalene 
structure was substituted in position 4; on the other hand, the coupling test with diazotised 
sulphanilic acid was positive and this would not normally occur in the 3-position in a 
1,2-dihydroxynaphthalene. If there is any biogenetic relation between pristimerin and 
the triterpenes, then an oxygen atom at the 3-position in the naphthalene nucleus might be 
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1 Movement of bond a. * Movement of bond b. * Movement of bondc. Movement of bond d. 
5 Movement of bond e. 


expected. The precise position of the ester group in the nucleus has not yet been 
determined and until this is known, a discussion of the cause of the lowered frequency of 
the ester-carbonyl group in the naphthalenoid acid-rearrangement product is deferred. 
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Another acid-rearrangement product has now been isolated after the action of 
methanolic sulphuric acid on pristimerin, and from spectroscopic data it appears to be a 
dihydroxystyrene derivative. The new diol, after purification, was obtained in about 
50% yield and under Thiele acetylation conditions it failed to give the pristimerin Thiele 
acetylation product. However, the amorphous product from the crystallisation mother- 
liquors of the diol gave some of the same Thiele acetylation product as does pristimerin. 

Of the various possible modes of acid-rearrangement of pristimerin the more obvious 
are set out below. Several possibilities exist for the position of the non-conjugated double 
bond in the dihydroxystyrene (V) and that illustrated is merely intended to be represent- 
ative. Several naphthalenediol structures (VI, VII, VIII, [X) are shown and it is not 
possible to say, at present, which corresponds to the hydrolysis product from the Thiele 
acetylation product and which to the acid-rearrangement product. 

Oxidation of Pristimerin.—On the basis of partial structure (II) for pristimerin and 
(IV; R =H) for pristimerol, the permanganate oxidation * of pristimerol dimethyl ether 
is no longer interpreted as involving a ring opening but, instead, as the oxidation, to a 
carbonyl group, of the methylene group adjacent to the aromatic ring, as in (X). The 
absorption of compound (X) at 249 and 301 my agrees well with that reported for 10- 
dehydro-9-oxoferruginol § (XI), and we are grateful to Dr. Cooke for drawing our attention 
to this fact. 

Oxidation of pristimerin itself in acetone solution with permanganate has given a colour- 
less crystalline product, C,,H,,0;, 7.e., six carbon atoms have been lost. This is soluble in 
aqueous sodium hydroxide solution but insoluble in aqueous sodium hydrogen carbonate 
and the ester group is retained. The infrared spectrum of the oxidation product (in 
Nujol) showed strong bands in the carbonyl region at 1802, 1754, and 1733 cm.* and the 
ultraviolet absorption spectrum showed a single peak at 228 my (log ¢ 3-85). The substance 
was stable to further oxidation, being recovered largely unchanged from further treatment 
with neutral permanganate or even boiling nitric acid. However the oxidation product 
was hydrolysed by hot 10% aqueous sodium hydroxide (and by hot alkaline permanganate 
in another attempted oxidation) to give a related compound, C,,H,,0; which did not 
contain a methoxyl group but with diazomethane regenerated the original oxidation 


OO heown 


Eh 
MeO 
MeO ee 


(Me) oO 
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product. Thus it appears that the methoxycarbonyl group of pristimerin is retained in 
the oxidation product which is formulated tentatively as an ester anhydride (partial 
formula XII; R = Me), and the hydrolysis product as the corresponding acid-anhydride 
(XII; R=H). Further examination of these anhydrides is in progress. 


EXPERIMENTAL 


Pristimerol Monomethyl Ether.—The crude methylation product of pristimerol (from 250 mg. 
of pristimerin) was dissolved in ether, chromatographed on alumina (Spence type H), and eluted 
with ether. The eluate was collected in fractions (10 c.c.), the first containing pristimerol 
dimethyl ether, m. p. 214—215°,? and the second after removal of the solvent giving a colourless 
gum (25 mg.) which crystallised on trituration with methanol. After two crystallisations from 
methanol, the pristimerol monomethyl ether formed colourless plates, m. p. 195—197° (lit., 
m. p. 194—195°) (Found: C, 77-2; H, 9-3. Calc. for C,,H,,O,: C, 77-45; H, 9-25%), Amax 


8 Bredenberg, Acta Chem. Scand., 1957, 11, 932. 
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983—284 my (log ¢ 3-45), Amin, 253 my (log ¢ 2°49), Vmax. (KBr disc) 3439, 3046, 2947, 2913, 2872, 
2809, 1720, 1660, 1622, 1499, 1469, 1380, 1320, 1297, 1259, 1243, 1209, 1158, 1121, 1099, 1022, 
999, 954, 945, 883, 855, $42, 809, and 683 cm."1. 

Reduction of Pristimerol Dimethyl Ether by Lithium Aluminium Hydride.—Pristimerol di- 
methyl ether (70 mg.) in ether (30 c.c.) was added to a suspension of excess of lithium aluminium 
hydride in ether (30 c.c.). The suspension was kept, with occasional shaking, for 40 min. The 
excess of hydride was decomposed with water, and the solution treated with dilute sulphuric 
acid. The ether layer was separated, washed with aqueous sodium hydrogen carbonate, and 
dried, and the solvent removed. The colourless crystalline residue (45 mg.) was repeatedly 
crystallised from aqueous ethanol; it formed colourless needles, m. p. 105—115°, of the 
reduction product [Found: (i) on a sample dried at 95°: C, 77-2; H, 10-1; OMe, 13-2; loss at 
120°, 3°85. C3,H,,0;,H,O requires C, 76-8; H, 10-0; 20Me, 13-3; H,O, 3-7. (ii) On a sample 
dried to constant weight at 120°: C, 80-0, 79-8; H, 10-7, 10-6. C,,H,,O, requires C, 79-8; H, 
9-95%], Amax. (anhydrous sample) 280—281 my (log € 3°33), Amin, 250—251 my (log e 2-76), 
Vmax. (KBr) 3439 cm. (OH) but no carbonyl band. 

Rearrangement of Pristimerin with Dilute Sulphuric Acid.—2n-Sulphuric acid (6 drops) was 
added to a solution of pristimerin (100 mg.) in methanol (15 c.c.). The dark red solution was 
heated under reflux for 20 min. The colour changed to orange-yellow. Sufficient warm water 
was added to the boiling solution to produce a slight turbidity and, after cooling, a pale yellow 
product (41 mg.) crystallised. Repeated crystallisation from aqueous methanol (charcoal) 
or light petroleum (b. p. 60—80°) gave very pale yellow needles of the rearrangement product, 
m. p. 236—238° (Found: C, 77-4; H, 8-7; OMe, 8-65. CH  O, requires C, 77-55; H, 8-7; 
10Me, 6:7%). Amax, 309 and 256 my (log ¢ 3-74 and 4-58), Ajnq, 250 my (log € 4-57), Amin, 277 and 
217 my. (log ¢ 3-48 and 3-89), Vmax, (in CHCl,) 3559, 3276, 2942, 2859, 1727, 1608, 1581, 1388, 
1301, 1111, 1095, and 1007 cm.*. 

The dimethyl ether was prepared by heating a solution of dimethyl sulphate (1-3 c.c.) and 
the acid-rearrangement product (61 mg.) in acetone (16 c.c.) under reflux in the presence of 
anhydrous potassium carbonate (1 g.) for 54 hr. The mixture was diluted with water, most of 
the acetone removed under reduced pressure, and the resulting yellow gelatinous precipitate 
separated. The ethereal solution of the product was chromatographed on alumina (Spence, 
activated type ‘“‘H’’); removal of the solvent from the eluate gave a colourless gum (41 mg.) 
which crystallised on contact with methanol. Repeated crystallisation from methanol gave 
colourless flat rods of the methylation product, m. p. 197—198° (Found: C, 77-9; H, 9-2; OMe, 
17:8. C3.H,,O, requires C, 78-0; H, 9-0; 30Me, 18-9%), Amax, 299, 255, and 248 my (log e 3-82, 
4-61, and 4-60 respectively), Amin, 270, 251—252, and 215 my (log ¢ 3-53, 4-59, and 3-96 respec- 
tively), Vmax. (in CHCl,) 3009, 2948, 2871, 1731, 1596, 1569, 1482, 1471, 1459, 1440, 1382, 1337, 
1325, 1259, 1169, 1161, 1112, 1095, 1079, 1062, 1007, 965, 935, 856, and 821 cm... On another 
occasion a methylation product, m. p. 161—162°, was obtained which resolidified above the 
m. p. and remelted at 196—197°. This product had the same analysis and spectra as the 
former compound and was probably a dimorphic form. 

The diacetyl derivative of the acid rearrangement product (60 mg.) was prepared by keeping 
a solution in acetic anhydride (2 c.c.) containing pyridine (1-5 c.c.) overnight. The product was 
isolated in the usual way and, if chromatographed on alumina as before, gave the acetyl 
derivative which crystallised from aqueous methanol as colourless needles, m. p. 207—208° 
(Found: C, 74:7; H, 7-85; OMe, 6-2. C,,H,,O, requires C, 74-4; H, 8-1; 1OMe, 5-65%), Amax. 
288 and 248 my (log ¢ 3-76 and 4-55), Amin, 270 and 214 my (log ¢ 3-61 and 3-94), vax. (in CHCI,) 
2947, 1768, 1725, 1647, 1599, 1467, 1377, 1314, 1112, 1096, and 903 cm.1. 

Acetylation of the Naphthalenoid Acid-rearrangement Product of Pristimerin.—A solution of 
the naphthalenoid acid-rearrangement product 2 (30 mg.) in acetic anhydride (0-75 c.c.) contain- 
ing pyridine (0-5 c.c.) was kept at room temperature for 23 hr. The product was isolated in 
the usual way and crystallised repeatedly from methanol, forming colourless needles, m. p. 173— 
174° (Found: C, 74-5; H, 8-1; OMe, 6-65. C,,H,,O, requires C, 74:4; H, 8-1; 1OMe, 5-65%), 
Amax, 324, 288, and 233 my (log e 2-94, 3-87, and 4-91 respectively), Aing, 280-—281 my (log ¢ 3-81) 
Amin, 821 and 254 my (log e 2-81 and 3-37), vmax (in CHCl,) 3070, 2944, 2867, 1772, 1722, 1638, 
1609, 1513, 1469, 1439, 1416, 1373, 1250, 1202, 1178, 1115, 1095, 1065, 1037, 1016, 899, and 
819 cm.71. 

Deacetylation of the Thiele Acetylation Pyoduct of Pristimerin.—A solution of the Thiele acetyl- 
ation product * (110 mg.) in methanol (17 c.c.) was heated under reflux with 20% hydrochloric 
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acid (4 c.c.) for 8 hr. The solution was diluted with water, and most of the methanol 
removed by distillation. The product which separated as a cream-coloured resin was removed, 
dissolved in ether, washed with aqueous sodium hydrogen carbonate, and dried. After removal 
of the solvent the residue, crystallised repeatedly from aqueous methanol, gave the deacety]- 
ation product as long colourless needles, m. p. 70—75° (Found: C, 77-3; H, 8-65; OMe, 8-9, 
CypH yO, requires C, 77-55; H, 8-7; 1LOMe, 6-7%), Amax, 333, 317, 295, and 239 muy (log ¢ 3-44, 
3-42, 3-83, and 4-75) with inflections at 306 and 285 my (log ¢ 3-74 and 3-76), Amin, at 324, 316, 
and 261 my (log ¢ 3-22, 3-41, and 3-33), Vmax. (in CHCI,) 3518, 3280, 2958, 2875, 1723, 1639, 1529, 
1467, 1443, 1407, 1351, 1318, 1280, 1172, 1129, 1086, 1025, 957, and 850 cm.*. 

The methylation product of the diol (55 mg.) was obtained by heating a solution in acetone 
(15 c.c.) and dimethyl sulphate (1 c.c.) in the presence of anhydrous potassium carbonate (0-8 g.) 
for 54 hr. The mixture was diluted with water, most of the acetone removed under reduced 
pressure, and the resulting yellowish gum separated, dissolved in ether, and chromatographed 
on alumina. Removal of the solvent from the eluate gave a product which after repeated 
crystallisation from methanol gave colourless needles, m. p. 92-5—93-5° (Found: C, 77-7; H, 
9-0; OMe, 19-9. C,,H,,O, requires C, 78-0; H, 9-0; 30Me, 18-9%), Amax. 328, 291, and 239 my 
(log ¢ 3-24, 3-85, and 4-85) with inflections at 315, 300, and 281 muy (log ¢ 3-23, 3-74, and 3-80), 
Amin, At 320 and 255 my (log e 3-07 and 3-34), vax, (in CCl,) 3075, 2955, 2874, 1736, 1618, 1568, 
1511, 1483, 1467, 1415, 1314, 1265, 1218, 1188, 1174, 1159, 1114, 1086, 1064, and 1017 cm.*1. 

Reactions of the Naphthalenoid Dimethyl Ether Derived from the Thiele Acetylation Product.— 
(i) Reduction by lithium aluminium hydride. A solution of the dimethyl ether (90 mg.) from the 
foregoing experiment was added to a suspension of excess of lithium aluminium hydride in ether 
(25 c.c.), and the suspension was kept at room temperature, with occasional stirring, for 35 min, 
The excess of reagent was decomposed with water, the solution treated with 10% sulphuric acid, 
and the ethereal layer separated, washed with sodium hydrogen carbonate, and dried. Removal 
of the solvent gave a colourless gum which solidified on trituration with light petroleum (b. p. 
60—80°) and was crystallised repeatedly from light petroleum; the reduction product formed 
colourless needles, m. p. 55—56° (Found: C, 80-4; H, 9-7; OMe, 11-3. C;,H,,O, requires C, 
80-15; H, 9-55; 20Me, 13-3%), Amax. 329, 291, and 239 my (log ¢« 3-19, 3-78, and 4-84) with 
inflections at 315 and 282 mu (log ¢ 3-17 and 3-73), Amin, at 320 and 254 muy (log ¢ 2-99 and 3-29), 
Vmax, (KBr) 3428, 2932, 2858, 1618, 1578, 1490, 1466, 1411, 1384, 1366, 1322, 1257, 1210, 1184, 
1110, 1081, 1036, 1010, 990, 971, 949, 911, 833, 806, and 780 cm.*}. 

(ii) Alkaline hydrolysis. A solution of the dimethyl ether (100 mg.) in 10% methanolic 
potassium hydroxide (5 c.c.) was heated under reflux for 10 hr. The potassium salt of the 
product was precipitated with water and was separated, washed with a small volume of water, 
and dried. The infrared spectrum showed max. at 2900, 1625, 1560, 1475, 1412, 1390, 1255, 
1212, 1110, 1084, 1018, 830, and 810 cm."}. 

In another experiment the cold hydrolysis product was diluted and then acidified with con- 
centrated hydrochloric acid, and the precipitate (75 mg.) separated and crystallised from light 
petroleum (b. p. 60—80°); this product formed colourless needles, m. p. 115—126° (Found: C, 
77-9; H, 8-8; OMe, 12-6. C,,H,.O, requires C, 77-8; H, 8-8; 20Me, 12-9%), Amax. 329, 291, and 
239 muy (log ¢ 3-21, 3-85, and 4-85) with an inflection at 281 my (log ¢ 3-81), Amin, 321 and 256 mu 
(log ¢ 3-10 and 3-34), vmax, (CCly) 2950, 2870, 2720, 2625, 1750, 1701, 1610, 1606, 1510, 1482, 1468, 
1456, 1414, 1388, 1373, 1335, 1318, 1291, 1263, 1218, 1184, 1177, 1144, 1112, 1085, 1016, 975, 
953, and 900 cm."}. 

The acid was methylated by reaction with an excess of ethereal diazomethane. After 
removal of excess of reagent and the solvent, the residue was repeatedly crystallised from 
methanol, to give colourless needles, m. p. 92-5—93-5°, alone and mixed with the Thiele methyl- 
ation product. 

Peyrmanganate Oxidation of Pristimerin.—A solution of pristimerin (0-97 g.) in acetone (150 c.c.) 
was shaken vigorously while finely powdered potassium permanganate (3-8 g.) was added at 
intervals until a pink colour persisted (48 hr.). The manganese dioxide sludge was separated, 
washed free from potassium permanganate with acetone, and exhaustively extracted with hot 
water (12 x 50 c.c.) until no precipitate was obtained after acidification of the filtrate. The 
combined aqueous filtrates were acidified and extracted with ether (6 x 80 c.c.), and the com- 
bined ethereal extracts were shaken with saturated aqueous sodium hydrogen carbonate 
(4 x 70 c.c.). The neutral fraction (260 mg.) was thus separated from the acidic fraction 
(520 mg.) which was obtained from the sodium hydrogen carbonate extracts by acidification and 
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extraction into ether. An ethereal solution of the acidic fraction was kept overnight, then 
re-extracted with aqueous sodium hydrogen carbonate; it thus yielded a further quantity 
(130 mg.) of the neutral material. Trituration of the combined neutral fractions with ether 
precipitated crystals which, after decolorisation with charcoal and repeated crystallisation from 
ether and then ether-light petroleum (b. p. 40—60°), gave colourless needles (220 mg.) of 
anhydride A, m. p. 220—221°, and a further quantity (30 mg.) of the same product was obtained 
by chromatography on alumina of the residue from the crystallisation mother-liquors [Found: 
C, 71-6, 71-5, 71-5; H, 8-35, 8-7, 8-2; OMe, 9-2%; M (X-ray), 391. C,,H,,0; requires C, 71-6; 
H, 8-5; 1OMe, 7-7%; M, 402}. Light absorption: (i) max. at 228 my (log ¢ 3-85); (ii) aftera 
solution of the anhydride in ethanol—0-1n-sodium hydroxide (1:1) had been kept overnight, 
only end absorption was observed. Infrared absorption max. (Nujol): 1802, 1754, 1733, 1307, 
1280, 1253, 1220, 1203, 1156, 1138, 1100, 1088, 1064, 1056, 1037, 1025, 1002, 984, 959, 949, 907, 
964, 844, 835, 784, 768, and 719 cm.*. 

Alkaline Hydrolysis of Anhydride A: Anhydride B.—(i) Anhydride A (60 mg.) dissolved in 
10% aqueous sodium hydroxide (17 c.c.) when heated under reflux for 1 hr. The cool solution 
was acidified and extracted with ether; next morning the ethereal extract was washed with 
aqueous sodium hydrogen carbonate, dried, and evaporated. The neutral fraction (anhydride B) 
(25 mg.) crystallised from light petroleum (b. p. 40—60°) as colourless needles, m. p. 259—262° 
(Found: C, 70-8, 70-9; H, 7-95, 8-1. C,3H 3,0, requires C, 71-1; H, 8-3%), Amax, 227—229 mp 
(log ¢ 4:00). After being kept overnight a solution of anhydride B in ethanol—-0-1N-aqueous 
sodium hydroxide (1: 1) showed only end-absorption. Infrared absorption max. (Nujol) were 
at 3300, 1800, 1737, 1723, 1615, 1308, 1288, 1140, 1098, 1085, 1057, 1018, 1003, 964, 944, 878, 
860, and 777 cm.1. 

(ii) A solution of anhydride A (64 mg.) in benzene (15 c.c.) was shaken with 10% aqueous 
sodium hydroxide (20 c.c.) for 48 hr. while a slight excess of finely powdered potassium perman- 
ganate was added at intervals. The benzene layer was removed and the manganese dioxide 
sludge separated and extracted with hot water. The alkaline solution and the aqueous filtrates 
were combined and acidified and the precipitate was dissolved in ether. The ethereal solution 
was shaken with saturated aqueous sodium hydrogen carbonate, and the acidic fraction (53 mg.) 
and the neutral fraction (15 mg.) were isolated in the usual manner. Keeping a solution of the 
acid fraction overnight and then re-extracting it with aqueous sodium hydrogen carbonate 
yielded a further quantity (25 mg.) of the neutral material, which crystallised from ether, and 
then ether-light petroleum (b. p. 60—80°), in colourless crystals of anhydride B, m. p. and mixed 
m. p. with the neutral product from the alkaline hydrolysis of anhydride A, 263°. 

Methylation of Anhydride B.—Excess of ethereal diazomethane was added to anhydride B 
(20 mg.) in ether (2 c.c.), and the solution was kept overnight. After removal of the excess of 
reagent and the ether, the residue was repeatedly crystallised from light petroleum (b. p. 40— 
60°), giving colourless needles of anhydride A, m. p. 219—220° alone and mixed with the oxid- 
ation product from pristimerin. 
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115. Studies on the Metabolism of the Protozoa. Part VIII.* The 
Molecular Structure of a Starch-type Polysaccharide from Chilomonas 
paramecium. 


By A. R. ARcHIBALD, E. L. Hirst, D. J. MANNERS, and J. F. Ry.ey. 


Chilomonas paramecium when grown in an acetate-containing medium 
synthesizes a starch-type polysaccharide. This contains ca. 45% of an 
essentially linear amylose, which has a lower degree of polymerization and 
lower iodine-binding power than potato amylose. The amylopectin com- 
ponent has an average chain length of 22 glucose residues, and is similar 
in many properties to a typical plant amylopectin. 


ALTHOUGH the formation of starch is normally considered to be characteristic of the higher 
terrestrial plants, the presence of water-insoluble iodophilic granules has been noted in 
many other organisms. These include bacteria, e.g., Streptococcus pyogenes } and Coryne- 
bacterium diphtheriae,* flagellated protozoa, e.g., Polytomella coeca,3 and fresh-water alge, 
e.g., Dunaliella bioculata* We now describe a chemical and enzymic investigation of the 
starch-type polysaccharide synthesized by the flagellate Chilomonas paramecium (class, 
Cryptophyceae; order, Cryptomonadina). 

Chilomonas paramecium is a free-living, motile organism (length 18—30 yp, breadth 
9—12 p, with two anterior flagellz 10 » in length); when it is grown ona synthetic medium, 
starch is slowly synthesized (rate 22 yg. per 10® cells per hr. at 25°).5 Hutchens and his 
co-workers 5 showed that hot water extracted material giving a deep blue stain with 
iodine (Amax. 625 my), whilst a suspension of the insoluble residue gave a reddish-purple 
colour. These appear to be amylose and amylopectin-type polysaccharides respectively. 
Extraction of the cells with 0-5N-sodium hydroxide at 100° destroyed the cell structure; 
the resulting solution gave a purple-blue colour with iodine (Amax. 550 my). No fraction- 
ation of the starch was attempted. 

A pure culture of the flagellate was grown on an acetate-containing medium (120 1), 
and starch (yield, 2-3 g.) was extracted from the harvested cells by the chloral hydrate 
method.® The starch, originally present as iodophilic polygonal granules (diameter 
2—5 u), was obtained as a white amorphous powder, insoluble in water, but soluble in 
dilute sodium hydroxide solution ({a], +157° in N-NaOH). A dilute neutralized solution 
gave a blue stain with iodine [blue value 7 (B.V.) 0-54; Amax, 590 my]. An acid hydrolysate 
contained glucose as the sole carbohydrate (paper chromatography and treatment with 
glucose oxidase) and failed to react with an acid-resorcinol ® (ketose) reagent. By cupri- 
metric titration, the glucose content was 78%; the starch sample also contained 
inorganic material (10%) and protein (6%) which in view of the conditions of growth of 
the organism, and extraction of the polysaccharide, were considered to have no structural 
significance. Potentiometric titration of the iodine complex,® kindly performed by 
Dr. A. W. Arbuckle, indicated an iodine affinity of 5-0°%,; on the assumption that the 
amylose component has an iodine affinity of 10-6% (p. 557), this corresponds to an 


Part VII, Ryley, Biochem. J., 1956, 62, 215. 
All analytical figures of starch fractions are based on the observed glucose contents. 


Crowley and Jevons, J. Gen. Microbiol., 1955, 18, 226. 

Carlson and Hehre, J. Biol. Chem., 1949, 177, 281. 

Bourne, Stacey, and Wilkinson, J., 1950, 2694. 

Eddy, Fleming, and Manners, J., 1958, 2827. 

Hutchens, Podolsky, and Morales, J. Cell. Comp. Physiol., 1948, 32, 117. 

Meyer and Bernfeld, Helv. Chim. Acta, 1940, 23, 875. 

Bourne, Haworth, Macey, and Peat, J., 1948, 924. 

Bell, “‘ Modern Methods of Plant Analysis,”’ Springer-Verlag, Berlin, 1955, Vol. II, p. 21. 
* Anderson and Greenwood, /., 1955, 3016. 
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amylose content of 47%. Incubation with barley $-amylase (which also contains Z- 
enzyme !°) gave 75% conversion into maltose. The above evidence indicates the presence 
of a two-component starch, since the corresponding @-amylolysis limits of normal amylose 
and amylopectin are ca. 100 and 60% respectively. 

The starch was then treated with 0-1N-sodium hydroxide at 100° for 10 min., in an 
atmosphere of nitrogen. After centrifugation, the supernatant solution was neutralized 
and treated with acetone to give alkali-soluble polysaccharide (fraction I, yield 56%). 


TABLE 1. Properties of Chilomonas paramecium starch fractions. 


Original 
Fraction starch I la Ib Il 
ii i GOED od. ins tisininnsdcnssepvineadsvketime 78 88 97 82 95 
DONNER IULD  <..ccasssnsiiscncsanienscendecenscden 5-0 6-1 10-6 0-09 1-60 
BEE? Utiiogatnbanediababe cated naraaeasieteswouiehesbbes 0-54 0-65 0-98 0-13 0-20 
Jodine complex, Aras, (Migs) .......cccccccceresccsccess 590 620 645 540 520 
B-Amylolysis limit (%)  ---..sesseeeeeseeeeeeneeenees 75 81 95 60 64 
Amylose content calc, from 
Ged BORIS AERIEG 2.02.2... eicccesssovccinccescsesess 47 58 — _ 15 
IN okie giichiadtanaedesestscdoscivavnsboceesinenine 48 62 -- — 8 
ic) P-amylolyais limit ..........0..cecccsesoscsceses 43 60 — —_ ll 


Acetone was also added to a suspension of alkali-insoluble material, causing coagulation 
and giving a precipitate (fraction II, yield 29%). Analysis of the two fractions (see 
Table 1) indicated partial separation into components showing marked differences in 
jodine-binding power (cf. ref. 11). 

8-Amylolysis of fraction II resulted in 64° conversion into maltose. On prolonged 
oxidation with sodium metaperiodate at 2°,% 1-07 moles of periodate were reduced per 
glucose residue, showing the apparent absence of 1,2- or 1,3-glucosidic linkages. The 
production of formic acid corresponded to an average chain length (CL) of 25 glucose 
residues, a value similar to that of many amylopectins. 

Since fraction I had many of the properties of a plant starch of high amylose content 
(cf. refs. 13 and 14), a portion was fractionated by the thymol method, and the resulting 
amylose complex purified by three precipitations with butanol. 

The amylose (Fraction Ia) had a glucose content of 97%, B.V. 0-98, Amax. 645 my, and 
iodine affinity 10-69%. Incubation with purified soya-bean B-amylase gave 90% conversion 
into maltose; in presence of Z-enzyme, the $-amylolysis limit was 95%. The protozoal 
amylose thus contains few, if any, anomalous linkages. An estimate of the degree of 
polymerisation (DP) was made viscometrically, the observed limiting viscosity number 
indicating DP 300—350. Fraction Ia therefore consists of essentially unbranched chains 
of a-1,4-linked D-glucose residues, but differs markedly in iodine-binding power and DP 
from highly purified potato amylose (e.g., iodine affinity 19-5%, DP 3200”). However, 
the DP is of the same order of magnitude as that reported for amylose preparations from 
apple,!* maize,1® malted barley,!” and wheat starches.8 

Since the amylopectin (fraction Ib; yield 80 mg.) had a glucose content of only 82% 
(it was isolated by freeze-drying, and contained inorganic material), analysis was confined 
to the interaction with iodine and enzymic degradation. Fraction Ib had an iodine 
affinity of 0-09%%, showing the absence of amylose-type material, and B.V. 0-13. The 


1 Cowie, Fleming, Greenwood, and Manners, J., 1957, 4430. 

1 Baum and Gilbert, J. Colloid Sci., 1956, 11, 428. 

#2 Manners and Archibald, J., 1957, 2205. 

13 Potter, Silveira, McCready, and Owens, J. Amer. Chem. Soc., 1953, 75, 1335. 
14 Wolff, Hofreiter, Watson, Deatherage, and MacMasters, ibid., 1955, 77, 1654. 
15 Potter, Hassid, and Joslyn, ibid., 1949, 71, 4075. 

16 Nussenbaum and Hassid, J. Biol. Chem., 1951, 190, 673. 

Aspinall, Hirst, and McArthur, J., 1955, 3075. 

* Potter, personal communication. 
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8-amylolysis limit was 60 and 82%, before and after treatment with yeast isoamylase, 
The outermost inter-chain linkages are therefore of the «-1,6-type. 

The present study has shown that Chilomonas paramecium synthesizes a starch of 
small granular size which can be fractionated into essentially linear (amylose) and branched 
(amylopectin) components. Chloral hydrate extraction of the cells yields a starch-type 
polysaccharide which, however, differs from potato starch by virtue of its relative 
insolubility in hot water (compare P. coeca starch %), of its significantly higher iodine 
binding power and §-amylolysis limit, and of the properties of the amylose component 
(the corresponding figures for potato starch are B.V. 0-4, iodine affinity 40%, and 
6-amylolysis limit 60—70%) (see Table 2). On the assumption that fraction Ia represents 
the pure amylose, the amylose content of the original starch is 45 + 5%, 1.e., higher 
than that of most plant starches (20—30%) * and markedly different from P. coeca starch 
(13—16%). The low iodine-binding power of the amylose may be correlated with the 


TABLE 2. Properties of protozoal and potato starches. 


Chilomonas _Polytomella Holotrich Potato 
Property paramecium coeca * ciliates ** starch *4 
Whole starch 
OE IRIE indintbiencniesncarensetessaca -++- 157° -+- 160° +171° + 159° ¢ 
Amylose content (%) ........0c..csecccsceees 45 13—16 0 20 
SVE teibebetrbiacsensdesasinbtecaaes sandeetesersees 0-54 0-36 0-05 0-4 
Amylose component 
Bs | dep diceniallidsabdveinvercenesngiesesanedas 0-98 1-13 — 1-4—1-5 
B-Amylolysis limit (%) 
(a) B-amylase alone ..............0.00005 90 -- --- Tt? 
(b) B-amylase + Z-enzyme ............ 95 89 -- 99 1° 
Amylopectin component 
Ms Miah sisivl ches coda els thaihsnckecestipeniedeas 22 -- 22 22 
Iodine complex, Amax. (Mp) ........0.eeeeeees 540 -- 540 ° 545 
TL Fai. ahisinecenthatneeobumbstseunies sarsvessesntens 0-13 0-11 0-05 0-06—0-13 
B-Amylolysis limit (%) 
(a) B-amylase alone .................00 60 48 63° 53, 61¢ 
(b) after pretreatment with isoamylase 82 — 80° 80, 77° 
* Determined by Mr. A. Wright. + Determined by Dr. A. M. Liddle. 


¢ Data from Gunja, Manners, and Khin Maung, Biochem. J., in preparation. 


low DP; thus, there is evidence that the Ama. of amylose-type chains is directly related 
to the DP,” provided that DP <500. In view of recent reports 2° on the lability of 
amylose to oxygen and alkali, the question of degradation during isolation must be 
considered. In our experiments, degradation during anaerobic fractionation is unlikely; 
nevertheless, the possibility of inadvertent degradation during the original extraction 
remains, and it is being examined. It must be noted, however, that the chloral hydrate 
method has been successfully used for the extraction of other protozoal starches.*:71% 
The Chilomonas amylopectin appears to be similar to most plant amylopectins. 
Fraction II contains ca. 11% of amylose; with allowance for this, the production of 
formic acid on periodate oxidation corresponds to a CL of 22. This is identical with 
that for potato amylopectin.” Further, the $-amylolysis limits of fraction Ib are similar 
to those of two samples of potato amylopectin (Table 2). The average lengths of the 
* However, the amylose content of the starch from certain varieties of pea }* and maize ™ is much 


higher, e.g., wrinkled pea (var. Laxton’s progress) starch has an amylose content of 43% (unpublished 
work). 


#® Kerr, Cleveland, and Katzbeck, J. Amer. Chem. Soc., 1951, 78, 3916. 
20 ~y reviews, see Gilbert, Stdrke, 1958, 5, 95; Whistler and BeMiller, Adv. Carbohydrate Chem., 
1958, 18, 310. 
21 Forsyth, Hirst, and Oxford, J., 1953, 2030. 
*2 Forsyth and Hirst, J., 1953, 2132; see also Mould and Thomas, Biochem. J., 1958, 69, 327. 
23 Gunja and Manners, Chem. and Ind., 1959, 1017. 
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exterior and interior chains (15—16 and 5—6 respectively) agree closely with those found 
for other amylopectins.™ 

The present results provide further information on the biochemical relations between 
the various groups of protozoa. Ciliates, e.g., Cycloposthium,™ holotrichs,™ and Tetra- 
hymena pyriformis,” and certain parasitic flagellates (the so-called animal-like group), ¢.g., 
Trichomonas foetus °° and Trichomonas gallinae,*® synthesize amylopectin or glycogen-type 
polysaccharides. In contrast, the plant-like flagellates store either laminarin-type poly- 
saccharides, e.g., Ochromonas malhamensis ** and Euglena* or starches, e. g., Polytoma®® and 
P. coeca. Chilomonas paramecium can now be added to the latter group. 


EXPERIMENTAL 


The analytical methods employed have been described in Parts II 5 and VI *¢ of this Series; 
the enzyme preparations were those reported in refs. 4 and 10. 

Flagellate Preparation.—A pure culture of Chilomonas paramecium was maintained at 24°, 
with sub-inoculations at intervals of one week, in a sterile medium adjusted to pH 6-0—6-5, 
containing 0-1% (w/v) of sodium acetate and 0-1% (w/v) of “‘ Oxoid’ brand Lab-lemco. In 
large-scale cultures (20 two-litre flasks each containing 1-5 1. of medium) the flagellate was 
grown at 28° for 5 days, and the cells, which contained polygonal iodophilic granules (2—5 p 
diam.), were harvested by gentle centrifugation. 

Isolation and Properties of the Starch.—The cells were extracted twice with 33% chloral 
hydrate solution (100 ml.) at 80° for lL hr.* Acetone (2 vol.) was added to the cooled centrifuged 
extract, giving an impure starch contaminated with cell debris. The pooled yield from four 
30 1. preparations was 2-74 g. This product was purified by a further extraction with chloral 
hydrate, precipitated, washed with acetone, and air-dried at 37° (yield 2:25 g.). Before further 
examination, contaminating chloral hydrate was removed by extraction (Soxhlet) with methanol. 

The starch was a white amorphous powder, insoluble in water but soluble in dilute sodium 
hydroxide solution. An acid hydrolysate contained glucose (paper chromatography and glucose 
oxidase treatment) and on treatment with acid-resorcinol ® gave a reaction of 0-011 unit per mg. 
Under identical conditions, fructose, maltose, and ‘‘ AnalaR’”’ soluble starch gave values of 
3-00, 0-016, and 0-014 unit per mg. respectively. The following properties of the starch were 
noted: [a], +157° (c 0-54 in N-NaOH); Found: glucose, 78-4%; ash 9-7%; protein-N, 0-94% 
(determined by the colorimetric biuret method of Robinson and Hogden **). A dilute solution 
was stained deep blue with iodine (B.V. 0-54), showing maximum absorption at 590 mp. On 
potentiometric titration, the iodine complex gave a typical starch curve, extrapolation 
indicating an iodine affinity of 5-0%. Incubation with barley B-amylase ! at pH 4-6 and 35° 
(with 54 units of B-amylose per mg. of starch) gave 75% conversion into maltose after 24 hr. 
The reducing power of the digest did not increase on further incubation. 

Extraction of the Starch with Alkali.—The starch (1-5 g.) was stirred in 0-1N-sodium hydroxide 
(100 ml.) at 100° for 10 min. in an atmosphere of nitrogen. After cooling and neutralization by 
dilute sulphuric acid (phenolphthalein), an insoluble gelatinous residue was collected by 
centrifugation. Acetone precipitation of the solution gave fraction I (840 mg.) (Found: 
glucose, 88:0%; ash, 5-9%; B.V., 0°65; %Amax of iodine complex, 620 my; iodine affinity, 
61%; ®-amylolysis limit, 81%). Treatment of the residue with acetone gave fraction II 
(440 mg.) (Found: glucose, 94-5%; ash, 2-7%; B.V., 0-196; Amax of iodine complex, 520 mu; 
iodine affinity, 1-60%; ®-amylolysis limit, 64%). 

Periodate Oxidation of Fraction II.—F¥raction II (160 mg.) was moistened with alcohol and 
shaken overnight with 2N-sodium hydroxide (10 ml.). The solution was then neutralized 
with dilute sulphuric acid (Methyl Red) and diluted with water to 25 ml. 20 ml. of this solution 
(equivalent to 121-2 mg. of glucosan) were oxidized in the dark at 2° with 8% sodium meta- 
periodate solution (3 ml.) and water (to 25 ml.). A solution of periodate in water was also 

*4 Manners, Quart. Revs., 1955, 9, 84; Whelan, ‘‘ Encyclopedia of Plant Physiology,’ Springer- 
Verlag, Berlin, 1958, Vol. VI, p. 154. ° 

*5 Manners and Ryley, Biochem. J., 1952, 52, 480. 

26 Idem, ibid., 1955, 59, 369. 

27 Archibald, Manners, and Ryley, Chem. and Ind., 1958, 1516. 

*8 Kreger and Meeuse, Biochim. Biophys. Acta, 1952, 9, 699. 


2? Brechot, Compt. rend., 1937, 126, 555. 
%° Robinson and Hogden, J. Biol. Chem., 1940, 185, 727. 
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prepared. Samples (3 ml. or 2 ml.) were analysed at intervals for the production of formic acid 
and the reduction of periodate: 


ee er I BR vaiiesces censersccsveesesvcisstoscrseccevenscoedsuee 7 10 12 
ROOORE DORMS UNE PU, CED oo cceccnnccesevedisseccseccsséccccteccsese 1-17 1-40 1-37 
Reduction of periodate (mole/glucose residue) ...............:se0se0+ 1-04 1-07 1-07 


The production of formic acid indicates a CL value of 25 glucose residues; the theoretical 
periodate reduction is 1-04 mol. if only 1,4- and 1,6-glucosidic linkages are assumed to be 
present. 

Thymol Fractionation of Fraction I.—Fraction I (0-5 g.) was suspended in water (20 ml.) and 
added to vigorously stirred boiling water (65 ml.), in an atmosphere of nitrogen. The solution 
was heated at 98° for 20 min., then allowed to cool, and a small insoluble residue was removed 
by centrifugation. The clear solution was heated to 60°, powdered thymol (1-5 g.) added, and 
the mixture stirred at 60° for 30 min. and then kept at room temperature for 3 days. The 
thymol—amylose complex was collected by centrifugation and directly dispersed in boiling 
water (50 ml.) under nitrogen, and redistilled butanol (5 ml.) was added. The mixture was 
stirred at 95° for 30 min., then allowed to cool slowly to room temperature, and the butanol- 
amylose complex removed by centrifugation. The amylose was purified by two further 
precipitations with butanol, and isolated by treatment of the butanol complex with butanol. 
This gave fraction Ia (129 mg.) [Found: glucose, 97:0%; B.V., 0-98; Amax, of iodine complex, 
645 mu; iodine affinity, 10-6%; limiting viscosity number (in 0-2mM-potassium hydroxide), 
45-4]. By the approximate relation —DP = 7-4{y],*! this corresponds to DP 335. 

The supernatant solution from the thymol precipitation was freeze-dried, to give fraction Ib. 
This was extracted (Soxhlet) with methanol to remove thymol, redissolved in water, and 
freeze-dried (yield 80 mg.) (Found: glucose, 82%; B.V., 0-125; iodine affinity, 0-09%). 

Enzymic Degradation of Fractions Ia and Ib.—Fraction Ia (18-5 mg.) was dissolved in 
0-2m-acetate buffer (pH 4-6; 5 ml.), and purified soya-bean B-amylase solution ” (0-1 ml; 
1000 units) and water (to 25 ml.) wereadded. After incubation at 35° for 24 hr., the 8-amylolysis 
limit was 90%. On being treated with barley B-amylase containing Z-enzyme ? (50 B-amylase 
units/mg.), fraction Ia (10-4 mg.) in a final volume of 25 ml. gave 95% conversion into maltose. 

Fraction Ib (9-8 mg.) was dissolved in 0-2N-sodium hydroxide (2 ml.), then neutralized, 
and 0-2m-acetate buffer (pH 5-8; 5 ml.) added, followed by aqueous yeast isoamylase (5 mg./ml.; 
2 ml.). After incubation at 20° for 18 hr., the isoamylase was inactivated by heat, and 
§-amylase solution (500 units; 1 ml.) and water (to 25 ml.) were added. The maltose content 
after 36 hours’ incubation at 35° indicated a 8-amylolysis limit of 82%. Ina control experiment 
without isoamylase, the B-amylolysis limit was 60%. 


The authors are indebted to Dr. A. W. Arbuckle for the potentiometric iodine titrations, 
to the Rockefeller Foundation for a grant, and to the Department of Scientific and Industrial 
Research for a maintenance allowance (to A. R. A.). 
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3t Cowie and Greenwood, J., 1957, 2862. 
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416. The 5- and 8-Bromination of Quinoline and Some of its 
Derivatives. 


By P. B. D. DE LA Mare, M. KiAmup-pDIN, and J. H. Ripp. 


Quinoline (0-15 mole), bromine (0-1 mole), and silver sulphate in 98% 
sulphuric acid give 5- (28%) and 8-bromoquinoline (29%) with 5,8-dibromo- 
quinoline (43%); the proportions of the products were determined by 
isotopic dilution. Altering the water content of the medium from 0 to 8% 
has little effect on the ratio of mono- to di-bromination. With an excess of 
quinoline, monobromoquinolines are the only products, and with bromine 
and silver sulphate in excess 5,8-dibromoquinoline is the major product. 
The last substance is similarly formed from 5- or 8-bromoquinoline; further 
bromination gives 5,6,8-tribromoquinoline. 3-Bromoquinoline likewise gives 
3,5-dibromo- and 3,5,8-tribromo-quinoline. It is considered that both the 
initial and the subsequent bromination involve attack by a positively 
charged brominating species on the protonated forms of the bases. Such 
reactions should form good general routes to 5- and 8-bromoquinolines. 


NitRATION of quinoline in sulphuric acid gives 5- and 8-nitroquinoline in similar amounts.! 
Under less acidic conditions,” other nitro-derivatives, including 3-nitroquinoline, can be 
obtained. It has been suggested? that the reactions in sulphuric acid involve electro- 
philic attack on the quinolinium cation, whereas the other reactions involve attack on the 
neutral quinoline molecule, either directly * or by addition followed by elimination.* 

Quinoline and bromine at room temperature form a perbromide, probably C,H,NBr*Br,~, 
which is reported to rearrange to 3,6,8-tribromoquinoline.* The initial substitution is 
presumably in the 3-position, since 3-bromoquinoline can be prepared by heating the 
perbromide of quinoline hydrobromide ® at 200° and by brominating quinoline in acetic 
acid containing silver acetate.* Vapour-phase bromination of quinoline also gives 3- 
bromoquinoline at temperatures around 300°, though at higher temperatures 2-bromo- 
quinoline is the main product.6 Many derivatives of quinoline give corresponding 
reactions.’ , 

By analogy with nitration, these 3-brominations can be considered to involve electro- 
philic attack on the neutral quinoline molecule,’ although the exact reaction paths are 
uncertain. The results for nitration suggest also that bromination of the quinolinium 
cation should lead to 5- and 8-bromo-derivatives. No such brominations had been 
identified when the present work began. Contemporaneously with our preliminary com- 
munication,’ which described the formation of 5- and 8-bromoquinoline by bromination in 
sulphuric acid according to the method given by Derbyshire and Waters,? R. D. Brown ® 
presented in outline the results of some similar experiments. 


EXPERIMENTAL 


Quinoline was purified through the chlorozincate!® or the phosphate.“ The purified 
material had b. p. 236°/758 mm., m. p. —16°._ Data concerning the bromoquinolines and their 
derivatives required as reference compounds are summarised in Tables 1 and 2; their properties 
accord adequately with values recorded in the literature. 


1 Dewar and Maitlis, J., 1957, 2521. 
* Idem, ibid., p. 944. 

* Brown, ‘‘ Current Trends in Heterocyclic Chemistry,’’ Butterworths, London, 1958, p. 13. 

4 (a) Lubavin, Annalen, 1870, 155, 311; (b) Claus and Caroselli, J. prakt. Chem., 1895, 51, 477. 
5 La Coste, Ber., 1881, 14, 915; Claus and Collischon, Ber., 1886, 19, 2763. 

* Janse and Wibaut, Rec. Trav. chim., 1937, 56, 699. 

? Elderfield, ‘‘ Heterocyclic Compounds,” Wiley, New York, 1952, Vol. IV, p. 129. 

8 de la Mare, Kiamud-din, and Ridd, Chem. and Ind., 1958, 361. 

® Derbyshire and Waters, J., 1950, 573. 

10 Mann and Saunders, ‘‘ Practical Organic Chemistry,’’ Longmans, Green and Co., 1938, p. 198. 
1 Swiss P. 258,296/1949; Chem. Abs., 1950, 44, 2041. 
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Bromination of Quinoline.—The method was essentially that described by Derbyshire ang 
Waters.® The amine and an appropriate weight of silver sulphate were dissolved in sulphuric 
acid, and shaken with rather less than one equivalent of bromine (relative to the silver sulphate), 
After 3 hr., when most of the bromine had usually disappeared, the solution was filtered and any 
free bromine removed by addition of sodium sulphite. The precipitate of silver bromide was 
washed with water, and the combined filtrates were added to ice and worked up appropriately. 
(a) Preparation of 5- and 8-bromoquinoline. Quinoline (65 g.), silver sulphate (17 g), 
sulphuric acid (100 ml.), and bromine (5-2 ml.) were allowed to react. The filtrates were then 
made alkaline and distilled in steam. The steam-distillate was extracted with ether; the 
extract was dried (KOH) and fractionally distilled im vacuo. After removal of the excess of 















TABLE 1. Properties of quinoline, the monobromoquinolines, and some of their derivatives. 





























Dichrom- 
Quinoline Method of Oxalate, Picrate, ate, Nitrate, 
deriv. prep. B. p. M.p. m.p. m. p. m. p. m.p. Ref. 

(Quinoline) From chlorozincate 236° — 16° 115° 201—202° 167° —- A,B 

2-Bromo From 2-hydroxyquin- — 49 — 238 — — C 
oline ® 

3-Bromo From 3-aminoquin- (274—276) 15 107 190—191 144—145 180° D,E 
oline 

4-Bromo From 4-hydroxyquin- (280) (31) -- (215) -- — F,G 
oline ® 

5-Bromo From 5-aminoquin- — 47—48 152 238 134 186 
oline ¢ 

6-Bromo From picrate -- (24) (62) 215 (179) (182) D 

7-Bromo Skraup method, from -— 36 167 238 (202) (205—206) H 
m-bromoaniline 

8-Bromo From 8-aminoquin- 302—303 — _— 169 159—160 (90) D,I 


oline ¢ : 

* Values in brackets are taken from the literature. ° By reaction with PBr,; cf. Fischer, Ber., 
1899, 32, 1304; see also Young and Amstutz, J. Amer. Chem. Soc., 1951, 78, 4773; 4-bromoquinoline 
was not prepared in the present investigation. ‘* Prepared by reduction of the corresponding nitro- 
compounds with iron and acetic acid; cf. Curd, Graham, Richardson, and Rose, /J., 1947, 1613. 

A, Lellmann and Alt, Annalen, 1887, 237, 323; B, Timmermans and Hennart-Roland, J. Chim. 
phys., 1937, 34, 733; C, Claus and Pollitz, J. prakt. Chem., 1889, 41, 41; D, Claus and Tornier, Ber., 
1887, 20, 2872; E, Jansen and Wibaut, Rec. Trav. chim., 1937, 56, 699, 709; F, Claus and Frobenius, 
J. prakt. Chem., 1897, 56, 192; G, Nakayama, J. Pharm. Soc. Japan, 1951, 71, 1088; H, Bradford, 
Elliott, and Rowe, J., 1947, 437; I, Ukai, J. Pharm. Soc. Japan, 1927, 873. 


TABLE 2. Properties of some di- and tri-bromoquinolines and their derivatives. 


Quinoline Nitrate, Hydrochloride, 

deriv. Method of prep. M. p. m. p. m. p. Ref. 
3,5-Dibromo From 5-bromoquinoline * 86° 147° 183° J 
3,6-Dibromo From 6-bromoquinoline 126 158 (185) J 
5,8-Dibromo From 2,5-dibromoaniline by 129—130 —- (190—192) K 

Skraup method 

3,5,8-Tribromo From 5,8-dibromoquinoline ¢ 171 — ~~ L 
3,6,8-Tribromo 6 170 — — L 
5,6,8-Tribromo From 6-bromoquinoline’ 161—162 — — M 


* By heating the perbromide; cf. ref. L. ° By brominating 1,2,3,4-tetrahydroquinoline, and 
elimination of HBr; cf. ref. L. * By the method described in this paper. 

J, Claus and Welter, J. prakt. Chem., 1889, 240, 391. K, Claus and Geisler, ibid., p. 376. L, 
Claus and Heerman, ibid., 1890, 242, 335. M, Claus and Caroselli, ibid., 1895, 251, 481. 


quinoline, the residue was treated in alcohol with an excess of oxalic acid in alcohol. 5-Bromo- 
quinoline oxalate was precipitated, while 8-bromoquinoline remained in solution. The 
precipitate was recrystallised and then treated with excess of aqueous alkali. The white solid 
remaining (6-5 g.) was extracted with ether, recovered, and residue recrystallised from aqueous 
alcohol or acetone, giving 5-bromoquinoline (6 g.), m. p. 48°, not depressed on admixture with 
an authentic sample (see Table 1). The picrate, m. p. 238°, dichromate, m. p. 135°, and nitrate, 
m. p. 186°, were prepared. 5- and 2-Bromoquinoline are readily distinguished by infrared 
bands at 952 and 1082 cm.", respectively. 

Impure 8-bromoquinoline, recovered from the filtrate, gave, in alcohol, a picrate, m. p. 
182—186°, which was fractionally crystallised. The least soluble fractions, m. p. > 200°, were 
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discarded. Successive concentration and cooling of the mother-liquors gave fractions, m. p. 
157—160°, 159—163°, and 161—164°. These on recrystallisation gave a picrate, m. p. 168°, not 
depressed on admixture with authentic 8-bromoquinoline picrate prepared as described in 
Table 1. The dichromate had m. p. 159—160°. 

(b) Preparation of 5,8-dibromoquinoline. Quinoline (6-6 ml.), silver sulphate (16-5 g.), 
sulphuric acid (60 ml.), and bromine (5-2 ml.) were shaken until the bromine had reacted. The 
filtrate was brought to pH 2—3, and the white precipitate was filtered off, washed, and recrys- 
tallised from acetone, giving 5,8-dibromoquinoline (12-5 g.), m. p. and mixed m. p. 129—130°. 

(c) Reaction of quinoline (0-15 mole) with bromine (0-1 mole). 5,8-Dibromoquinoline was 
separated from the reaction mixture by precipitation at about pH 2; then more alkali was 
added; an oily precipitate of monobromoquinolines began to appear at about pH 3. The 
5- and 8-bromoquinolines were then extracted and separated as described above. Table 3 


TABLE 3. Yields in the reaction of bromine with a 1-5-fold excess of quinoline. 


5,8-Dibromo- 5-Bromo- 8-Bromo- 
Medium quinoline (g.) quinoline (g.) quinoline (g.) 

Pes, By By... cneccscsrencsecens 4:5 2-5 Picrate isolated 
DG SE evcessscccssceseseese 6-5 3-8 2-5 
EL bbdvaiivaneintrithinient 6-0 3-6 2-5 

SE MIU: ‘sanaspnicnicdenesnentesess 3:8 1-5 1-0 
RIS. nix eccesinswiigocgapiohene 1-2 0 0 
PURI “ivinonsdacciscssebesebcs 0 0 0 


* We are indebted to Dr. R. J. Gillespie for this specimen. 


summarises the yields obtained when the original reaction was carried out under various 
conditions. In each case, the reactants were quinoline (20 g.), silver sulphate (17 g.), and 
bromine (5-2 ml.) in sulphuric acid (100 ml.). 

(d) Isotope-dilution experiments. The apparatus and general methods for using ®*Br have 
been described elsewhere.12 Labelled bromine was prepared by warming bromine with 
irradiated NH,°*Br and removing the ®*Br by distillation in vacuo. This was allowed to react 
with the quinoline and silver sulphate as described above, and the mixture was diluted with 
the appropriate bromoquinoline, which was then recovered. Its radioactivity was determined 
after crystallisation (5-bromoquinoline generally as the oxalate, 8-bromoquinoline as the 


TABLE 4. Analysis, by the method of isotopic dilution, of the products of bromination of 
quinoline in 98°, sulphuric acid. 
Derivative produced 


Expt. Ratio, Quinoline : Bromine 5-Bromo (%) 8-Bromo (%) 5,8-Dibromo (%) 
A 15:1 28 —4?> 43 
B 15:1 29 29 —ae 
Cc 6:3 51 49 —*d 


* Not looked for. * By difference, 29%. ¢ By difference, 42%. 4 By difference, 0%. 


picrate) to constant specific activity, correction being made for radioactive decay. The total 
amount of mixed bromoquinolines produced was determined by extracting from an aliquot 
part of the reaction mixture all the organic product. This was made up to known volume in an 
appropriate solvent and its radioactivity was compared with that of a specimen of the original 
bromine, which had been converted into lithium bromide. The results of three experiments 
performed in this way are summarised in Table 4. 

(e) Bromination of quinoline under other conditions. No bromo-product was obtained by 
shaking quinoline, bromine, and acetic acid with silver acetate, or by heating quinoline and 
bromine in concentrated nitric acid with silver nitrate. When quinoline (60 g.) in hydrochloric 
acid (150 ml.) was heated under reflux for 24 hr. with bromine (5-2 ml.) in chloroform (100 ml.), 
there were recovered after removal of chloroform (i) 3,6,8-tribromoquinoline (1-5 g.) (precipitated 
from strongly acid solution), m. p. and mixed m. p. 170°, (ii) 3,6-dibromoquinoline (2-5 g.) 
(precipitated at about pH 2-5), m. p. and mixed m. p. 128°. 

Bromination of Derivatives of Quinoline.—(a) 3-Bromoquinoline. From approximately 
equimolar amounts of 3-bromoquinoline (3-7 g.) and bromine (1-2 ml.) with silver sulphate in 
sulphuric acid, there were obtained (i) 3,5,8-tribromoquinoline (1 g.) (precipitated by diluting 

12 de la Mare and Harvey, J., 1956, 36. 
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the reaction mixture), m. p. and mixed m. p. 171—172° (from alcohol or acetone), and (ii) 3,5-di- 
bromoquinoline [precipitated at pH 3 after removal of (i)] (1-3 g.), m. p. and mixed m. p. 86° 
(from alcohol or acetone). 

(b) 5-Bromoquinoline and 8-bromoquinoline. These, on treatment as before with one 
equivalent of bromine, both gave 5,8-dibromoquinoline, m. p. 129°. 

(c) 5,8-Dibromoquinoline. This, on treatment as before with one equivalent of bromine, 
reacted slowly. After 6 hr., the mixture was filtered and diluted with water. The white 
precipitate was 5,6,8-tribromoquinoline, m. p. 160° (lit.,“? 161—162°). It depressed consider- 
ably the m. p. of 3,5,8-tribromoquinoline, and its structure is proved by the demonstration that 
it is identical with the tribromoquinoline prepared by the bromination of 6-bromoquinoline 
(see below). 

(d) 6-Bromoquinoline. This was brominated as before with one equivalent of bromine, 
The filtered mixture, on dilution, gave a precipitate, which gave 5,6,8-tribromoquinoline, m. p. 
and mixed m. p. 161—162° (from acetone). 





DISCUSSION 


Earlier investigators have shown that, when quinoline is heated with bromine, only 
3-substituted derivatives of quinoline are obtained, so that the initial attack under these 
conditions is on the pyridine (Py) ring. This orientation is maintained even for bromin- 
ation in concentrated hydrochloric acid, which has an acidity, as measured by H,, of 
about —4. Since the acidic dissociation constant of the quinolinium cation 1! has pK, ~4, 
the ratio, [Q] : [(QH*], of free base to conjugate acid under these conditions must be very 
small. It seems therefore that it is not easy to effect attack by molecular bromine on the 
benzene (Bz) ring of a quinolinium cation. 

Bromination in sulphuric acid, however, gives a completely different result. The 
entire product of substitution involves attack on the Bz-ring, so that the products of 
mono-bromination are 5- and 8-bromoquinoline, formed in nearly equal amounts. 
Dibromination gives a nearly quantitative yield of 5,8-dibromoquinoline; and substitution 
in the Bz-ring remains substantially complete even for tribromination, which gives 5,6,8- 
tribromoquinoline. The reactions are so simply performed that they give preparative 
routes to 5-bromo-, 5,8-dibromo-, and 5,6,8-tribromo-quinoline which are in our opinion 
the best yet recorded; the same method has been applied to the bromination of some other 
bromoquinolines with equal success, and it is suggested that this method will prove 
generally applicable. The preparation of 8-bromoquinoline by this route, though 
practicable, involves rather more difficulty, because 8-bromoquinoline picrate and other 
derivatives which we have tried are less easy to separate from the corresponding derivatives 
of 5-bromoquinoline and of unchanged quinoline. 

It seems almost certain that the entity undergoing substitution in the bromination of 
quinoline in sulphuric acid is the quinolinium cation. This conclusion accords with the 
results obtained by Dewar and Maitlis,-? and also with the views expressed by 
R. D. Brown; * nitration in sulphuric acid, which presumably also involves the quinolinium 
cation, gives 5- and 8-nitroquinoline in equal amount, whereas with nitric acid under less 
acidic conditions, substitution in, and possibly addition to, the Py-ring supervene. 

It has been suggested * that the high proportion of di- and tri-bromination often 
observed in substitution in quinoline arises (as it almost certainly does in the bromination 
of aniline 1*) from the fact that the conjugate acid of the monobromo-product is a stronger 
acid than that of the starting material, so that dibromination, involving the monobromo- 
derivative as the free base, can compete with monobromination. It seems unlikely, how- 
ever, that this explanation can apply to the experiments which we have carried out with 
anhydrous and slightly aqueous sulphuric acid as solvent. For, if formation of dibromo- 
quinoline involved the free base of monobromoquinoline, the proportion of dibromination 


13 Paul and Long, Chem. Rev., 1957, 57, 1. 

14 Albert and Goldacre, Nature, 1944, 153, 468. 

1° Knight, Willic, and Bowen, J. Amer. Chem. Soc., 1954, 76, 3780. 

6 Cf. de la Mare and Ridd, ‘‘ Aromatic Substitution,”” Butterworths, 1959, p. 109. 
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should be substantially increased by increasing the water content of the medium.. A 
change from anhydrous to 92% sulphuric acid should then increase considerably the 
proportion of free 5(or 8)-bromoquinoline, which accumulates during the reaction, whereas 
it would not change the amount of the quinolinium cation, since this is the bulk com- 
ponent of the protonation equilibrium. In fact, the results in Table 3 show that the ratio 
of di- to mono-bromination is little changed by altering the water content of the medium, 
though the total yield is reduced by making the reaction mixture sufficiently aqueous.* 
So probably both dibromination and monobromination involve entities of the same charge- 
type, and therefore both probably involve the conjugate acid. 

The results in Table 4 show that the rates of monobromination in the 5- and the 8- 
position are the same, and also that 5- and 8-bromoquinoline must be brominated at almost 
equal rates, since the ratio of 5- to 8-bromoquinoline formed in the reaction is almost 
independent of the extent of dibromination. If the partial rate factors for bromination 
in the 5- and the 8-position were quite independent of the presence of a bromine 
substituent at the other position, then substitution in these positions could be considered 
independently, and the reaction of equimolar amounts of bromine and quinoline should 
lead to the formation of 25% of dibromoquinoline. Since the observed dibromination 
(43%) is substantially greater than this, in spite of the presence of a slight excess of 
quinoline, it follows that, under the experimental conditions described, the presence of a 
5- or 8-bromine must increase the partial rate factor for substitution at the other position. 
This is somewhat surprising, since the usual effect of a bromine substituent is to reduce the 
rate of electrophilic substitution in the aromatic ring by a factor of about 10, both for 
bromination by molecular bromine and for nitration by the nitronium ion.” It is possible 
that the present divergence arises because the reaction mixture is heterogeneous. 

The electrophilic reagent involved in attack on the quinoline under the conditions used 
in this work is almost certainly a positively charged species. Derbyshire and Waters ® 
assumed that, for bromination in 90° sulphuric acid, the effective reagent is Br* 
or BrOH,*. It seems rather less likely that the latter ion is concerned in the present 
experiments, particularly those in which 100% sulphuric acid and oleum (5% SO,) were 
used as solvents. It is possible that the Br* cation is associated covalently with sulphuric 
acid, perhaps as BrH,SO,*, or BrSO,*. 

In sulphuric acid as solvent, the isomeric proportions produced in nitration and bromin- 
ation accord excellently. Dewar and Maitlis! calculated the x-electron contribution to 
the activation energy for nitration of the quinolinium ion, and obtained the results (in 

a kcal. mole) shown in the annexed diagram. Since the product of 8-sub- 
18 \\)|.3_ Stitution is formed in amount considerably smaller than would be predicted 
from the calculations, these authors suggest that the discrepancy is to 
be attributed to the electrostatic and inductive effect of the positive 
charge on the nitrogen atom in the quinolinium ion. Presumably this 
effect would also be significant at the 3-position, so the preference for the entry of the 
third halogen into the 6-rather than the 3-position may be explained similarly. The 
results of the present investigation accord with the theoretical calculations to the same 
degree of approximation as is found for nitration. 


135 +77 28°5 
N 


9-6 H 
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* It should be appreciated that dibromoquinoline is isolated in these preparative experiments more 
readily than the monobromoquinolines. 


1 Cf. de la Mare and Robertson, J., 1948, 100. 
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117. The Ullman Biaryl Synthesis. Part I. Atypical Products of 
Syntheses of 2,4-Dinitrobiphenyl and Related Compounds. 


By JAMES ForREsT. 


Re-examination of the Ullmann condensation of 1-chloro-2,4-dinitro- 
benzene with iodobenzene has revealed two novel side-reactions which may be 
of a general character: the formation of (a) 3-chloro-2,6-dinitrobiphenyl by 
direct substitution of the chloronitro-compound, and (b) 4-chloro-3-nitrotri- 
phenylamine by apparent reduction of a nitro-group and subsequent 
phenylation. 

The synthesis of some chlorinated nitrobiphenyls is described. 


ULLMANN condensation of 1-chloro-2,4-dinitrobenzene with iodobenzene has yielded in our 
hands, inter alia, two atypical products, 3-chloro-2,6-dinitrobiphenyl (II) and 4-chloro-3- 
nitrotriphenylamine (IV; R =H). Other examples of this abnormal biaryl formation 
and reductive arylation of the nitro-group in reactions of this type have been described, 
thus indicating the fairly general nature of these side-reactions. The synthesis of some 
3-chloro- and 3,5-dichloro-2,6-dinitrobiphenyls is reported. 

The preparation of 2,4-dinitrobiphenyl (I) in 3—20% yield by the Ullmann reaction 
between 1-chloro-2,4-dinitrobenzene and iodobenzene has been reported in the literature.! 
As access to the biaryl in quantity was required, and as this method appeared to be the 


O;N O.N Cl O,N O,N 

Pr _))NOs me) —> Ph c1K)NPhs 
O,N O,N R 

(1) h . , (IIT) (IV) 


mre Ch 


Cl O,N O.N Cl 


) (vi) (VIID 

most feasible route, the reaction was studied in greater detail. Modification of the 
experimental conditions raised the yield to 40%. Isolation of the product (I) was impeded, 
however, by oily by-products which increased in quantity proportionately with excess of 
iodobenzene used. Distillation followed by chromatography failed to reveal biphenyl or 
its 2,4,2’,4’-tetranitro-derivative in the non-crystalline fraction of the product. Instead, 
3-chloro-2,6-dinitrobiphenyl and 4-chloro-3-nitrotriphenylamine were obtained. The 
proportion of the latter increased with increasing excess of iodobenzene, and the former 
was not isolated at all at low temperatures, where the relative proportions of by-products 
of all kinds decreased. 

The structure of the 3-chloro-2,6-dinitrobiphenyl was indicated by analysis, by replace- 
ment of the halogen atom by piperidine under mild conditions (0/f relation between the 
chlorine atom and the nitro-groups), and by conversion by ammonia into a primary base 
which on de-amination gave the previously unknown 2,6-dinitrobiphenyl (III), identified 
by comparison with authentic material prepared by Ullmann condensation of 1-chloro-2,6- 
dinitrobenzene with iodobenzene. 

The second by-product developed a deep blue colour in warm concentrated sulphuric 
acid solution, which, with the analysis, indicated that it might be a chloronitrotriphenyl- 
amine. Reaction with piperidine, as with the biaryl (II), confirmed the relative orient- 
ation of the chlorine atom. Reduction and de-amination as above furnished 4-chlorotri- 
phenylamine (in low yield), identical with material prepared from /-chloroaniline by 4 

1 Gull and Turner, J., 1929, 496; Price and Convery, J. Amer. Chem. Soc., 1957, '79, 294. 
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modification of Marsden’s technique? for the N-arylation of primary amines. These 
results reveal the structure (IV; R = H). 

Before identification of our first by-product, the isomeric 3-chloro-4,6-dinitrobiphenyl 
(V) was synthesised for comparison by partial Ullmann condensation of 1,3-dichloro-4,6- 
dinitrobenzene with iodobenzene. In this reaction, isolation of the normal product (V) 
(which was identified by degradation via 3-amino-4,6-dinitrobipheny] to 2,4-dinitrobiphenyl 
(I)] was greatly impeded by relatively large proportions of by-products analogous to those 
obtained in the synthesis of the biaryl (I). The yield of 3,5-dichloro-2,6-dinitrobiphenyl 
(VII) approached that of the normal unsymmetrical material (V), and the product of 
reductive arylation of one nitro-group, namely, 2,4-dichloro-5-nitrotriphenylamine (IV; 
R = Cl), was likewise formed in relatively high yield (cf. Table 1). 





TABLE 1. 
Reactants ’ 
pee “~ _ Normal Abnormal biaryl 
(A) Deriv. of % of (A) unsym. Deriv. of Redn. product 
1,2,4- Rin RI which biaryl 2,6,3- Deriv. of 
C,H,Cl(NOx2)» (mols.) reacted (%)* %* (NO,),C,H,ClPh %* 3-NO,°C,H,-NPh, 
Unsubst. Ph (2-0) 80 30 3 Unsubst. 5 4-Cl 
a » (1-0) 95 42 2-5 3 O6* 4 
* p-C,H,Me (1-5) 80 33 5 4’-Me 0-5 4-Cl-4’,4’-Me, 
p-C,H,OMe (1-5) 88 39 8 4’-OMe 1 4-Cl-4’,4’’-(OMe), 
4 o-C,H,Cl (1-5) 75 55 1-5 2’-Cl 0 — 
a m-C,H,Cl (1-5) 70 24 1-5 3’-Cl 0 — 
vi p-C,H,Cl (1-5) 70 30 7 4’-Cl 0 _ —_ 
4-Cl-6-Me or 
5-Me Ph (1-25) 28 13 12 5-Me ll 6-Cl-4-Me 
‘ " 4-Cl-6-OMe or 
5-OMe a 67 34 0 -- 2 6-Cl-4-OMe 
5-Cl - 62 27 15 5-Cl 5 4,6-Cl, 
a p-C,H,Me (1-25) 77 8 17 5-Cl-4’-Me 3  4,6-Cl,-4’,4’’-Me, 
p-C,H,OMe (1-0) 75 31 7 5-Cl-4’-OMe 0 ~- 


* Calc. on (A) which reacted. 


Other examples of these atypical Ullmann reactions are summarised in Table 1. The 
consistent formation of abnormal biaryls related to 3-chloro-2,6-dinitrobiphenyl indicates 
a fairly general nature for this side-reaction. In the condensation of 1,3-dichloro-4,6-di- 
nitrobenzene with p-iodotoluene the yield of abnormal biaryl, 3,5-chloro-4’-methyl-2,6-di- 
nitrobiphenyl, exceeded that of the “ normal” product. 3-Chloro-5-methoxy-2,6-dinitro- 
biphenyl could not, however, be isolated after reaction of 3-chloro-4,6-dinitroanisole with 
iodobenzene. In most of the examples the triphenylamine derivatives were also formed 
although not in specific cases, in particular not with the isomeric chloroiodobenzenes. 

In contrast to the 2,4-isomer, 2,6-dinitrobiphenyl (III) was obtained rapidly and 
essentially pure by condensation of 1-chloro-2,6-dinitrobenzene with iodobenzene, as in 
condensation of picryl chloride with iodobenzene.? It is clear from the experimental 
conditions that 1-chloro-2,6-dinitrobenzene is much more readily attacked by copper than 
is the 2,4-isomer, in agreement with the greater activating influence of the o- than of the 
p-nitro-group on the halogen atom in the Ullmann reaction.* Further, a chlorine atom 
with neighbouring nitro-groups is an ideal system for unsymmetrical Ullmann reaction 
with iodobenzene, permitting selective biaryl syntheses where differentiation between the 
reactivities of halogen atoms of polyhalogenonitro-compounds towards copper could be 
exploited. In this way the structures of the halogenated biaryls (III) and (VII) were 
further confirmed by synthesis from iodobenzene and 1,3-dichloro- and 1,3,5-trichloro-2,4- 
dinitrobenzene respectively. Similar confirmatory syntheses of other derivatives of 
3-chloro-2,6-dinitrobipheny] are listed in Table 2. 

® Marsden, J., 1937, 627. 


* Rule and Smith, J., 1937, 1096. 
* Davey and Latter, J., 1948, 264; Mascarelli, Longo, and Ravera, Gazzetta, 1938, 68, 33. 
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Partial reduction of 2,4-dinitrobiphenyl (I) by iron powder or sodium polysulphide gaye 
2-nitro-4-biphenylylamine as the sole characterisable product. The isomeric 4-nitro-9. 
amine was best obtained by Hofmann degradation of 4-nitrobiphenyl-2-carboxyamide. 


EXPERIMENTAL 


In Ullmann reactions copper bronze (from B.D.H.) was used without pretreatment, 
Chromatography was over activated alumina (B.D.H. chromatography grade). Light petrol. 
eum refers to the fraction of boiling range 40—60°. 

General Technique.—Copper bronze was added portionwise to the stirred preheated mixture 
(thermometers in the bath and mixture) at such a rate that undue rise in temperature was 
avoided. This normally required 25—50 min. Heating and stirring were continued for the 
remainder of the stipulated time. The mass was then allowed to cool, and the organic fraction 
extracted exhaustively with boiling chloroform. Infrequently, additional extractions with 
other solvents were necessary (as recorded). The liquors were filtered from excess of copper 
and copper halides (which were dried and weighed), then concentrated. The final residue, 
except where stated, was fractionally distilled under reduced pressure. 

Reaction of 1-Chlovo-2,4-dinitrobenzene with Iodobenzene.—(a) With excess of iodobenzene. 
Fractional distillation of the product obtained from the chloronitro-compound (50 g.), iodo- 
benzene (100 g., 2 mol.), and copper (50 g.) at 200° in 6-5 hr. yielded, after separation of copper 
and cuprous halides (105 g.), (1) unchanged iodobenzene, etc. (36 g.), b. p. 25—45°/0-5 mm., and 
halogenodinitrobenzene (10 g.), b. p. 120—30°/0-3 mm., (2) an orange-red viscous oil (24 g)), 
b. p. 160—85°/0-3 mm., and (3) a crimson viscous oil (9 g.), b. p. 185—210°/0-3 mm. A dark 
undistillable residue (8 g.) was discarded. 

Fraction (2) crystallised from benzene-light petroleum, furnishing yellow needles of 2,4-di- 
nitrobiphenyl (I) (11-5 g.), m. p. 110°. The mother-liquors, after removal of solvent, were 
chromatographed in benzene-light petroleum (1:2) giving as the initial eluate an orange oil 
from which pale yellow prisms of 3-chloro-2,6-dinitrobiphenyl (II) (1-8 g.), m. p. 92—93°, were 
obtained by treatment with cold methanol. Repeated crystallisation successively from 
benzene-light petroleum and methanol raised the m. p. to 94—95° (Found: C, 51-9; H, 2:3; 
N, 10-0; Cl, 12-9. C,,H,O,N,Cl requires C, 51:7; H, 2-5; N, 10-1; Cl, 12-8%). Further 
elution of the chromatogram with the same solvent gave only uncrystallisable red-brown oils. 
Final washing of the adsorbent with ethyl acetate furnished a small quantity (2 g.) of the 
normal biary] (I). 

Fraction (3), similarly chromatographed, yielded orange platelets (from methanol) of 
4-chlovo-3-nitrotriphenylamine (IV; R = H) (3 g.), m. p. 117—118° (Found: C, 66-6; H, 41; 
N, 8-4; Cl, 10-5. C,,H,,0,N,Cl requires C, 66-6; H, 4-0; N, 8-6; Cl, 10-9%). Further elution 
of the column with benzene-light petroleum gave only uncrystallisable oils. Final washing of 
the chromatogram with ethyl acetate furnished a small quantity (1 g.) of the nitro-biary] (I). 

A similar reaction at 185—190° was less complete after 6-5 hr., ca. 30% of the dinitro-halide 
being recovered, but the nature of the product was little changed. After reaction at 165°, 
recovery of unchanged reactants was 65%, but 13 g. of normal biaryl were contained in 16-5 g. 
of the crude fraction, b. p. 155—165°/0-2 mm., and 1-4 g. of the triphenylamine by crystallisation 
(from methanol) of a small fraction (2-3 g.), b. p. 180—190°/0-2 mm.; there was no distillation 
residue; 3-chloro-2,6-dinitrobiphenyl was not isolated. 

The halogenonitro-biaryl (II) with piperidine (3 mol.) at 100° for 1-5 hr. gave 2,6-dinitro-3- 
piperidinobiphenyl in yellow needles (from ethanol), m. p. 103—104° (Found: N, 12%. 
C,,H,,0O,N, requires N, 12-8%). Similar treatment of the tertiary base (IV; R = H) afforded 
3-nitro-4-piperidinotriphenylamine as crimson needles (from ethanol), m. p. 115° (Found: N, 
10-9. C,,H,;0,N,; requires N, 11-3%). 

(b) Equimolar reaction. 1-Chloro-2,4-dinitrobenzene (50 g.), iodobenzene (50 g.), and 
copper (50 g.), treated as in section (a), gave inorganic material (90 g.), unchanged iodobenzene 
(6 g.) and chlorodinitro-compound (2-5 g.). Treatment of the organic product as previously 
described furnished the nitro-biaryl (I) (24 g., 42%), the halogenated biaryl (II) (1-7 g.), and the 
triphenylamine derivative (IV; R = H) (0-3 g.). 

3-A mino-2,6-dinitrobiphenyl.—A solution of 3-chloro-2,6-dinitrobiphenyl (IT) (2-6 g.) in 
ethanol (50 ml.) was cooled to 0°, saturated with gaseous ammonia, then heated in a steel bomb 
at 100° for 6hr. After removal of solvent and excess of ammonia, the residue was dissolved in 
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benzene and filtered from precipitated ammonium chloride. Addition of light petroleum to 
the filtrate furnished 3-amino-2,6-dinitrobiphenyl (2-2 g.) in yellow plates, m. p. 187—189° 

(Found: C, 55°8; H, 3-5; N, 16-5. Ci2H,O,N requires C, 55-6; H, 3°5; N, 16-3%). 

2,6-Dinitrobiphenyl.—(a) De-amination of 3-amino-2,6-dinitrobiphenyl. The finely powdered 
pase (1 g.) was dissolved in cold concentrated sulphuric acid (5 ml.), then powdered sodium 
nitrite (1 g.) was added during 10 min. to the stirred solution. After 15 min. the liquors were 

ured into ethanol (50 ml.), and the red solution set aside overnight at 20—25°. Water 

(50 ml.) was then added and the liquors were extracted with chloroform (2 x 50 ml.). ‘The 
combined extracts were washed with aqueous sodium carbonate and water. The brown 
residue, after distillation of solvent, was refluxed with ethanol (5 ml.), and the dark solution 
decanted when cool from insoluble material. Crystallisation of the latter from ethyl acetate 
(2:5 ml.) gave 2,6-dinitrobiphenyl (III) (0-2 g.) in pale yellow needles, m. p. 188—189° (Found: 
C, 58:8; H, 3-1; N, 11-8. C,,H,O,N, requires C, 59-0; H, 3-3; N, 115%). 

(b) By interaction of 1-chloro-2,6-dinitrobenzene and iodobenzene. The reagents (23 g. and 
28-5 g. respectively), on treatment with copper (25 g.) at 180° for 2 hr., gave excess of copper and 
cuprous halides (44 g.) after extraction of the organic products with boiling acetone 
(2 x 250 ml.). The combined extracts were concentrated to 75—100 ml. On cooling, 2,6-di- 
nitrobipheny! (23 g.) separated in yellowish needles, m. p. and mixed m. p. 189—190° (Found: 
N, 11:4%). No characterisable product was isolated from the small quantity (1-5 g.) of pale 
red residual oil obtained after exhaustive crystallisation of the nitro-biaryl from the mother- 
liquors. 

: 3-Amino-4-chlorotriphenylamine.—4-Chloro-3-nitrotriphenylamine (IV; R=H) (1-5 g.), 
dissolved in ethanol (50 ml.) containing concentrated sulphuric acid (5 ml.), was refluxed with 
stannous chloride (4 g.) for 2-5 hr. The solvent was removed and the residue was treated with 
15% aqueous sodium hydroxide (150 ml.). The product which separated recrystallised from 
benzene-light petroleum as pale grey needles of 3-amino-4-chlorotriphenylamine (1 g.), m. p. 
146—147° (Found: C, 73-5; H, 5-1; N, 9-2; Cl, 12-6. C,,H,,N,Cl requires C, 73-3; H, 5-1; 
N, 9:5; Cl, 12-1%). 

The same product was obtained (yield, 85%) on hydrogenation of the nitro-compound with 
Raney nickel in ethanol at 20—25°. 

4-Chlorotriphenylamine.—(a) From 4-chloroaniline. lIodobenzene (12 g.) and the chloro- 
aniline (4 g.) were refluxed in nitrobenzene (50 ml.) containing potassium carbonate (8 g.) and 
copper bronze (3 g.) for 7 hr., then cooled, and benzene (50 ml.) was added. The liquors were 
filtered from suspended inorganic material, and distilled in vacuo, giving a fraction (4 g.), b. p. 
130—150°/0-3 mm., which solidified. Crystallisation from ethanol-ethyl acetate gave white 
needles of 4-chlorotriphenylamine (2-25 g.), m. p. 106—107° (Found: C, 77-3; H, 5-0; N, 5-0; 
Cl, 125. C,,H,,NCl requires C, 77-3; H, 5-0; N, 5-0; Cl, 12-7%). 

(b) By de-amination of 3-amino-4-chlorotriphenylamine. The amine (1 g.) was dissolved at 
15—20° in glacial acetic acid (6 ml.) containing sulphuric acid (2-5 ml.) and diazotised by 
sodium nitrite (2-5 g.). After ca. 5 min. the dark solution was added to 35% hypophosphorous 
acid (50 ml.). Water (250 ml.) was added after 10 min., then the organic material was extracted 
with light petroleum. The extracts were washed with water, dried (Na,SO,), and evaporated. 
The residual purple oil crystallised slowly from methanol at 0° in white needles mixed with a 
greater quantity of coloured resin. Recrystallisation of manually selected needles from 
methanol afforded 4-chlorotriphenylamine, m. p. and mixed m. p. 106—107° (there was in- 
sufficient for analysis). 

Condensation of 1,3-Dichloro-4,6-dinitrobenzene with Iodobenzene.—The cuprous halides, etc. 
(48 g.), obtained by filtration of the chloroform extract of the product from dichlorodinitro- 
benzene (45 g.), iodobenzene (47-5 g., 1-25 mol.), and copper (25 g., 2 mol.) at 195° for 6 hr. were 
additionally extracted with boiling acetone (200 ml.). After removal of the mixed solvent, 
the residue was stirred with boiling methanol (250 ml.). The crystalline precipitate of 3,5-di- 
chloro-2,6-dinitrobiphenyl (VII) which immediately separated was filtered off from the cooled 
liquors, and the pure material (5-5 g.) was obtained as white rods, m. p. 234—235°, by a single 
crystallisation from ethyl acetate of acetone (Found: C, 45-8; H, 2-0; N, 93; Cl, 22-9. 
C,,H,O,N,Cl, requires C, 46-0; H, 1-9; N, 8-9; Cl, 22-7%). The methanolic mother-liquors 
were concentrated, then the residue was fractionally distilled in vacuo, giving (1) unchanged 
iodobenzene (12 g.) and dichlorodinitro-compound (17 g.), b. p. 135—155°/0-5 mm., and (2) a red 
viscous oil (18 g.), b. p. 160—190°/0-5 mm. A residue (4 g.) was discarded. A solution of 
U 
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fraction (2) in benzene (25 ml.) and light petroleum (50 ml.), cooled to 0° overnight, deposited 
orange needles, m. p. 106—110°. Recrystallisation of this material from methanol gave pure 
3-chloro-4,6-dinitrobiphenyl (V) (7-4 g.) in pale yellow needles, m. p. 113—114° (Found: C, 52.9; 
H, 2-4; N, 10-3; Cl, 12-3. C,,H,O,N,Cl requires C, 51-7; H, 2-5; N, 10-1; Cl, 12-8%). The 
benzene-light petroleum mother-liquors were directly chromatographed. Elution with the 
same solvent mixture gave primarily a yellow oil which crystallised from methanol (after 
decantation when warm from a small quantity of the highly insoluble material, m. p. 234°) in 
lemon-yellow feathery plates of 4,6-dichloro-3-nitrotriphenylamine (IV; R = Cl) (2 g.), m. p, 
110—111° (Found: C, 60-3; H, 3-2; N, 7-4; Cl, 20-0. C,sH,,O,N,Cl, requires C, 60-2; H, 
3-3; N, 7-8; Cl, 198%). A further quantity of the biaryl (V) (1-4 g.) was obtained on continued 
elution of the column with the same solvent. 

3-A mino-4,6-dinitrobiphenyl.—The chlorodinitro-compound (V) (3-5 g.), in ethanol (60 ml), 
treated with ammonia in the same way as its isomer (II), furnished 3-amino-4,6-dinitrobipheny| 
(2-9 g.) in yellow plates (from benzene-light petroleum), m. p. 156—158° (Found: C, 55-7; H, 
3-3; N, 15-9. C,,H,O,N, requires C, 55-6; H, 3-5; N, 16-3%). 

De-amination of the base in the same way as for the 2,6-dinitro-isomer gave 2,4-dinitrobi- 
phenyl (I) (ca. 10%), m. p. and mixed m. p. 110°. 

Condensation of 1-Chloro-2,4-dinitrobenzene with p-Iodotoluene.—The chlorodinitro-compound 
(50 g.), p-iodotoluene (81 g., 1-5 mol.), and copper (50 g.), at 195° for 6 hr., yielded inorganic 
material (93 g.). Fractional distillation of the organic product gave low-boiling material 
(20 g.), unchanged chlorodinitrobenzene (10 g.), and a viscous red oil (33 g.), b. p. 165— 
200°/0-5 mm. Further distillation was impeded by decomposition of higher-boiling material. 
Crystallisation of the oil from benzene-light petroleum gave yellow needles of 4’-methyl-2,4-di- 
nitrobiphenyl (15-5 g.). Recrystallisation from methanol afforded the pure compound (14 g)), 
m. p. 87—88° (Found: C, 60-4; H, 4:0; N, 10-8. C,,;H,,0O,N, requires C, 60-5; H, 3-9; N, 
10-9%). The red residual oil, obtained after removing the solvent from the benzene-light 
petroleum mother-liquors, was chromatographed in benzene-light petroleum (1: 2), yielding 
(1) vermilion prisms (0-3 g.) (from methanol) of 4-chloro-4' ,4’’-dimethyl-3-nitrotriphenylamine(?), 
m. p. 151—152° (Found: C, 68-2; H, 4:7; N, 8-0; Cl, 9-9. C, 9H,,O,N,Cl requires C, 68-1; H, 
4-8; N, 7-9; Cl, 10-1%), (2) pale yellow rods (3 g.) (from benzene-light petroleum) of 3-chloro- 
4’-methyl-2,6-dinitrobiphenyl, m. p. 129—130° (Found: C, 53-5; H, 3-2; N, 9-9; Cl, 12-1 
C,,;H,O,N,Cl requires C, 53-3; H, 3-1; N, 9-6; Cl, 12-1%). Final elution of the chromatogram 
with benzene containing 5% of ethyl acetate gave a further 3 g. of the normal biaryl, m. p. 
87—88°. 

Condensation of 1-Chloro-2,4-dinitrobenzene with p-Iodoanisole.—A reaction similar to the 
above with p-iodoanisole (87 g.) in place of p-iodotoluene yielded copper salts, etc. (98 g.), and 
material (10 g.), b. p. up to 70°/0-4 mm., unchanged chlorodinitro-compound (6 g.), a viscous red 
oil (43 g.), b. p. 185—205°/0-3 mm., deep red resin (5 g.), b. p. 210—250°/0-3 mm., and a residue 
(10 g.). The viscous oil crystallised from benzene-light petroleum (1:1; 400 ml.) at 
5° to give crude 4’-methoxy-2,4-dinitrobiphenyl (24-5 g.), m. p. 88—92°. Further crystallisation 
successively from the same solvent and methanol afforded the pure compound in yellow needles 
(19 g.), m. p. 94—95° (Found: C, 57-0; H, 3-7; N, 9-9. C,3;H,,O;N, requires C, 56-9; H, 3:6; 
N, 10-2%). The combined mother-liquors were evaporated and the residue was chromato- 
graphed in benzene-light petroleum (1:1), to give in the initial eluate pale yellow rhombs 
(5-2 g.), m. p. 123—124° (after two crystallisations from methanol), of 3-chlovo-4’-methoxy-2,6- 
dinitrobiphenyl (Found: C, 50-7; H, 2-6; N, 8-8; Cl, 11-3. C,,;H,O;N,Cl requires C, 50-6; H, 
2-9; N, 9-1; Cl, 11-5%). Further elution of the column with benzene-ethyl acetate (4: 1) 
gave the normal biaryl (4-5 g.). 

Similar chromatography of the high-boiling resin gave an initial eluate which, after removal 
of solvent, crystallised slowly from methanol-ethy] acetate in orange-brown rhombs of 4-chloro- 
4’,4”’-dimethoxy-3-nitrotriphenylamine (0-8 g.), m. p. 163—164° after further crystallisation 
from the same solvent (Found: C, 62-5; H, 4:2; N, 7:5; Cl, 9-1. CygH,,O,N,Cl requires C, 
62-4; H, 4-4; N, 7-3; Cl, 92%). The structure of this material was confirmed by synthesis, 
reported in Part II of this series. 

Condensation of 1-Chloro-2,4-dinitrobenzene with o-Chloroiodobenzene.—The chlorodinitro- 
compound (20 g.), o-chloroiodobenzene (35 g., 1-5 mol.), and copper (20 g.) reacted at 195° for 
6 hr. After separation of cuprous halides, etc. (38 g.), fractionation of the organic products 
gave (1) unchanged iodo-compound (5 g.), b. p. 45—50°/0-4 mm., and chlorodinitrobenzene 
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(5 g.), and (2) a viscous yellow oil (18 g.), b. p. 165—185°/0-4 mm. A small residue (3 g.) was 
discarded. Crystallisation of fraction (2) from benzene—light petroleum, then from methanol, 
furnished yellow needles of 2-chloro-2’,4’-dinitrobiphenyl (10 g.), m. p. 107° (Found: C, 51-7; H, 
2-3; N, 10-1; Cl, 12-6. C,,H,O,N,Cl requires C, 51-7; H, 2-5; N, 10-1; Cl, 128%). The 
combined mother-liquors were evaporated and the residue was chromatographed in benzene- 
light petroleum (1 : 2), to give a pale yellow oil which slowly crystallised from methanol at 0° 
in almost colourless prisms (0-3 g.) of 3,2’-dichloro-2,6-dinitrobiphenyl, m. p. 82° (Found: C, 45-8; 
H,1-9; N, 9-2; Cl, 22-8. C,,H,O,N,Cl, requires C, 46-0; H, 1-9; N, 8-9; Cl,22-7%). Further 
elution of the chromatogram gave the normal biaryl (1-5 g.). 

Condensation of 1-Chloro-2,4-dinitrobenzene with m-Chloroiodobenzene.—A reaction compar- 
able to the above, with the m-chloroiodo-isomer, yielded inorganic material (33 g.). Separation 
of the organic products in the same way gave unchanged chloroiodo-compound (12 g.), b. p. 
55—60°/0°3 mm., and chlorodinitrobenzene (6 g.), followed by a viscous orange-yellow oil 
(11-5 g.), b. p. 175—195°/0-3 mm. A small higher-boiling residue was not investigated. The 
oil was chromatographed in benzene-light petroleum (1 : 2), affording a yellow oil which slowly 
solidified on trituration with methanol at 0°. After two crystallisations of this material from 
methanol, 3,3’-dichloro-2,6-dinitrobiphenyl (0-35 g.) was obtained as pale yellow prisms, m. p. 
121—122° (Found: C, 45-7; H, 1-7; N, 9-0; Cl, 22.8%). Further elution of the column with 
benzene gave the normal biaryl, 3-chlovo-2’,4’-dinitrobiphenyl (4-75 g.), in pale yellow needles 
(from methanol), m. p. 79° (Found: C, 51-5; H, 2:8; N, 10-2; Cl, 12-5%). 

Condensation of 1-Chloro-2,4-dinitrobenzene with p-Chloroiodobenzene-—A comparable 
reaction with the p-chloroiodo-isomer gave inorganic products (32-5 g.), unchanged iodo- 
compound (14 g.), b. p. 55—60°/0-5 mm., chlorodinitrobenzene (6 g.), an orange-red viscous 
oil (13-5 g.), b. p. 170—200°/0-7 mm., and a small residue (2 g.). The viscous oil slowly 
deposited pale yellow prisms when kept overnight at 0° in benzene-light petroleum. Recrystal- 
lisation of these from the same solvent, and subsequently methanol, gave pure 4-chloro- 
2’ 4’-dinitrobiphenyl (4-8 g.), m. p. 91—92° (Found: C, 51-3; H, 2-3; N, 10-0; Cl, 12-7%). The 
combined mother-liquors were evaporated and the residue chromatographed in benzene-light 
petroleum (1:1), furnishing primarily a yellow oil which crystallised from methanol-ethyl 
acetate to give almost colourless prisms of 3,4’-dichloro-2,6-dinitrobiphenyl (1-5 g.), m. p. 162— 
163° (Found: C, 46-4; H, 1-9; N, 9-3; Cl, 22-7%). Final elution of the chromatogram with 
benzene containing 5% of ethyl acetate yielded the normal biaryl (1-1 g.). 

Condensation of 3-Chlovo-4,6-dinitrotoluene with Iodobenzene.—The chlorodinitro-compound 
(43 g.), iodobenzene (51 g.), and copper (45 g.) reacted at 195° for 6 hr. After separation of 
inorganic material (57 g.), which was additionally washed with boiling acetone (250 ml.), 
fractional distillation of the combined extracts in vacuo gave unchanged iodobenzene (30 g.) 
and chloronitrotoluene (31 g.), b. p. 130—140°/0-5 mm., and a viscous red oil contain- 
ing suspended crystals (12 g.), b. p. 160—190°/0-3 mm. A black undistillable residue 
(2 g.) was discarded. The oil was stirred with warm methanol (75 ml.), and the insoluble 
material filtered off from the cooled solution. Recrystallisation of the solid from ethyl acetate 
gave white rods of 3-chloro-5-methyl-2,6-dinitrobiphenyl (2 g.), m. p. 225—226° (Found: C, 53-7; 
H, 3-2; N, 9-7; Cl, 12-3. C,,H,O,N,Cl requires C, 53-3; H, 3-1; N, 9-6; Cl, 12-1%). The residue, 
after removal of solvent from the mother-liquors, was chromatographed in benzene-light 
petroleum (1: 2), giving initially a red oil (6 g.) which slowly crystallised from methanol in 
bright yellow plates of 2-chloro-5-methyl(or 5-chloro-2-methyl)-3-nitrotriphenylamine (2 g.), m. p. 
102—103° (Found: C, 67-7; H, 4-4; H, 8-2; Cl, 10-6. C,,H,,O,N,Cl requires C, 67-4; H, 4-4; 
N, 8-3; Cl, 105%). Further elution of the chromatogram with benzene furnished a yellow oil 
(3 g.) which crystallised from methanol during 48 hr. at 0°, to give pale yellow needles of 
3-methyl-4,6-dinitrobiphenyl (1-8 g.), m. p. 104—105° (Found: C, 60-7; H, 3-7; N, 10-6. 
C,3;H,,O,N, requires C, 60-5; N, 3-9; Cl, 10-9%). 

Condensation of 3-Chloro-4,6-dinitroanisole with Iodobenzene.—Fractional distillation of the 
organic products (copper and cuprous halides amounted to 50 g.) after reaction of the substituted 
anisole (42-3 g.), iodobenzene (46-5 g.), and copper (30 g.) at 195° for 6 hr. yielded [after recovery 
of iodobenzene (13 g.) and the anisole derivative (14 g.), b. p. 170—175°/0-5 mm.], a red viscous 
oil (24-5 g.), b. p. 200—230°/0-5 mm. Trituration of this oil in methanol gave a yellow solid 
which after two crystallisations from methanol furnished pale yellow needles of 5-methoxy-2,4- 
dinitrobiphenyl (10-2 g.), m. p. 143—144° (Found: C, 57-0; H, 3-6; N, 10-2. C,3;H,O;N, 
requires C, 56-9; H, 3-6; N, 10-2%). The combined mother-liquors were evaporated, and the 








572 Forrest: The Ullmann Biaryl Synthesis. Part I. 


residue chromatographed in benzene-light petroleum (1: 1), giving as the initial eluate an ojj 
which was crystallised from methanol and methanol-ethyl acetate successively to yield orange 
prisms of 4-chloro-6-methoxy(or 6-chloro-4-methoxy)-3-nitrotriphenylamine (0-7 g.), m. p. 138~ 
139° (Found: N, 8-1; Cl, 9-8. C,,H,,O,N,Cl requires N, 7-9; Cl, 10-0%). Further elution of 
the column with the same solvent gave oils. Final washing with ethyl acetate furnished the 
normal biaryl (1-25 g.). 

The structure of the normal condensation product was confirmed by comparison with the 
material obtained (yield, 75%) by refluxing the chlorinated biaryl (V) in methanol with sodium 
methoxide (1-1 mol.) for 2 hr. (Found: N, 10-0%). 

Condensation of 1,3-Dichloro-4,6-dinitrobenzene with p-Iodotoluene.—Reaction between the 
chloronitro-compound (23-7 g.), p-iodotoluene (27-1 g.), and copper (12-6 g.) at 195° for 5-5 hr. 
gave copper salts, etc. (26 g.), from which traces of organic material sparingly soluble in chioro- 
form were finally extracted with boiling acetone (150 ml.). The combined organic extracts 
were evaporated and stirred with hot methanol (60 ml.). The yellow-brown crystalline 
precipitate thus obtained was separated when cool. Crystallisation of the solid from ethyl 
acetate (charcoal) gave pale yellow prisms of 3,5-dichloro-4’-methyl-2,6-dinitrobiphenyl (4-2 g.), 
m. p. 254° (Found: C, 47-4; H, 2-6; N, 8-7; Cl, 21-9. C,,;H,O,N,Cl, requires C, 47-7; H, 2-4; 
N, 8-6; Cl, 21-7%). The mother-liquors were stripped of solvent, then chromatographed in 
benzene-light petroleum (2:3). The initial eluate, a red oil, gave primarily a small quantity 
(0-1 g.) of the material, m. p. 254°, from benzene—methanol (1 : 3) at 0°; then methanol alone 
gave orange-red plates of 2,4-dichloro-4’,4’’-dimethyl-5-nitrotriphenylamine (1 g.), m. p. 127° 
(from methanol-ethyl acetate) (Found: C, 62-3; H, 4:3; N, 7-2; Cl, 17-9. C9H,,O,N,Cl, 
requires C, 62-0; H, 4-1; N, 7-2; Cl, 183%). Subsequent elution of the chromatogram with 
benzene alone gave an oil (8 g.), which on fractional distillation yielded unchanged chloronitro- 
compound (5-5 g.) and a viscous oil (2-8 g.), b. p. 165—180°/0-5 mm., the latter crystallising 
readily from methanol in pale yellow plates of 3-chloro-4’-methyl-4,6-dinitrobiphenyl (1-8 g.), m. p. 
114—115° (Found: C, 53-2; H, 3-1; N, 10-0; Cl, 12-5. C,,;H,O,N,Cl, requires C, 53-3; H, 3-1; 
N, 9-6; Cl, 12-1%). 

Condensation of 1,3-Dichloro-4,6-dinitrobenzene with p-Iodoanisole-—The chloronitro-com- 
pound (23-7 g.), p-iodoanisole (23-4 g.), and copper (12-6 g.), at 195° for 5 hr., yielded copper 
salts, etc. (27 g.), after final separation of organic material with boiling acetone (150 ml). 
Fractional distillation of the combined organic products gave low-boiling material, un- 
changed chloronitro-compound (6 g.), a red oil containing suspended crystals (14 g.), b. p. 180— 
200°/0-3 mm., and a residue (2 g.)._ The red oil was stirred with hot methanol (50 ml.), and the 
liquor decanted from the crystals while still warm. The solid was then washed with a little 
warm methanol and crystallised from ethanol-ethyl acetate, giving pale yellow prisms of 
1,3-dichloro-4’'-methoxy-2,6-dinitrobiphenyl (1-8 g.), m. p. 203—204° (Found: C, 45-4; H, 2:5; 
N, 8-6; Cl, 20-9. C,,H,O,N,Cl, requires C, 45-5; H, 2-3; N, 8-2; Cl, 20-7%). The combined 
mother-liquors were evaporated and the residue was chromatographed in benzene-light petrol- 
eum (1:2), affording initially a further quantity (0-2 g.) of the material, m. p. 203—204°. 
Successive elution with the same solvent and benzene alone furnished a yellow oil (10 g.), which, 
crystallised three times from methanol, gave pale yellow prismatic needles of 3-chloro-4’-methoxy- 
4,6-dinitrobiphenyl (6-5 g.), m. p. 83—84° (Found: C, 50-9; H, 3-0; N, 9-5; Cl, 11%. 
C,,;H,O;N,Cl requires C, 50-6; H, 2-9; N, 9-1; Cl, 115%). Final elution of the column with 
ethyl acetate gave an oily solid (ca. 2 g.). Crystallisation of the latter from methanol yielded 
the material, m. p. 83—84° (0-75 g.), mixed with traces of a higher-melting substance; this 
fraction was not further investigated. 

3-Chlovo-2,6-dinitrobiphenyl (I1).—1,3-Dichloro-2,4-dinitrobenzene (VI) (7-5 g.), iodobenzene 
(8-0 g.), and copper (4 g., 2 mol.), on reaction at 175° for 3 hr., gave copper salts, etc. (8-1 g.), 
unchanged iodobenzene (2 g.), chlorodinitro-compound (1-5 g.), b. p. 125—130°/0-6 mm., and a 
yellow oil (6 g.), b. p. 170—175°/0-8 mm. The last furnished 3-chloro-2,6-dinitrobipheny] (II) 
(4-2 g., 48%) as pale yellow prisms, m. p. 94—95° (from methanol) undepressed on admixture 
with material obtained as by-product from the synthesis of 2,4-dinitrobiphenyl (I) (Found: N, 
100%). 

No product isomeric with the biaryl (II) was isolated even after chromatography. 

Synthesis of Halogenated Derivatives of 2,6-Dinitrobiphenyl.—1,3-Dichloro- or 1,3,5-trichloro- 
2,4-dinitrobenzene (1 mol.), the iodo-compound (1 mol.), and copper (2 mol.) were allowed to 
react at 190—195° for 2-5—3 hr. The required chlorinated biaryl was isolated from the organic 
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products by crystallisation (method A) or by chromatography in benzene-light petroleum 
(1: 2) (method B). In every example the synthetic product was identical with the material 
obtained as by-product from the appropriate Ullmann synthesis. The reaction scale was 
9-01—0-005 mole. Optimum conditions for individual condensations were not determined. 
The results are detailed in Table 2. 

9-Nitro-4-biphenylylamine.—A stirred solution of 2,4-dinitrobiphenyl (I) (23 g.) in ethanol 
(500 ml.), and water (125 ml.) containing 2—3 drops of concentrated hydrochloric acid and 
iron powder (11-2 g.) was refluxed for 3 hr. The red solution was cooled, filtered from iron 
oxides, then evaporated, finally under reduced pressure. Addition of cold water (500 ml.) 
solidified the brown residual oil. Two crystallisations of this from benzene-light petroleum 
(charcoal) afforded pure 2-nitvo-4-biphenylylamine (12 g.) in yellow plates, m. p. 110—111° 
(Found: C, 67-2; H, 4-6; N, 13-1. C,,H9O,N, requires C, 67-3; H, 4:7; N, 13-1%). 

Partial reduction of the nitro-compound was also effected with sodium polysulphide by 
standard techniques. The product (yield, 40%) was, however, more difficult to purify. 

De-amination. A mixture of the nitro-amine (2-1 g.), concentrated hydrochloric acid 
(20 ml.), and ethanol (75 ml.) was heated until dissolution was complete, then cooled to 0°. 
Sodium nitrite (1-1 g.) was added with stirring. Next morning the red solution was decanted 


TABLE 2. 
Halogenonitro- Todo- Product: deriv. of Yield (%) Methodof Found: 
compound compound 2,6-dinitrodiphenyl approx. isoln. N (%) 
1,3,2,4-C,H,Cl,(NO,), p-C,H,Mel 3-Cl-4’-Me 15 B 9-4 
és p-C,H,I-OMe 3-Cl-4’-OMe 25 B 9-3 
* o-C,H,ClI_ 3,2’-Cl, 75 A 9-3 
“ m-C,H,CIiI 3,3’-Cl, 50 A 9-0 
7 p-C,H,Cil 3,4’-Cl, 50 A 9-3 
1,3,5,2,4-CgHC1;(NOg), Phi 3,5-Cl, 30 A 8-7 
a p-C,H,Mel 3,5-Cl,-4’-Me 15 A 8-7 
ie p-C,H,1-OMe 3,5-Cl,-4’-OMe 25 A 8-5 


from inorganic material and a little red insoluble resin into water (600 ml.). Extraction of the 
liquors with chloroform (2 x 50 ml.), followed by evaporation, furnished a dark oil. This was 
filtered in benzene-light petroleum (1:1) (100 ml.) through alumina to give, after removal of 
solvent, 2-nitrobiphenyl, m. p. and mixed m. p. 37° (from 90% methanol at 0°), in pale yellow 
needles. 

4-Nitro-2-biphenylylamine.—4-Nitrobiphenyl-2-carbonyl chloride (5-5 g.), b. p. 160— 
170°/1 mm. [prepared by refluxing the acid ® (7-5 g.) with thionyl chloride (20 ml.) for 2 hr., 
then fractionally distilling the product], was added in benzene (15 ml.) to aqueous ammonia 
(2 0-880; 125 ml.) at 0°. Light petroleum (50 ml.) was then added, and the white solid filtered 
off and dried at 100°. The crude amide (4-8 g.) was added to a stirred solution of bromine 
(5 g.) in aqueous sodium hydroxide (20 g. in 80 ml. of water) at O—5°. The solution was then 
heated to 95° for 30—45 min., cooled, and extracted with ether (2 x 100 ml.). The ethereal 
extracts were washed with water, dried (Na,SO,), and concentrated to 50 ml. Addition of 
dry hydrogen chloride to the ethereal concentrate precipitated a colourless hydrochloride 
(33 g.) which, after decantation of solvent, was treated with 3% aqueous ammonia, to give a 
low-melting solid (2-6 g.). Crystallisation from benzene-light petroleum (twice) gave orange- 
yellow needles of the amine (1-9 g.), m. p. 71—72° (Found: C, 67-0; H, 4-7; N, 13-2. 
C,,H,,0,N, requires C, 67:3; H, 4-7; N, 13-1%). 


The work described in this and the following five papers was initiated in 1945 when the 
author was at Glasgow University. Its completion was made possible through the kindness of 
the Directors of the British Drug Houses, Ltd., who provided laboratory facilities. 


Tue British DruGc Houses, Ltp., LonDoN. 
21 GRAYSTONE AVENUE, RUTHERGLEN, LANARKSHIRE. [Received, April 28th, 1959.) 


5 Buckles, Filler, and Hilfmann, J]. Org. Chem., 1952, 17, 233, 
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118. The Ullmann Biaryl Synthesis. Part II. The Effect of 
m-Dinitrated Diluents on the Self-condensation of Iodobenzene. 


By JAMES ForREST. 


Compounds containing a m-dinitro-grouping are partly converted into 
derivatives of 2,6-dinitrobiphenyl (I) and 3-nitrotriphenylamine (II) on 
addition to the Ullmann reaction of an iodo-compound such as iodobenzene. 
The rate and course of the normal Ullmann reaction is further influenced 
by additional substituents in the nitrated material. 


THE formation of abnormal products, derivatives of 2,6-dinitrobiphenyl (I) and 3-nitro- 
triphenylamine (II), from Ullmann reactions between 1-chloro-2,4-dinitrobenzene, or one 
of its simple analogues, and iodo-compounds has been described in Part I of this series! 
The present communication reports the Ullmann reaction of iodobenzene in the presence 
of non-halogenated materials containing m-dinitro- and allied groups in the molecule. 

It has apparently been considered since the discovery of the Ullmann reaction that 
iodobenzene was unattacked by copper unless under pressure at temperatures above its 
boiling point.2_ Several instances, however, of the use of iodobenzene in unsymmetrical 
Ullmann syntheses at atmospheric pressure have been recorded. Rule and Smith,? in 
reporting the synthesis of 2,4,6-trinitrobiphenyl (V; R =H) by the condensation of 
picryl chloride with iodobenzene at 160°, suggested that some form of special activation 
enabled the iodo-compound to partake in this type of reaction. This concept appeared 
inappropriate when applied to the reactions described in Part I, the nature of the abnormal 


NO, NPh, NPh, CO,Me NO, 


Cp» CP C2 (Cpe], on Dn 


NO, NO, CO,Me R_ NO, 
(I) (II) (III) (IV) (V) 


products indicating, at least in part, independent reaction of the iodo-compound. Re- 
investigation of the synthesis of biphenyl from iodobenzene by this means has shown, 
contrary to previous reports, that a slow but smooth conversion of iodobenzene was 
effected at its boiling point. The biaryl formed under these conditions was obtained free 
from secondary or resinous reaction products. 

Biphenyl formation, however, was considerably impeded by the addition of sufficient 
m-dinitrobenzene to the reactant to approximate to the conditions under which the un- 
symmetrical biaryls described in Part I were produced. Further, the formation of 2,6-di- 
nitrobiphenyl (I) and 3-nitrotriphenylamine (II) in this reaction supported the theory 
that independent reaction of the iodo-compound was responsible for the analogous atypical 
products formed in these condensations. Comparable product patterns were obtained 
from a series of similar reactions, illustrated in Table 1, of iodobenzene in non-halogenated 
derivatives of m-dinitrobenzene. Isomers of the analogues of 2,6-dinitrobiphenyl produced 
in this way could not be characterised from any condensation. In the same way #-iodo- 
toluene and p-iodoanisole respectively furnished similar unsymmetrical biaryls as by- 
products by interaction with m-dinitrobenzene. The corresponding triphenylamine 
derivative, however, could not be isolated from the reaction with the iodo-ether. 

Replacement of one or both of the nitro-groups by a methoxycarbonyl substituent 
eliminated unsymmetrical biaryl formation. Thus methyl m-nitrobenzoate was converted 
into reduction products alone, 3-methoxycarbonyltriphenylamine (III), together with 


1 Part I, preceding paper. 


2? Ullmann, Annalen, 1904, 382, 38; Rule and Smith, J., 1937, 1096; Mascarelli, Longo, and Ravera, 
Gazzetta, 1938, 68, 33. 


3 For some examples see Fanta, Chem. Rev., 1946, 38, 139. 
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traces of 3,3’-dimethoxycarbonylazobenzene (IV). No product derived from methyl 
jsophthalate could be detected. 


TABLE 1. 


CHIP MP Otome Oo 


Aryl 
halide 
C,H,I 


Diluent 
m-CgH,(NO3), 


»4-C,H,OMe(NO,), 
6- H,(OMe),(NO,), 


3(N 2/3 


m-C,H,(CO,Me)(NO,) 
m-C,H,(CO,Me), 
m-C,H,(NO,), 


” 


Reductive arylation 
2,6-dinitrobiphenyl 9 
Unsubst. 


, 


-Me 

-Me 
,5-Me, 
-OMe 
,5-(OMe), 


r 


NO, 


4’-Me 
4’-OMe 


(g.-equiv.) 


Copper 
biaryl (%) * 
22 


25 


- 


13 
1-9 
2-3 23 
1-3 


32 
29 


Deriv. of 
triphenylamine 
3-NO, 


4-Me-3-NO, 
3-Me-5-NO, 
2,4-Me,-5-NO, 
2-OMe-5-NO, 
2,4-(OMe),-5-NO, 
3,5-(NO,). 


3-CO,Me 
4’,4’’-Me,-3-NO, 


Normal sym. 


Abnormal unsym. 
biaryl (%) * 
8 


a 
FP wCOOCOONK RK KF wWO-! 


Halide reacted 
(%) t 
56 


* Based on halide reacted. + Calc. from recovered halide. { Reaction for 2-5 hr. only. 


With the exception of 1,3,5-trinitrobenzene, which is not comparable since the molecule 
contains more than one potential point of attack, conversion of the nitro-compound into 
unsymmetrical biaryl was maximal when there was no further substitution of the m-dinitro- 
benzene. A methyl or methoxyl group in position 4- or 6- of the dinitro-compound strongly 
suppressed this reaction. The marked drop in the yield of substituted 2,6-dinitrobiphenyl 
encountered on the introduction of a methoxyl group into the nitro-compound is also 
shown in Part I by comparison of the product patterns of the reactions between iodo- 
benzene and 3-chloro-4,6-dinitroanisole or 1-chloro-2,4-dinitrobenzene severally. The 
introduction of methyl groups into the nitrated material, in particular o/p to the nitro- 
groups, as exemplified by 2,4-dinitrotoluene and 4,6-dinitro-m-xylene, markedly impeded 
the reaction of iodobenzene with copper, as well as unsymmetrical biaryl formation. 
The ester diluents, methyl isophthalate and methyl m-nitrobenzoate, also acted as powerful 
reaction suppressors. The Ullmann reaction of iodobenzene in 1,3,5-trinitrobenzene 
afforded, in addition to the expected product, 2,4,6-trinitrobiphenyl (V; R = H), a small 
quantity of the further substituted material, 2’,4’,6’-trinitro-m-terphenyl (V; R = Ph). 
Moreover, the product of reductive arylation, 3,5-dinitrotriphenylamine, was mixed with 
minor quantities of the partly N-arylated 3,5-dinitrodiphenylamine. 

Self-condensation of the aryl iodide in this series was influenced in a regular pattern 
according to the nature of the additional substituents in the dinitrated diluent. Highest 
yields of the symmetrical biaryl were obtained from reactions in unsubstituted m-dinitro- 
benzene, and its 4-methoxy- and 4,6-dimethoxy-derivatives. The insertion of a methyl 
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group into the diluent molecule suppressed the normal Ullmann reaction strongly. Thus 
only a small proportion of iodobenzene was converted into biphenyl in the presence of 
2,4-dinitrotoluene, and the hydrocarbon could not be isolated at all after similar reactions 
in 3,5-dinitrotoluene or 4,6-dinitro-m-xylene. Methyl isophthalate and methyl m-nitro. 
benzoate also suppressed biphenyl formation completely. 

The structures of 4’-methoxy- and 4’- and 4-methyl-2,6-dinitrobiphenyl were confirmed 
by comparison with the products of the Ullmann condensations of 1-chloro-2,6-dinitrobenzene 
with f-iodoanisole and f-iodotoluene, and of 4-chloro-3,5-dinitrotoluene with iodobenzene 
respectively. 3-Methoxy- and 3,5-dimethoxy-2,6-dinitrobiphenyl were identical with the 
methyl ethers obtained from 3-chloro- and 3,5-dichloro-2,6-dinitrobiphenyl by treatment 
with sodium methoxide. 3,5-Dinitro-di- and -tri-phenylamine were synthesised by 
N-arylation of 3,5-dinitroaniline by a modification of Goldberg’s technique * for the 
synthesis of 3-nitrodiphenylamine. 

Small quantities of certain substituted triphenylamines, however, required for com- 
parison with some of the ambiguous products of reductive arylation of the nitro-group 
obtained in the present series of reactions, were conveniently prepared by the addition 
of the primary amine to the Ullmann self-condensation of the appropriate aryl ‘iodide. 
Thus 2-methoxy-5-nitro- and 4-methyl-3-nitro-aniline, added to the reacting mixture of 
iodobenzene with copper, afforded the corresponding triphenylamine derivatives, 
Similarly, m-nitroaniline, added in reaction of p-iodotoluene, was fully arylated to 4,4’-di- 
methyl-3-nitrotriphenylamine. In some cases this reaction could even be extended to 
nitro-amines containing an activated halogen atom in the nucleus. For example, addition 
of 4-chloro-3-nitroaniline in the Ullmann self-condensations of iodobenzene and p-iodo- 
anisole furnished, respectively, 4-chloro-3-nitrotriphenylamine and its 4’,4’’-dimethoxy- 
derivative. A similar reaction with f-iodotoluene, however, failed to yield the required 
tertiary base. 


EXPERIMENTAL 


Iodobenzene was washed with dilute mineral acid and redistilled before use. Other general 
remarks apply as in Part I.} 

General Procedure.—In the following series of reactions the condensing agent was added to 
the reactants in one portion, otherwise the procedure described in Part I was unchanged. 
Except where otherwise stated, reactions were carried out at 195° for 6 hr. 

Reaction of Iodobenzene with Copper.—(a) Undiluted. The reaction of iodobenzene (76 g.) 
with copper (32 g.) gave inorganic material (66 g.), unchanged iodobenzene (19 g.), b. p. 40— 
50°/0-5 mm., and biphenyl (17-5 g.), b. p. 70—75°/0-5 mm. There was no distillation residue. 
Crystallisation of the crude bipheny] fraction from aqueous methanol gave the pure hydrocarbon 
(16-8 g.; 78%) in plates, m. p. 70°. 

After only 1-5 hours’ reaction the proportion of iodobenzene which reacted fell from 75% to 
ca. 40%. The yield of biphenyl from the converted material was unaffected. 

(b) In m-dinitrobenzene. The organic product from iodobenzene (75 g.) and copper (32 g.) 
in m-dinitrobenzene (41-3 g.) yielded, after separation of copper salts, etc. (58 g.), iodobenzene 
(33 g.), biphenyl (3-4 g.), m-dinitrobenzene (35 g.), b. p. 105—115°/0-1 mm., and a red viscous 
oil containing suspended crystals (8-5 g.), of boiling range 155—200°/0-1 mm. A dark un- 
distillable residue (2 g.) was discarded. The semi-crystalline product was dissolved in warm 
benzene (50 ml.), then light petroleum (50 ml.) was added with stirring. The pale yellow 
crystalline precipitate was filtered off when cool. Recrystallisation of the solid from ethyl 
acetate or acetone furnished almost colourless needles of 2,6-dinitrobipheny] (3-5 g.), m. p. and 
mixed m. p. 189—190° (Found: N, 11-5. Calc. for C,,H,O,N,: N, 115%). The original 
mother-liquors were chromatographed in benzene-light petroleum (1:1) and gave primarily 
an orange oil which crystallised from methanol in orange-yellow needles of 3-nitrotriphenyl- 
amine (2-5 g.), m. p. and mixed m. p. 78—79° (Found: C, 74-4; H, 4-8; N, 9-7. Calc. for 


* Goldberg, Zentr., 1907, IJ, 1465. 
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CygHyO2N2: C, 74:5; H, 48; N, 9-7%). Final elution of the chromatogram with ethyl 
acetate gave 2,6-dinitrobiphenyl (0-3 g.). 

A similar reaction in which 56 g. of copper were used yielded copper salts, etc. (91 g.), 
unchanged iodobenzene (18 g.), biphenyl (5 g.), the unsymmetrical biaryl (5-5 g.), and the 
triphenylamine derivative (4-5 g.). When 45 g. of copper were used under the same conditions 
the products were inorganic material (75-5 g.), iodobenzene (26 g.), biphenyl (4-5 g.), 2,6-dinitro 
biphenyl (4 g.), and 3-nitrotriphenylamine (3 g.). 

(c) In 2,4-dinitrotoluene. LIodobenzene (76 g.) and copper (32 g.), in 2,4-dinitrotoluene 
(45-5 g.), yielded inorganic material (48 g.), unchanged iodobenzene (48 g.), biphenyl (1 g.), 
recovered diluent (38 g.), b. p. 115—125°/0-3 mm., then a viscous red oil (5-5 g.), of boiling range 
150—200°/0-3 mm. A black undistillable residue (3 g.) was discarded. The red oil was 
chromatographed in benzene-light petroleum (3: 2), yielding initially an oil (2-5 g.) which 
crystallised slowly from methanol in orange prisms of 4-methyl-3-nitrotriphenylamine (1-1 g.), 
m. p. 143—144° (Found: C, 75:3; H, 5-4; N, 9-5. Cj, H,,O,N, requires C, 75-0; H, 5-3; 
N, 92%). Further elution of the column gave a pale yellow oil (1-1 g.) which furnished stout 
colourless needles (from benzene-light petroleum) of 3-methyl-2,6-dinitrobiphenyl (1 g.), m. p. 
112—113° (Found: C, 60-3; H, 4-0; N, 10-6. C,,H,,O,N, requires C, 60-5; H, 3-9; N, 10-9%). 
Final elution of the chromatogram with ethyl acetate gave an uncrystallisable oil (1 g.). 

(d) In 3,5-dinitrotoluene. lodobenzene (28 g.) in 3,5-dinitrotoluene (17 g.) was treated with 
copper (12 g.) in the same way, yielding copper salts, etc. (20-5 g.), unchanged iodobenzene 
(13-5 g.), nitro-compound (13 g.), b. p. 110—120°/0-4 mm., and a red viscous oil (4 g.), b. p. 
160—200°/0-4 mm. A dark residue (1 g.) was discarded. Treatment of the red oil with 
methanol-ethyl acetate gave crystals which furnished stout orange needles of 5-methyl-3- 
nitrotriphenylamine (1-25 g.), m. p. 167—168°, after a further crystallisation from ethyl acetate 
(Found: C, 74:8; H, 5-4; N, 9-4. (C,,H,,O,N, requires C, 75-0; H, 5-3; N, 9-2%). The 
original ethyl acetate-methanol mother-liquors were stripped of solvent, and the residue 
crystallised twice from benzene-light petroleum to give colourless needles of 4-methyl-2,6- 
dinitrobiphenyl (0-75 g.), m. p. 130—131° (Found: C, 60-4; H, 4:0; N, 10-6. C,,H,.O,N, 
requires C, 60-5; H, 3-9; N, 10-9%). Chromatography of the mother-liquors in benzene-light 
petroleum (1:2) afforded successively further small quantities of the substituted triphenyl- 
amine (0-2 g.) and the nitro-biaryl (0-15 g.). 

The structure of 4-methyl-2,6-dinitrobiphenyl was confirmed by comparison with the material, 
m. p. 130° (Found: N, 10-6%), obtained in 45% yield from the Ullmann condensation of 
4-chloro-3,5-dinitrotoluene with iodobenzene at 185° for 2-5 hr. 

(e) In 4,6-dinitro-m-xylene. Jodobenzene (76 g.), diluted with the dinitro-hydrocarbon 
(49 g.), on reaction with copper (32 g.), gave inorganic material (48 g.), unchanged aryl halide 
(48 g.), dinitroxylene (43 g.), b. p. 128—135°/0-5 mm., and a viscous red oil (4 g.), b. p. 170— 
190°/0-5 mm. A dark residue (3 g.) was discarded. Treatment of the red oil with methanol 
(15 ml.) deposited 3,5-dimethyl-2,6-dinitrobiphenyl (0-3 g.) in long colourless needles, m. p. 227° 
after a further crystallisation from ethyl acetate (Found: C, 61-9; H, 4-4; N, 10-1. C,,H,,O,N, 
requires C, 61-8; H, 4-4; N, 10-39%). The methanolic mother-liquors were stripped of solvent 
and chromatographed in benzene-light petroleum (1: 1), to give initially a yellow oil (2-2 g.) 
which deposited solid material in 2—3 days at 0° from methanolic solution. Recrystallisation 
of the crude solid from methanol-ethyl acetate gave small lemon-yellow needles of 4-6-dimethyl- 
3-nitrotriphenylamine (0-2 g.), m. p. 116—118° (Found: C, 75-2; H, 5-6; N, 9-1. C,9H,,O,N, 
requires C, 75-5; H, 5-7; N, 8-8%). Further elution of the column gave an uncrystallisable 
red oil (1-2 g.). 

(f) In 2,4-dinitroanisole. The product from iodobenzene (76 g.), in 2,4-dinitroanisole (50 g.), 
and copper (32 g.) yielded inorganic material (63 g.), iodobenzene (22 g.), biphenyl (4 g.), 2,4-di- 
nitroanisole (40 g.), b. p. 150—160°/0-4 mm, and a viscous red oil (10-5 g.), b. p. 190—235°/0-4 
mm. An undistillable dark resin (4 g.) was discarded. The viscous oil was chromatographed 
in benzene-light petroleum (1 : 1), affording primarily a red oil (5 g.) which during 3 days at 0° 
in methanol deposited a hard crystal mass. Recrystallisation of the latter from methanol- 
ethyl acetate (twice) gave bright yellow needles of 2-methoxy-5-nitrotriphenylamine (1-2 g.), m. p. 
156—157° (Found: C, 71-0; H, 5-1; N, 8-5. C,,H,,O,N, requires C, 71-3; H, 5-0; N, 8-8%). 
Continued elution of the column with the same solvent yielded a further quantity of the tertiary 
base (0-5 g.). Final elution of the partly exhausted chromatogram with benzene-ethyl acetate 
(4:1) gave a crude solid (1-9 g.) which, after 3 crystallisations from benzene-light petroleum, 
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yielded almost colourless needles of 3-methoxy-2,6-dinitrobiphenyl (0-6 g.), m. p. 129—139° 
(Found: C, 56-6; H, 3-7; N, 10-2. C,;H,,O;N, requires C, 56-9; H, 3-7; N, 10-2%). 

The structure of 3-methoxy-2,6-dinitrobiphenyl was confirmed by comparison with an 
authentic sample prepared (yield, 70%) by refluxing 3-chloro-2,6-dinitrobipheny] in methanolic 
sodium hydroxide for 2 hr. (Found: N, 10-2%). 

4-Methoxy-3-nitrotriphenylamine, lemon-yellow plates, m. p. 107—108° (from methanol) 
(Found: C, 71-5; H, 5-0; N, 9-1%), which was prepared (yield 20%) by the action of methanolic 
sodium hydroxide on 4-chloro-3-nitrotriphenylamine (4 hr. at 100° in a sealed tube, followed by 
chromatography of the product in benzene-—light petroleum), indicated that the methoxy- 
nitrotriphenylamine, m. p. 156—157°, was the 2-methoxy-5-nitro-isomer. This was confirmed 
by comparison with an authentic specimen, prepared as described later in this paper. 

(g) In 1,3-dimethoxy-4,6-dinitrobenzene. The powdered product from iodobenzene (76 g) 
and copper (32 g.) in the dinitro-ether (57-5 g.) yielded an insoluble residue (68 g.) after successive 
extractions with boiling chloroform (3 x 150 ml.) and acetone (2 x 100 ml.). The solvent 
was distilled from the combined chloroform extracts. The dark brown residual oil, when kept 
for 4—5 days, deposited mixed crystals which, after filtration from the viscous oily liquor and 
washing with methanol, were manually separated into large crystals of the dinitro-ether (12 g) 
and small shining needles (4 g.), m. p. 150—180°. Recrystallisation of the latter (twice) from 
ethyl acetate afforded pale yellow prisms of 3,5-dimethoxy-2,6-dinitrodiphenyl (1-1 g.), m. p. 
260—261° (Found: C, 55-1; H, 4-0; N, 9-5. C,gH,,.O,N, requires C, 55-3; H, 3-9; N, 9-2%). 
The original oily mother-liquor, on fractional distillation im vacuo, furnished iodobenzene (18 g.) 
and biphenyl (6 g.) successively. The distillation residue (10 g.) was stirred with warm methanol 
(75 ml.) and, when cool, the yellow precipitate was filtered off from the dark liquor. Recrystal- 
lisation of the solid from ethyl acetate (twice) gave yellow feathery needles which were trans- 
formed in some hours in the solvent into yellow prisms of 4,6-dimethoxy-3-nitrotriphenylamine 
(2-3 g.), m. p. 180—181° (Found: C, 68-4; H, 4-8; N, 8-3. (CO, 9H,,0O,N, requires C, 68:6; 
H, 5-1; N, 8-0%). 

The combined acetone extracts, after removal of solvent, gave a yellow heterogeneous solid 
residue (27 g.). Unchanged dinitro-ether (20 g.) was extracted from the latter by repeated 
treatment with boiling chloroform. The final insoluble residue (6-5 g.), a bright yellow powder, 
decomposed explosively at 250° and when shaken with dilute sulphuric acid gave a colourless 
solid which crystallised from aqueous methanol in needles of 3-methoxy-4,6-dinitrophenol 
(4 g.), m. p. and mixed m. p. 110—111° (Found: N, 12-9. Calc. for C,H,O,N,: N, 13-1%). 
The aqueous mother-liquors gave a positive test for copper. 

The structure of 3,5-dimethoxy-2,6-dinitrobiphenyl was confirmed by comparison with 
identical material prepared (yield, 60%) from 3,5-dichloro-2,6-dinitrobiphenyl by refluxing 
with sodium methoxide (4 mols.) for 3 hr. in dioxan—methanol (1:1) (Found: N, 9-2%). 

(h) In methyl m-nitrobenzoate. Reaction of the iodo-compound as in section (b), but with 
the substitution of the nitro-ester (45 g.) as diluent, afforded, after separation of inorganic 
material (47 g.), unchanged iodobenzene (50 g.) and nitro-ester (41 g.) (b. p. 130—140°/0-5 mm.), 
and a red viscous oil (4 g.), b. p. 170—210°/0-5mm. The pale yellow oil, obtained on chromato- 
graphy of the least volatile fraction in benzene—light petroleum (1 : 2), was saponified by refluxing 
5% ethanolic potassium hydroxide (50 ml.) for 2 hr. The liquors were then diluted with water 
(250 ml.), and traces of unsaponifiable material extracted with chloroform. The aqueous 
fraction was acidified with dilute mineral acid, yielding an oil which solidified on trituration 
with light petroleum and crystallised (charcoal) from aqueous acetic acid (1:1) in straw- 
coloured needles of triphenylamine-3-carboxylic acid (1-6 g.), m. p. 187—188° (Found: C, 78-6; 
H, 5:3; N, 5-0. C,,H,,O,N requires C, 78-9; H, 5-2; N, 48%). Further elution of the 
original chromatogram with ethyl acetate yielded an oily solid which crystallised from methanol 
in orange feathery plates of 3,3’-dimethoxycarbonylazobenzene (0-1 g.), m. p. 156—157° [lit., 
163° (corr.)] (Found: C, 64-4; H, 4-7; N,9-1. Calc. for C,,H,,O,N.: C, 64-4; H, 4-7; N, 9-4%). 

(j) In methyl isophthalate. Ina similar reaction to (h), but with methyl isophthalate (48-5 g.) 
as diluent, only inorganic material (48 g.), unchanged iodobenzene (51 g.), and ester (46 g.) (b. p. 
125—130°/0-5 mm.) were isolated. Higher-boiling condensates were not formed. 

(k) In 1,3,5-trinitrobenzene. Copper (14 g.) was added portionwise during 15 min. to a 
mixture of iodobenzene (34-5 g.) and 1,3,5-trinitrobenzene (22-5 g.) at 195°; the reaction con- 
ditions were maintained for a further 6 hr. Vacuum-distillation of the organic material (inorganic 
residue, 28-5 g.) yielded iodobenzene (7-5 g.) and a small fraction (0-5 g.), b. p. 60—90°/0-5 mm., 
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which partly solidified but was not further investigated. The distillation residue (27 g.), b. p. 
>90°/0-5 mm., crystallised from benzene-light petroleum to give unchanged trinitrobenzene 
(10-5 g.), m. p- 122° (after efflorescence of solvent of crystallisation). The residue obtained on 
removal of solvent from the mother-liquors was chromatographed in benzene-light petroleum 
(1:2), yielding primarily a red oil (4-5 g.) which crystallised readily from methanol in orange 
needles of 3,5-dinitrotriphenylamine (3 g.), m. p. 130° (Found: C, 64:3; H, 4-0; N, 12-3. 
CysH,;0,N3 requires C, 64-5; H, 3-9; N, 125%). Further elution of the column with the 
same solvent gave a yellow oil (5 g.). This was combined with the residues obtained on 
evaporation of the methanolic mother-liquors trom the first fraction, and was treated with 
warm methanol (40 ml.). The supernatant liquors were decanted from a small quantity of 
highly insoluble yellow powder before crystallisation of the main fraction commenced. 
Recrystallisation of the insoluble solid from glacial acetic acid furnished very pale yellow 
prisms of 2’,4’,6’-trinitro-m-terphenyl (0-3 g.), m. p. 228—229° (Found: C, 59-0; H, 3-0; N, 11-5. 
CygH ON, requires C, 59-2; H, 3-0; N, 11-5%). The methanolic mother-liquors were stripped 
of solvent; the residue crystallised from benzene-light petroleum to give pale yellow needles 
of 2,4,6-trinitrobipheny] (3-5 g.), m. p. and mixed m. p. 129° (Found: C, 49-6; H, 2-3; N, 14-7. 
Calc. for C,,H,O,N,: C, 49-8; H, 2-4; N, 145%). Further elution of the chromatogram with 
benzene alone gave small quantities of the trinitrated biphenyl (1 g.) and the terphenyl (0-1 g.). 
Final elution of the column with ethyl acetate afforded a black resin (3 g.) which deposited 
rosettes of black needles from 90% methanol solution at 0° in 3—4 days (after decantation from 
resin originally deposited). Recrystallisation from methanol (charcoal) furnished crimson 
needles of 3,5-dinitrodiphenylamine (0-25 g.), m. p. 148—149° (after changing colour to orange 
at 124—126°) (Found: C, 55-8; H, 3-5; N, 16-2. C,,H,O,N; requires C, 55-6; H, 3-5; 
N, 16:2%). 

A similar reaction for only 2-5 hr. gave copper salts, etc. (23 g.), unchanged iodobenzene 
(14-5 g.), the unsymmetrical biaryl (2-8 g.), the terphenyl derivative (0-4 g.), the substituted 
triphenylamine (0-5 g.), and 3,5-dinitrodiphenylamine (0-3 g.). Isolation of the products 
under these milder conditions was facilitated by a marked reduction of the relative proportion 
of resin formed. 

Reaction of p-Iodotoluene with Copper in m-Dinitrobenzene.—The iodo-compound (28 g.), 
m-dinitrobenzene (14 g.), and copper (19 g.) afforded inorganic material (29-5 g.), p-iodotoluene 
(8-5 g.), b. p. 60—65°/1 mm., a mixture of p-bitolyl and m-dinitrobenzene (12 g.), and a viscous 
red oil (5 g.), b. p. 170—210°/1 mm. A dark distillation residue (1 g.) was discarded. The red 
oil was chromatographed in benzene-light petroleum (1:1), giving primarily an oil which 
crystallised from methanol-ethyl acetate in orange prisms of 4’,4’’-dimethyl-3-nitrotriphenyl- 
amine (1-1 g.), m. p. 160—161° (Found: C, 75-3; H, 5-4; N, 9-0. C.9H,,0O,N, requires C, 75-5; 
H, 5:7; N, 88%). Further elution of the column with the same mixed solvent gave uncrystal- 
lisable oils (1-1 g.). Final elution with ethyl acetate yielded small yellowish-green prisms (from 
methanol) of 4’-methyl-2,6-dinitrobiphenyl (0-4 g.), m. p. 121—122° (Found: C, 60-3; H, 3-9; 
N, 10-8. C,3;H,gO,N. requires C, 60-5; H, 3-9; N, 10-9%). Reduction of the mixture of m-di- 
nitrobenzene and -bitolyl with granulated zinc in aqueous-ethanolic hydrochloric acid 
furnished the hydrocarbon (2-6 g.), m. p. 121°, as the neutral product. 

The structure of 4’-methyl-2,6-dinitrobiphenyl was confirmed by comparison with authentic 
material, m. p. 121—122°, obtained (yield, 60%) on condensation of 1-chloro-2,6-dinitrobenzene 
with p-iodotoluene at 190° for 2-5 hr. (Found: N, 10-7%). 

Reaction of p-Iodoanisole with Copper in m-Dinitrobenzene.—The iodo-ether (30 g.), m-di- 
nitrobenzene (14 g.), and copper (19 g.) afforded inorganic material (33 g.), unchanged iodo- 
ether (4 g.), b. p. 60—65°/0-4 mm., m-dinitrobenzene (11 g.), and a pale yellow solid (6-5 g.), 
b. p. 160—190°/1 mm. A higher-boiling residue (3 g.) was not further investigated. The solid 
crystallised from methanol (50 ml.), giving a mixture (5-2 g.) of pale yellow prisms and colourless 
plates. Treatment with warm methanol, in which the latter were insoluble, afforded 4,4’-di- 
methoxybiphenyl (3-5 g.), m. p. 172°. The mother-liquors were concentrated to ca. 15 ml., 
filtered from traces of the previous product when cool, then stored at 0° overnight, giving pale 
yellow prisms of 4’-methoxy-2,6-dinitrobiphenyl (1-3 g.), m. p. 119—120° (Found: C, 57-2; 
H, 3-5; N, 10-4. C,,H,O,N, requires C, 56-9; H, 3-7; N, 10-2%). 

An authentic specimen of 4’-methoxy-2,6-dinitrobiphenyl, m. p. 119—120°, prepared (yield, 
75%) by the Ullmann reaction between 1-chloro-2,6-dinitrobenzene and p-iodoanisole at 190° 
for 2-5 hr., was identical with the compound obtained above (Found: N, 10-1%). 
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3,5-Dinitro-di- and -tri-phenylamines.—Iodobenzene (9 g., 1-5 mol.) and 3,5-dinitroaniline 
(5-5 g.) were dissolved in nitrobenzene (35 ml.) containing suspended anhydrous potassium 
carbonate (4 g.) and copper powder (0-2 g.), and refluxed for 7 hr. Chloroform was added to 
the cooled black liquor, then the extract was washed with water to remove inorganic salts, filtereq 
from a little suspended material, and the mixed solvent distilled im vacuo. The residue was 
dissolved in dry ether (100 ml.). Treatment of the solution with dry hydrogen chloride gave 
a yellow crystalline precipitate of primary base hydrochloride which was discarded. The 
ethereal mother-liquors were washed with 2% aqueous sodium hydrogen carbonate, after which 
the solvent was removed. The oily residue crystallised (charcoal) from benzene-light petroleum 
(1:1) in crimson needles of 3,5-dinitrodiphenylamine (1-7 g.), m. p. 147° undepressed on 
admixture with material obtained from the Ullmann reaction of iodobenzene in 1,3,5-trinitro- 
benzene (Found: N, 16-0. Calc. for C,,H,O,N,: N, 16-2%). 

The mother-liquors from the above experiment were chromatographed in the same solvent, 
yielding initially an oil (0-2 g.) which crystallised slowly from methanol in golden needles of 
3,5-dinitrotriphenylamine (0-05 g.), m. p. 130°, undepressed on admixture with a sample of the 
tertiary amine obtained as described from 1,3,5-trinitrobenzene (Found: N, 12-2. Calc. for 
C,,H,,;0,N,: N, 125%). 

N-Arylation of Nitro-amines.—General procedure. The iodo-compound, containing ca, 5% 
of the nitro-amine to be arylated, was treated with copper at 195—200° for 5—6 hr. The 
organic products were extracted with chloroform and fractionally distilled im vacuo. The 
crude amine was generally obtained as a pale red viscous oil which was either crystallised 


TABLE 2. 
Added Product: B. p. of 
deriv. of deriv. of crude Method 
Iodo- m-nitro- 3-nitrotri- product of Yield N (%) 
compound aniline phenylamine (mm.) ' purifn. (%) Found = Cale, 
C,H,1I 6-Me 6-Me 175—200°/0-3 B 25 * * 
a 4-Me 4-Me 180—200°/0-3 A 65 9-2 9-2 
- 6-MeO 6-MeO 210—220°/0-5 A 45 8-5 8-8 
p-C,H,IMe Unsubst. 4’,4’’-Me, 180—200°/0-5 A 30 8-6 8-8 
C,H,I 4-Cl 4-Cl 175—190°/0-3 B 15t 8-9 8-6 
p-C,H,IMe e — — B 0 — — 
p-C,H,1-OMe = 4-Cl-4’,4’’-(OMe), t A 10 ¢ 7-0 3 


YB 
* Bright orange plates, m. p. 100° (from methanol-ethyl acetate) (Found: C, 74:7; H, 5-1; N, 
9-3. C,,;H,,0,N, requires C, 75-0; H, 3-9; N, 9:2%). 

+ The crude product crystallised directly from methanol-ethyl acetate overnight at 5°, to givea 
mixture of shining white plates (4,4’-dimethoxybiphenyl) and small hard brown mushrooms of the 
crude tertiary amine. Recrystallisation of the latter (after manual separation) from the same solvent 
gave the pure material. 

t Mixed m. p.s with specimens of the same substances obtained by other means, as described in 
Part I of this series, were undepressed. 


directly from methanol or methanol-ethyl acetate (method A) or chromatographically 
fractionated in benzene-light petroleum (1:1) before crystallisation (method B). Individual 
examples are listed in Table 2. Comparison of the triphenylamine derivatives obtained in this 
way with the appropriate materials formed as described earlier in this communication, 
established the structures of the latter. No variation from the recorded m. p. or crystal forms 
was encountered. 
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419. The Ullmann Biaryl Synthesis. Part III2 The Influence. 
of Diluents on the Reaction between Iodobenzene and Copper. 


By JAMES FORREST. 


The effect of compounds containing some of the commoner substituent 
groups on the rate and course of the Ullmann reaction of iodobenzene is 
described. 


In Part II ! of this series it was shown that compounds containing the m-dinitro-grouping 
when used as diluents in the Ullmann reaction of iodobenzene, favoured formation of 
abnormal biaryls by condensation with the nitro-compound and reductive arylation of 
the nitro-group and impeded reaction of the iodo-compound with copper to a variable 
extent according to the additional substituents in the diluent. The present communic- 
ation describes the influence of some common substituents on the rate and course of the 
reaction, here again the relatively slowly reacting iodobenzene, which might be expected 
to show the maximum effect of diluents, being primarily used. 

Ullmann reactions of iodobenzene diluted with mononitro- or unnitrated compounds 
did not afford unsymmetrical biaryls by interaction with the diluent, as did similar con- 
densations in m-dinitrated compounds. Thus, whereas reaction in a molar equivalent 
of nitrobenzene, as shown in Table 1, was slower by 20% and resulted in a loss of 50% of 
biphenyl in comparison with the unadulterated condensation, nitrobiphenyls were not 
formed although a small proportion of the nitro-compound was converted into triphenyl- 
amine. Further, the marked suppression of reaction by m-dinitrotoluenes was not 
encountered with the isomeric mononitrotoluenes, self-condensations of iodobenzene in 
such compounds and the corresponding nitroanisoles giving comparable results. Methyl 
benzoate, however, strongly impeded the aryl iodide—copper reaction, in the same way as 
its m-nitro-derivative and methyl isophthalate. In general the reaction was also power- 
fully suppressed by aromatic aldehydes, although o-methoxybenzaldehyde failed to 
influence the reaction rate to the same extent, presumably for steric reasons. Phenolic 
additives likewise strongly retarded the Ullmann condensation of iodobenzene. Primary 
amines, however, acted as the most powerful reaction inhibitors, less than 0-1 mol. of 
aniline suppressing biphenyl formation completely. In contrast, benzoic acid markedly 
promoted the aryl iodide—copper reaction. 

Suppression of the self-condensation of aryl iodides such as iodobenzene or p-iodo- 
toluene by the methoxycarbonyl group may be a general effect, as shown by comparative 
reactions of the iodides in methyl benzoate and 1,2,4-trichlorobenzene (cf. Table 1). The 
reaction rates of electronegative halides, such as 1-chloro-2,4-dinitrobenzene and 0-bromo- 
nitrobenzene, however, did not appear to be specifically affected by the ester diluent. 

Except in reactions in phenols, benzoic acid, and primary amines, which are described 
individually, the proportion of biphenyl in the products of these condensations was 
normally lower when nitrated diluents were present. Within the latter group, fractionally 
higher yields of biaryl were obtained from condensations in the isomeric nitroanisoles than 
in the corresponding nitrotoluenes. Despite the marked variation in the facility of 
reaction of iodobenzene in the isomeric methoxybenzaldehydes, the yield of biaryl in each 
case approached that afforded by the undiluted reaction. In contrast, the reaction of the 
iodo-compound in #-tolualdehyde furnished little biphenyl. Methyl benzoate afforded 
approximately the same proportion of biphenyl as did the nitrated diluents, in contrast 
to the specific suppression of normal reaction under similar conditions with the m-nitro- 
analogue or methyl isophthalate. - 

It has long been known that halogenated compounds containing unprotected amino- 
groups were unable to take part in Ullmann reactions.?_ In Part II it has been shown that 


Part II, preceding paper. 
* Ullmann, Annalen, 1964, 382, 38. 
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small quantities of primary amines added during self-condensation of iodobenzene were 
fully N-arylated by the reactant halide, affording the corresponding triphenylamine 
derivatives. Further study of the effect of primary amines, exemplified by that of aniline 


TABLE 1. 


Reaction Reaction (%) Yield of 

Aryl halide Diluent time (hr.) (based on Cu halide) _ biaryl (%) * 
“NO, wa 50 40 
-C,H,Me-NO, 4 Bé 35 
-C,H,Me-NO, 30 
-C,H,Me-NO, 35 
-C,H,OMe-NO, 45 
1-C,H,OMe-NO, 40 
-C,H,OMe-NO, 40 
¢H,OMe-CHO 70 
-C,H,OMe-CHO 70 
-C,H,OMe-CHO 75 
-C,H,Me-CHO <10 
H,-OH 0 
-C,H,(OH)-OMe 0 
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on the reaction of iodobenzene, indicated that the initial reaction under these conditions 
was N-substitution of the base. Thus in the presence of 0-09 mol. of aniline triphenyl- 
amine alone was obtained, whereas in the presence of only 0-03 mol. under similar condi- 
tions both biphenyl and the tertiary amine were formed. In reaction with larger propor- 
tions of aniline (0-45 mol.) even the N-phenylation of the latter was impeded, only traces 
of triphenylamine being obtained. The product patterns in comparable preparations of 
the isomeric nitrotriphenylamines by this technique were influenced by the orientation of 
the nitro-group. Thus the ortho-isomer alone of the individual nitroanilines (0-1 mol.) 
strongly suppressed the aryl iodide-copper reaction and biphenyl formation, whereas the 
meta-isomer was converted mainly into NNN’N’-tetraphenyl-m-phenylenediamine (II) 
be additional reductive arylation of the nitro-group. In this reaction, however, the 
expected product, 3-nitrotriphenylamine (I), predominated when the concentration of 
the basic reactant was raised to 0-4 mol. 

The reaction of iodobenzene with copper was impeded by phenol or /-methoxyphenol 
approximately to the same extent as by methyl benzoate or by an aromatic aldehyde. 
Under these conditions dehalogenation of the reactant, as indicated by previous work in 
this field* was the major reaction. Phenolic additives in sub-molar concentrations, 
however, were etherified to a certain extent, probably as a secondary effect. For example, 
the addition of #-methoxyphenol (0-25 mol.) in the iodobenzene reaction afforded a mixture 
of biphenyl and 4-methoxydiphenyl ether, whereas under the same conditions adding 
twice the amount of the phenol yielded the biaryl ether alone. A similar product pattern 
was obtained when phenol was used in place of its /-methoxy-derivative. 

3 Nursten, J., 1955, 3081. 
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Etherification by this means appeared a fairly general reaction although as a preparative 
route to diaryl ethers it compared unfavourably with established methods * owing to the 
loss of at least 50% of the aryl halide by dehalogenation, etc. Moreover, etherification 
of nitrophenols was restricted in specific instances by preferential attack on the nitro- 
group. For example, 2-nitrodiphenyl ether (III) was better prepared by the Ullmann 
reaction of o-bromonitrobenzene in phenol, the alternative route from iodobenzene in 
o-nitrophenol affording predominantly the reductive arylation product, 2-hydroxytri- 
phenylamine (IV). Catechol did not react in the same way as did the monohydric phenols: 
a dark, finely divided solid, sparingly soluble in the commoner organic solvents, was the 
major product ; this material resembled that obtained by Nursten * in a similar condensation 
of p-iodonitrobenzene in catechol; it was not further investigated. 


NPh, NPh, Ph OH 
NO, NPh, 
NO, NPh, 
(I) ( 


11) (III) (IV) 


OPh 
reo’ Yer > not orn > € \-o-€_Nort 
NO, Br MeO 
(V) (VI) (VID 


The formation of small quantities of high-boiling products was a characteristic feature 
of Ullmann reactions in the presence of phenols. Condensation of iodobenzene in 
p-methoxyphenol afforded abnormally large quantities of such material, from which a 
second product, 5,4’-dimethoxy-2-phenoxydiphenyl ether (VII), was isolated in unex- 
pectedly good yield. The structure of the polyether was confirmed by synthesis from 
4-bromo-3-nitroanisole (V) via 2-bromo-4-methoxydiphenyl ether (VI). The compound 
(VII) was not obtained by reaction of iodobenzene to which preformed 4-methoxydiphenyl 
ether had been added. 

Addition of an excess of benzoic acid in Ullmann condensations of certain halogeno- 
nitro-compounds has been described as a convenient method for the dehalogenation of these 
materials.5 Further experiment in this field with the more slowly reacting iodobenzene 
and #-iodoanisole has shown that alongside the dehalogenation the halide—copper reaction 
became materially faster. Moreover, aryl benzoates were also produced, to a variable 
extent, particularly when relative small amounts of the carboxylic acid were used. For 
example, 0-25 mol. of benzoic acid added in the reaction of p-iodoanisole was almost com- 
pletely converted into /-methoxyphenyl benzoate, whereas use of 1 mol. of the acid led 
to but little ester. 

The esterification mechanism presumably involved the intermediate formation of a 
copper salt of benzoic acid although under the conditions of reaction benzoic acid alone 
was unattacked by copper. Thus, reaction of the chloroform-insoluble products from the 
condensation of an aryl halide in a molar equivalent of benzoic acid with either iodo- 
benzene or f-iodoanisole readily afforded the corresponding aryl ester of benzoic acid. 
Visual evidence of the reaction (cf. p. 587), together with the failure of cupric benzoate 
to react under the same conditions, indicated that the cuprous salt might well be the 
functional intermediate. 

EXPERIMENTAL 

General directions are as in Part II. 

General Technique.—The reactants were heated with stirring in a metal-bath, the tem- 
perature of which was maintained at ca. 5° above that of the mixture. The products were 
worked up as described in Part I of this series. Where practicable the aryl halide was recovered 


* Ullmann and Sponagel, Ber., 1905, 38, 2211. 
5 Smith and Camparo, J. Amer. Chem. Soc., 1953, 75, 3602. 
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to provide a check on the quantity which reacted. The figures so obtained were fractionally 
higher than those based on the weight increase of inorganic material, probably owing to 
experimental losses. Except where stated otherwise, molar equivalents of the diluents were 
used. 

Ulimann Reactions of Iodobenzene in Organic Diluents.—(1) In nitrobenzene. Lodobenzene 
(12-5 g.), nitrobenzene (7-7 g.), and copper (5-5 g.) were caused to react at 190—195° for 5 hr., 
and furnished copper salts, etc. (9-5 g.), unchanged iodobenzene and nitrobenzene (12-25 g), 
b. p. 40—50°/0-8 mm., crude biphenyl (1-2 g.), b. p. 72—78°/0-8 mm., and a viscous oil (0-5 g.), 
b. p. 120—130°/0-8 mm., which solidified. Crystallisation of the last from methanol gave 
colourless prisms of triphenylamine (0-3 g.), m. p. and mixed m. p. 124—125° (Found: N, 5:5, 
Calc. for C,,H,,N: N, 5-7%). Pure biphenyl (1 g.) was obtained from the crude fraction on 
crystallisation from 90% methanol. 

In a similar reaction of iodobenzene to which nitrobenzene (2-75 g.) was added, inorganic 
material (9-5 g.), recovered diluent and iodobenzene (9 g.), and biphenyl (1-4 g.) were obtained. 
A small higher-boiling residue (ca. 0-1 g.) gave a deep blue colour in warm concentrated sulphuric 
acid, indicating the presence of triphenylamine. The yields of biphenyl (1-7 g.) and copper 
halides, etc. (10-3 g.), were increased in a comparable reaction with 0-5 g. of nitrobenzene, 
Triphenylamine could not be identified in the distillation residues. 

(2) In derivatives of nitrobenzene. General procedure. lodobenzene (0-185 mol.), the nitro- 
diluent (0-185 mol.), and copper (0-28 mol.) reacted at 195° for 5 hr. Normally, fractional 
distillation failed to separate the main bulk of the organic products. The middle fractions 
were therefore combined and reductively acetylated with zinc dust in acetic acid-acetic 
anhydride by standard techniques. After separation of suspended excess of zinc, etc., water 
(5 vols.) was added to the liquor, which after being warmed to decompose unchanged anhydride, 
was cooled and extracted with light petroleum. The extracts were washed with water, then 
fractionally distilled to obtain the biphenyl. 

A small high-boiling fraction was normally obtained on distillation of the original reaction 
product. The corresponding derivative of triphenylamine could in some cases be isolated 
therefrom either (A) by direct crystallisation from methanol-ethyl acetate or (B) by similar 
treatment of the first eluate on chromatography of the crude fraction in benzene-light petroleum 
(1:3). In the remaining examples the crude oil proved intractable. 

(a) In o-nitrotoluene (copper salts, etc., 30 g.). A crude fraction, treated as described, gave 
biphenyl (2-5 g.). A viscous top fraction (1 g.), b. p. 175—200°/0-5 mm., failed to yield 
characterisable material even after chromatography. 

(b) In m-nitrotoluene (copper salts, etc., 35 g.). Biphenyl (2-35 g.) was obtained from a 
crude fraction (41 g.), of boiling range 90—140°/25 mm. A higher-boiling fraction (1-5 g.), 
b. p. 180—200°/1 mm., gave (method B) rosettes of needles of 3-methyltriphenylamine (0-35 g.), 
m. p. 69° (lit., 69—70°) (Found: C, 87-8; H, 6-6; N, 5-2. Calc. for C,,H,,N: C, 88-0; H, 6-6; 
N, 5°4%). 

(c) In p-nitrotoluene (copper salts, etc., 30 g.). Biphenyl (2-5 g.) was obtained from a crude 
fraction (43 g.), of boiling range 85—145°/20 mm. A top cut (1-5 g.), b. p. 170—200°/1 mm., 
gave (method A) colourless prisms of 4-methyltriphenylamine (0-3 g.), m. p. 67—68° (lit., 68°) 
(Found: C, 87-9; H, 6-5; N, 5-4%). 

(d) In o-nitroanisole (copper salts, etc., 31 g.). Fractionation of the organic product gave 
iodobenzene (12-5 g.), a fraction (29-5 g.) of boiling range 120—160°/30 mm. [which afforded 
biphenyl (3-75 g.)] and a residue (1-5 g.), b. p. >160°/1 mm. 

(e) In m-nitroanisole (copper salts, etc., 30-5 g.). Fractionation of the organic material 
(46-7 g.) gave iodobenzene (13-5 g.) and fractions, b. p. 130—160°/50 mm. (31-5 g.) [which 
afforded biphenyl (3-2 g.)], and b. p. 170—210°/1 mm. (1-5 g.). 

(f) In p-nitroanisole (copper salts, etc., 32 g.). Distillation of the products (42-5 g.) gave 
iodobenzene (8-2 g.), a fraction (32 g.), b. p. 120—150°/20 mm., and a residue (2-5 g.), b. p. 
>170°/20 mm. Treatment of the main fraction furnished biphenyl (3-6 g.). The high- 
boiling material afforded (method B) 4-methoxytriphenylamine (0-35 g.), m. p. 102° (lit., 104°) 
(Found: C, 83-1; H, 6-3; N, 5:3. Calc. for C,,H,,ON: C, 82-9; H, 6-2; N, 5-1%). Further 
elution of the chromatogram with ethyl acetate gave a small quantity (0-35 g.) of a red oil 
which crystallised from methanol in yellow needles of 4,4’-dimethoxyazobenzene (0-05 g.), 
m. p. 161° (lit., 161°) (Found: C, 69-6; H, 5-8; N, 11-4. Calc. for C,gH,,O,N,: C, 69-4; H, 5:8; 
N, 11-6%). 
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(3) In unnitrated diluents. (a) In methyl benzoate. lIodobenzene (50 g.), methyl benzoate 
(34 g.), and copper (23-5 g.), reacting at 190° for 5 hr., gave inorganic material (30-8 g.),-un- 
changed reactants (63 g.), b. p. 40—50°/0-3 mm., and an oily solid (2-7 g.), b. p. 60—85°/0-3 mm. 
There was no distillation residue. The oily solid was treated with 5% methanolic potassium 
hydroxide (100 ml.) for 18 hr. at 20°, then the solvent was removed and water (50 ml.) added. 
Extraction of the liquor with light petroleum gave, after removal of solvent, biphenyl (1-8 g.) 
(from 90% methanol). The original alkaline residue gave, on acidification and extraction with 
chloroform, etc., a small quantity (0-15 g.) of intractable oil. 

(b) In 1,2,4-trichlorobenzene. The product from iodobenzene (37-5 g.), the chloro-com- 
pound (33:5 g.), and copper (17-5 g.) at 190° (5 hr.) gave inorganic material (27-5 g.), a mixture 
of chloro- and iodo-hydrocarbons (51 g.), b. p. 40—50°/0-5 mm., and biphenyl (4 g.). There 
was no distillation residue. 

(c) In o-methoxybenzaldehyde. lIodobenzene (12-5 g.), o-methoxybenzaldehyde (8-8 g.), 
and copper (6 g.), reacting at 195° for 5 hr., gave inorganic material (12-1 g.), unchanged aryl 
iodide (2-5 g.), and a mixed fraction (6-8 g.), b. p. 65—80°/0-3 mm. The last was shaken for 
15—20 min. with excess of sodium hydrogen sulphite solution. The precipitated solid was 
filtered off, washed with water, and extracted with light petroleum. Removal of the solvent 
left biphenyl (2-7 g.). A similar condensation with 4-4 g. of methoxy-aldehyde gave an almost 
identical result. 

(d) In m-methoxybenzaldehyde. A reaction similar to (c) with m-methoxybenzaldehyde 
(88 g.) as diluent gave inorganic material (7-7 g.), iodobenzene (8-5 g.), and a mixed fraction 
(9 g.), b. p. 60—75°/0-5 mm., which afforded biphenyl (0-7 g.) on treatment as before. 

(e) In p-methoxybenzaldehyde. Reaction in p-methoxybenzaldehyde (8-8 g.) gave inorganic 
material (7-3 g.), iodobenzene (8-8 g.), and biphenyl (0-6 g.). Little variation of the product 
pattern was obtained on repetition of the condensation with 4-4 g. of the ether. 

(f) In p-tolualdehyde. The aldehyde (24 g.), iodobenzene (37-5 g.), and copper (17-5 g.), 
reacting as in (c), afforded inorganic material (20-5 g.), a mixed fraction (53 g.), b. p. 45—50°/0-5 
mm., and a fraction (1 g.), b. p. 75—90°/0-5 mm., which partly solidified. A higher-boiling 
residue (1 g.) was discarded. lIodobenzene (29 g.) was obtained from the major fraction after 
removal of the aldehyde with aqueous sodium hydrogen sulphite. The higher-boiling distillate 
appeared to contain some biphenyl, but as purification could not be easily achieved, the oily 
solid was not further investigated. Repetition of the reaction with 12 g. of the aldehyde 
gave inorganic material (21-5 g.), iodobenzene and p-tolualdehyde (34 g.), and a fraction (1-5 g.), 
b. p. 75—90°/0-5 mm., from which bipheny] (0-5 g.) crystallised slowly at 0° in 90% methanolic 
solution. 

(4) In primary amines. (a) In aniline. Iodobenzene (37-5 g.), aniline (0-5 g., 0-03 mol.), 
and copper (17-5 g.), reacting at 195° for 6 hr., gave inorganic material (34-5 g.), iodobenzene 
(95 g.), biphenyl (7-8 g.), and a fraction (1-2 g.), b. p. 120—130°/0-4 mm., which solidified 
readily. Crystallisation of the solid gave colourless prisms of triphenylamine (1 g.), m. p. and 
mixed m. p. 124—125° (from methanol) (Found: N, 5-5. Calc. for C,,H,,;N: N, 5:7%). 
Repetition of the condensation with aniline (1-7 g., 0-09 mol.) gave copper salts, etc. (25 g.), 
iodobenzene (22 g.), and triphenylamine (3-5 g.). No biphenyl could be isolated. A similar 
reaction in aniline (7-5 g., 0-44 mol.) afforded copper salts (22 g.), iodobenzene (31-5 g.) [after 
separation of unchanged aniline from a mixed fraction (37 g.) with dilute mineral acid], and 
triphenylamine (1-9 g.). 

(b) In o-nitroaniline. The nitro-amine (1 g., 0-1 mol.), iodobenzene (15 g.), and copper 
(7-5 g.), reacting as in (a), gave inorganic material (12-5 g.), unchanged iodobenzene (6-5 g.), 
and a crimson viscous oil (2 g.), b. p. 165—185°/0-5 mm. An undistillable dark resin (2 g.) was 
discarded. No fraction corresponding to biphenyl was obtained. The red oil crystallised 
readily from light petroleum containing a few drops of benzene in orange needles of 2-nitro- 
triphenylamine (0-75 g.), m. p. 102—103° (lit., 102—103°) (Found: N, 9-8. Calc. for 
CisH,,O,N,: N, 9-7%). 

(c) In m-nitroaniline. A similar reaction with m-nitroaniline (1 g.) gave inorganic material 
(15-5 g.), biphenyl (2-1 g.), and a vistous red oil (2-5 g.), b. p. 170—225°/0-3 mm. An undistil- 
lable dark resin (2 g.) was discarded. The viscous oil was chromatographed in benzene-light 
petroleum (1: 2), yielding successively, on elution with the same solvent, (1) a red oil (1-2 g.) 
which crystallised from ethanol in feathery white needles of NN N’N’-tetraphenyl-m-phenylene- 
diamine (0-7 g.), m. p. 137° (lit., 137-5°) (Found: C, 87-1; H, 6-0; N, 6-5. Calc. for CygHa,N,: 
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C, 87-4; H, 5-8; N, 68%), (2) an uncrystallisable red oil (0-3 g.), and (3) a red oil (0-7 g.) which 
crystallised slowly from methanol in orange prisms of 3-nitrotriphenylamine (0-3 g.), m. p. and 
mixed m. p. 78° (Found: N, 9-3. Calc. for C,,H,,O,N,: 9-7%). Repetition of the condensation 
with 4 g. (0-4 mol.) of m-nitroaniline gave inorganic material (15-4 g.), iodobenzene (2-5 g.), and 
a red oil (6 g.), b. p. 185—195°/0-6 mm. A small quantity of higher-boiling material (<1 g.) 
was discarded. No fraction corresponding to biphenyl was obtained. The red oil crystallised 
slowly from methanol, yielding 3-nitrotriphenylamine (4-1 g.). 

(d) In p-nitroaniline. A similar reaction with p-nitroaniline (1 g.) gave inorganic material 
(15 g.), iodobenzene (3 g.), biphenyl (1-5 g.), and a viscous red-brown oil (2-1 g.), b. p. 195— 
200°/0-6 mm., which solidified. A small distillation residue (0-5 g.) was discarded. Crystal- 
lisation of the crude solid from methanol-ethyl acetate furnished golden prisms of 4-nitro- 
triphenylamine (1-7 g.), m. p. 143—144° (lit., 144°) (Found: N, 9-8%). 

(5) In phenols. (a) In phenol. lIodobenzene (25 g.), phenol (12 g.), and copper (12 g), 
reacting at 195° for 6 hr., gave inorganic material (15-5 g.), a mixture of phenol and iodobenzene 
(25 g.), b. p. 40—50°/0-5 mm., and diphenyl] ether (3 g.), b. p. 70—75°/0-3 mm. (Found: C, 84-4; 
H, 58. Calc. for C,,H,O: C, 84:7; H, 5-9%). There was no higher-boiling fraction. 
Repetition of the condensation with phenol (6 g., 0-5 mol.) gave inorganic material (17-5 g.), the 
mixed organic reactants (19 g.), and diphenyl ether (3 g.). A similar reaction with 3 g. (0-25 
mol.) of phenol afforded inorganic material (23-7 g.), iodobenzene and phenol (6-5 g.), and a 
mixture of biphenyl and dipheny] ether (6-2 g.), b. p. 75—85°/0-6 mm. (Found: C, 89-2; H, 6-45. 
Calc. for C,,H,): C, 93-5; H, 65%). A small higher-boiling residue (0-75 g.) was not further 
examined. 

(b) In p-methoxyphenol. lIodobenzene (37-5 g.), p-methoxyphenol (11-5 g., 0-5 mol.), and 
copper (17-5 g.), reacting as in (a) above, gave inorganic material (23-5 g.), iodobenzene (27-5 g.), 
p-methoxyphenol (7 g.), b. p. 85—90°/0-5 mm., 4-methoxydiphenyl ether (2 g.), b. p. 105— 
115°/0-5 mm., and a viscous oil (1-75 g.), b. p. 180—200°/0-5 mm. Redistillation of the crude 
diary] ether gave the pure material (1-5 g.), b. p. 112—115°/0-8 mm.; m. p. 14° (Found: C, 77:8; 
H, 6-2; OMe, 15-3. Calc. for C,,H,,O,: C, 78-0; H, 6-0; OMe, 15-5%). The viscous oil 
crystallised slowly from methanol at 0° in colourless rhombs, m. p. 61—63°. After 2 further 
crystallisations from the same solvent 5,4’-dimethoxy-2-phenoxydiphenyl ether (VII) was obtained 
in prisms, m. p. 67—68° (Found: C, 74:3; H, 5-4; OMe, 19-7. C, 9H,,O, requires C, 74-5; 
H, 5-6; OMe, 19-3%). Repetition of the reaction with 23 g. of p-methoxyphenol gave, after 
7 hr. at 195°, inorganic material (24 g.), iodobenzene (25 g.), p-methoxyphenol (17 g.), 4-methoxy- 
diphenyl ether (2-5 g.), and the polyether (VII) (0-35 g.). A similar reaction with 5-75 g. 
(0-25 mol.) of p-methoxyphenol gave inorganic material (33-5 g.), iodobenzene (9 g.), biphenyl 
(2-7 g.), 4-methoxydiphenyl ether (3-75 g.), and the polyether (VII) (2-6 g.). The compound 
(VII), however, was not isolated after reaction of iodobenzene (12-5 g.), 4-methoxydiphenyl 
ether (4 g.), and copper (6 g.) under similar conditions, biphenyl (3 g.) being the sole 
product. 

(c) In o-nitrophenol. lIodobenzene (12-5 g.), o-nitrophenol (2-1 g., 0-25 mol.), and copper 
(6 g.) at 195° (5 hr.) gave copper salts, etc. (10-7 g.), iodobenzene (3-7 g.), a viscous oil (2-5 g.), 
b. p. 150—170°/0-3 mm., which solidified, and a dark resin (2-5 g.), b. p. >180°/0-3 mm., which 
was not further examined. Crystallisation of the solid product from methanol-ethyl acetate 
(twice) gave stout flesh-coloured needles of 2-hydroxytriphenylamine (1-1 g.), m. p. 138—139° 
(Found: C, 83-0; H, 5-4; N, 5-6. C,,H,,ON requires C, 82-8; H, 5-7; N, 54%). After 
removal of solvent from the mother-liquors distillation of the residue in vacuo gave 2-nitro- 
diphenyl ether (0-65 g.), b. p. 138—145°/0-5 mm. (Found: N, 6-9. Calc. for C,,H,O;N: 
N, 65%). 

(2) In p-nitrophenol. lIodobenzene (12-5 g.), p-nitrophenol (2-1 g., 0-25 mol.), and copper 
(6 g.), treated as in (c) above, gave inorganic material (12-2 g.), iodobenzene (3-2 g.), and an 
orange viscous oil (1-5 g.), b. p. 130—140°/0-7 mm., which partly solidified. A dark resin (1 g.) 
was discarded. Crystallisation of the oily solid from methanol (twice) gave pale yellow prisms 
of 4-nitrodiphenyl ether (0-75 g.), m. p. 60° (lit., 61°) (Found: N, 6-7%). 

(e) In catechol. Iodobenzene (12-5 g.), catechol (1-5 g., 0-22 mol.), and copper (6 g.) were 
allowed to react as in (c) above. Filtration of chloroform extracts from insoluble material 
(13-5 g.) was greatly impeded by a blue-black suspension. Distillation of the organic product 
gave iodobenzene (4-5 g.), and a mixed inseparable fraction (0-7 g.) of boiling range 110—160°/0-5 
mm. 
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Ullmann Reactions of Other Aryl Halides in Phenols.—p-Iodoanisole in phenol. The 
inorganic products (40 g.) of the reaction between p-iodoanisole (45 g.), phenol (8-8 g., 0-5 mol.), 
and copper (17-5 g.) at 195° (5 hr.) were additionally extracted with boiling acetone to ensure 
complete elimination of organic material. Fractional distillation of the latter, after removal 
of the combined solvents, yielded anisole (6-5 g.), b. p. 75—85°/35 mm., crude 4-methoxy- 
diphenyl ether (7-8 g.), b. p. 90—100°/0-2 mm., 4,4’-dimethoxybipheny] (6 g.), b. p. 115—130°/0-3 
mm., m. p. 172°, and a fraction (3 g.), of boiling range 140—200°/0-5 mm. The crude aryl ether 
was freed from traces of diether by dissolution in 90% methanol and cooling to 5° for 4 hr., after 
which the deposited biaryl (0-1 g.) was filtered off. The mother-liquors were concentrated, then 
the residue fractionally distilled to give pure 4-methoxydiphenyl ether (6-5 g.), b. p. 175— 
178°/35 mm. (Found: OMe, 15-3%). 

p-Iodonitrobenzene in Phenol.—p-lodonitrobenzene (15-5 g.), phenol (3 g., 0-5 mol.), and 
copper (6 g.) reacted at 195° for 5hr. The organic material was extracted from copper salts, etc. 
(13 g.), with boiling acetone in addition to the chloroform normally used. Fractional distillation 
of the residue obtained on removal of the combined solvents afforded nitrobenzene (2-5 g.), b. p. 
40—45°/0-3 mm., followed by a fraction (5-5 g.), of boiling range 110—180°/0-6 mm., which 
solidified. An undistillable black residue (2 g.) was discarded. The crude solid was treated 
with piperidine (20 ml.) at 100° for 4 hr. to convert unchanged p-iodonitrobenzene. The filtrate 
liquor was then poured into water (200 ml.), and the organic material extracted with benzene 
(2 x 100 ml.). The combined extracts were shaken with concentrated hydrochloric acid 
(2 x 100 ml.), then the benzene layer was separated and washed with water, and the solvent 
wasremoved. Distillation of the residue in vacuo gave an orange oil (0-75 g.), b. p. 135—145°/0-5 
mm., which readily crystallised from methanol in yellow prisms of 4-nitrodiphenyl ether (0-5 g.), 
m. p. and mixed m. p. 60° (Found: -N, 6-2. Calc. for C,,H,O,;N: N, 6-5%). 

o-Bromonitrobenzene in Phenol.—Copper (6 g.) was added portionwise in 30 min. to a stirred 
mixture of o-bromonitrobenzene (12-3 g.) and phenol (3 g., 0-5 mol.) at 195°. Heating and 
stirring were continued for a further 2-5 hr. This led to inorganic material (10-5 g.), nitro- 
benzene (2 g.), and a mixed fraction (5-5 g.), b. p. 140—170°/0-5 mm. A residual tar (1-2 g.) 
was discarded. The semi-solid main fraction was crystallised exhaustively from benzene-light 
petroleum, affording 2,2’-dinitrobiphenyl (2-3 g.), m. p. 124°. The final mother-liquors, after 
removal of solvent, were distilled in vacuo to yield 2-nitrodipheny]l ether (2-75 g.), 135—140°/0-4 
mm. (Found: N, 6-7%). 

Ulimann Reactions of Aryl Halides in Methyl Benzoate and 1,2,4-Trichlorobenzene.—The 
general procedure described for the reaction of iodobenzene in these diluents was adhered to. 
The biaryls obtained from such condensations were isolated by distillation and/or crystallisation 
of the residue after removal of solvent and unchanged halide. The symmetrical biaryls, being 
known, are not further described. The results are detailed in Table 1. 

Ullmann Reactions in Benzoic Acid.—Iodobenzene. lIodobenzene (12-5 g.), benzoic acid 
(7-5 g.), and copper (6 g.) were heated in a hard-glass tube without stirring to 195°. After a few 
min. a vigorous reaction occurred, and the metal swelled and was converted into a white solid 
which rapidly became bright blue in contact with air. After 2 hr. the reaction mass was 
cooled and repeatedly extracted with dry ether, leaving grey insoluble copper salts, etc. (18-2 g.). 
Concentration of the combined ethereal extracts, followed by re-extraction of the residue with 
a little chloroform, gave cupric benzoate (ca. 0-3 g.) which was filtered off. Extraction of the 
chloroform liquor with aqueous sodium hydroxide furnished benzoic acid (2 g.) on acidification 
of the aqueous layer. Fractional distillation of the organic extracts gave, after a small fore-run 
(0-4 g.) which was not further investigated, phenyl benzoate (0-8 g.), b. p. 110—115°/0-4 mm., 
m. p. 61° (Found: C, 78-6; H, 5-1. Calc. for C,3;H,,O,: C, 78-8; H, 5-1%). Repetition of the 
reaction with benzoic acid (3-75 g.; 0-5 mol.) gave copper salts, etc. (14 g.), iodobenzene (1 g.), 
benzoic acid (0-15 g.), biphenyl (0-4 g.) (isolated during the distillation), and phenyl benzoate 
(3-3 g.). A similar reaction with benzoic acid (1-9 g., 0-25 mol.) gave copper salts, etc. (12 g.), 
unchanged iodobenzene (2-5 g.), biphenyl (1 g.), and the aryl ester (2-7 g.). 

p-Iodoanisole. The iodo-ether (14-5 g.), benzoic acid (3-75 g., 0-5 mol.), and copper (6 g.) 
were heated initially to 195°, whereupon an exothermic reaction raised the internal temperature 
to 235° for 20—30 min. After 1 hr. the mixture was cooled and treated as in the previous 
condensation, giving copper salts, etc. (15 g.), and a fraction (4-5 g.), b. p. 130—150°/0-5 mm., 
which solidified. Treatment of this material with warm methanol (50 ml.) left an insoluble 
residue of 4,4’-dimethoxybiphenyl (0-4 g.), and afforded, on concentration to half bulk and 
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cooling, colourless feathery plates of p-methoxyphenyl benzoate (3-25 g.), m. p. 88—89° (Found: 
C, 73-9; H, 5-6. Calc. for C,,H,,0,: C, 73-7; H, 53%). 

Miscellaneous Reactions.—Cupric benzoate, etc., with iodobenzene. Cupric benzoate (19 g.) 
was heated with iodobenzene (25 g.) at 200° for 5 hr., then cooled and extracted with dry ether, 
After filtration from unchanged cupric salt (17-6 g.) the ethereal extract was concentrated, then 
distilled in vacuo, giving iodobenzene (21-5 g.) and a mixed fraction (0-75 g.), b. p. 80—115°/0-6 
mm., which solidified. Separation of the latter afforded benzoic acid (0-25 g.) and phenyl 
benzoate (0-3 g.). 

Under identical conditions benzoic acid alone failed to react with copper. 

Similar treatment of a mixture of copper salts, etc. (9 g.) (obtained from the Ullmann 
condensation of iodobenzene in a molar equivalent of benzoic acid as previously described), 
and iodobenzene gave phenyl benzoate (2-7 g.) and excess of iodobenzene (7 g.). 

A comparable reaction with p-iodoanisole (10 g.) gave p-methoxyphenyl benzoate (2-5 g.). 

Synthesis of 5,4’-Methoxy-2-phenoxydiphenyl Ether (V11).—4-Methoxy-2-nitrodiphenyl ether, 
4-Bromo-3-nitroanisole (V) (21 g.), potassium phenoxide (13-2 g.), and copper (0-8 g.) were 
heated at 195° for 2-5 hr. The organic product was extracted with chloroform, and the extracts 
were washed with water, then fractionally distilled im vacuo, to give 4-methoxy-2-nitrodiphenyl 
ether (11-2 g.), b. p. 162—165°/0-5 mm. A sample crystallised from methanol (0-5 vol.) at 5° 
in yellow needles, m. p. 35° (Found: C, 63-6; H, 4:5; N, 5-4. C,;H,,O,N requires C, 63:7; 
H, 4:5; N, 5°7%). 

2-Amino-4-methoxydiphenyl ether. The nitro-ether (10-5 g.), in boiling methanol—water 
(150 : 120 ml.) to which glacial acetic acid (25 ml.) had been added, was reduced by the portion- 
wise addition of iron powder (15 g.) in 30 min. The solution was then refluxed for a further 
2-5 hr. The colourless liquor was diluted with water (300 ml.) and extracted with benzene, 
and the whole filtered from suspended solid. The benzene layer was separated, washed with 
water, and concentrated. The residue crystallised from benzene-light petroleum in flesh- 
coloured plates of 2-amino-4-methoxydiphenyl ether (6-3 g.); m. p. 109—111° (Found: C, 72-7; 
H, 6-2; N, 6-4. ©C,,;H,,0,N requires C, 72-6; H, 6-0; N, 65%). 

2-Bromo-4-methoxydiphenyl ether (V1). The primary amine (14-5 g.) was dissolved in hot 
hydrobromic acid solution (46—48% acid, 20 ml.; water, 50 ml.), then cooled to 5° with stirring 
to obtain a fine deposit of the base hydrobromide. The suspension was diazotised at 5° by 
sodium nitrite (4-7 g.) in 15% aqueous solution. Towards the end of the addition golden 
feathery plates were deposited. The whole was added to a solution of cuprous bromide (20 g.) 
in 46—48% hydrobromic acid (100 ml.). After the evolution of gas had subsided the dark 
liquors were extracted with chloroform (2 x 100 ml.), and the combined extracts washed with 
dilute sodium hydroxide solution and water. Distillation of the residue in vacuo after removal 
of solvent gave 2-bromo-4-methoxydiphenyl ether (V1) (4 g.), b. p. 1388—142°/0-5 mm. Crystal- 
lisation from methanol gave colourless prisms (3-2 g.), m. p. 61—62° (Found: C, 56-3; H, 4:2; 
Br, 28-2. C,,;H,,O,Br requires C, 55-9; H, 4-0; Br, 28-7%). 

5,4’-Dimethoxy-2-phenoxydiphenyl ether (VII). The bromo-ether (VI) (2-5 g.), potassium 
p-methoxyphenoxide (1-62 g.), and copper (0-2 g.) were heated at 220—230° for 2 hr. Fractional 
distillation of chloroform extracts of the mixture gave the dehalogenation product, 4-methoxy- 
diphenyl ether (1-5 g.), b. p. 118—125°/0-8 mm. (Found: OMe, 15-9%), and a crude viscous oil 
(0-7 g.), b. p. 160—200°/0-7 mm., which crystallised slowly from methanol at 5° to give the 
polyether (VII) in colourless prisms (0-35 g.), m. p. 66—67°, undepressed on admixture with a 
specimen obtained from the Ullmann condensation of iodobenzene in p-methoxyphenol (Found: 
C, 74:2; H, 5-5. Calc. for C,5H,,0,: C, 74:5; H, 5-6%). 


Tue British Druc Housss, Ltp., Lonpon. 
21 GRAYSTONE AVENUE, RUTHERGLEN, LANARKSHIRE. [Received, April 28th, 1959.] 
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120. The Ullmann Biaryl Synthesis. Part IV The Halogen- 
transfer. 


By JAMES ForREST. 


Ullmann condensations of some bromonitro-compounds with iodo- 
benzene, etc., are described. A major side-reaction involving interchange of 
halogen atoms among the reactants is reported. 


Tue formation of atypical by-products from Ullmann syntheses of derivatives of 2,4-di- 
nitrobiphenyl by the reaction between derivatives of 1-chloro-2,4-dinitrobenzene and 
iodobenzene, etc.,? is due basically * to independent reaction of the aryl iodide with copper. 
This present communication describes similar condensations with the more reactive 
1-bromo-2,4-dinitrobenzene, by use of which it was hoped largely to suppress formation 
of atypical products. Subsequently other unsymmetrical syntheses were investigated in 
a study of an unexpected halogen-transfer prominent in some condensations of this nature. 

It was initially expected that less of the unsymmetrical product might be formed 
owing to preferential self-condensation of the reactive nitro-halide to give 2,4,2’,4’-tetra- 
nitrobiphenyl. However, satisfactory yields were obtained despite the wide divergence 
in the relative reactivities towards copper of the individual halides. Moreover, abnormal 
biaryls similar to those obtained from reactions with the chlorodinitro-analogue were not 
isolated, and the product was purer. 

As shown in the Table, o-bromonitrobenzene and methyl o-bromobenzoate with iodo- 
benzene give equally good yields of unsymmetrical biaryls. -Bromonitrobenzene and 
l-iodonaphthalene gave a very poor yield of 1-f-nitrophenylnaphthalene, probably 
because the f-halogen is less reactive.* 

The simultaneous formation of volatile material, generally of lower boiling point than 
either of the halides used, was a characteristic of the reactions listed in the Table. This was 


Aryl halide Aryl halide Ratio, Reaction Yield (%) of Halogen 
(A) (B) A:B temp. unsymm. biaryl transfer (%) 
1,2,4-C,H,Cl(NO,), C,H,I if: Sa 190° 25 * 2 
p-C,H Mel 1:16 195 25* 5 
os p-C,H,l-OMe 1:15 - 35 * 20 
o-C,H,Br-NO, C,H,I 1: 1-25 190 60 15 
a o-C,H,I-CO,Me ‘i 175 65 25 
os a-C,,H,I 2:8 200 40 30 
‘i 1:15 o 50 40 
o Rd es 60 ~50 
a a 170 55 ~30 
mn a ee 150 55 ~5 
p-C,H,Br-NO, ” 1: 1-25 240 5 5 
1,2,4-C,H,Br(NO,),  C,H,I ee 175 60 15 
is o-C,H,Mel ‘i ” 55 15 
- p-C,H,Mel aa i 50 15 
a p-C,H,I-OMe je a 55 5 
o-C,H,Br-CO,Me C,H,I 1:15 190 45 40 
* Cf. Part I. 


a sparingly reactive or unreactive halide formed by halogen-transfer between the reactants, 
ég., bromobenzene from 1-bromo-2,4-dinitrobenzene and iodobenzene. As shown in the 
Table, the amount of the transfer varied with the nature and proportions of the reactants, 
and was less at the lower temperatures. The yield of unsymmetrical biaryl was, however, 
little influenced by temperature. 

Small quantities of halogen-transfer products have been identified in the reaction 


1 Part III, preceding paper. 

* Part I, J., 1960, 566. 

* Part II, J., 1960, 574. 

* Davey and Latter, J., 1948, 264, 
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residues of two reported condensations of o-bromonitrobenzene with iodides.5 Longo 
and Pirona ° considered the mechanism of this side-reaction to be involved in an unspecified 
way with dehalogenation of the bromonitro-compound. In the described reaction with 
«-iodonaphthalene, however, nitrobenzene was not formed to any extent with «-bromo- 
naphthalene. Moreover, it is evident, by computation of the yields of unsymmetrical 
biaryl and halogen-transfer product under optimum transfer conditions, that the 
exchange mechanism did not affect the yield of normal condensation product provided 
sufficient excess of iodide was present to compensate for loss of reactive halide. It seems 
clear that the halogen-transfer cannot function at temperatures below those at which the 
halide to be transformed is capable of independent reaction with copper. Thus «-iodo- 
naphthalene was progressively less readily attacked by the metal below 200°. At 150°, 
at which halogen transfer in the reaction with o-bromonitrobenzene almost ceased, the 
halide was practically unaffected by copper. 

Isomers of the individual halogen-transfer products were not formed. For example, 
oxidation of the bromotoluene obtained from o-iodotoluene by this means, or hydrolysis 
of methyl bromobenzoate formed from methyl o0-iodobenzoate, afforded o-bromobenzoic 
acid free from isomeric material in each case. 


EXPERIMENTAL 


For general instructions see Parts I and II. 

General Procedure.—The technique for Ullmann condensations outlined in Part I was 
adhered to. The time required for the addition of copper, however, in reactions involving the 
highly reactive bromonitro-compounds frequently exceeded that required for the chloronitro- 
analogues, particularly when low-temperature condensations were carried out. 

Ulimann Reactions of 1-Chloro-2,4-dinitrobenzene.—(a) With iodobenzene. After removal of 
chloroform from the organic product of reaction of the chlorodinitro-compound (50 g.), iodo- 
benzene (100 g., 2 mol.), and copper (50 g.) as described in Part I, the residue was evaporated 
at 100°/50 mm. and volatile material (10 g.) condensed in a cold trap. Refractionation of the 
colourless oil at atmospheric pressure gave a middle fraction (4 g.), b. p. 120—135°. Redistil- 
lation afforded a small fraction (1-25 g.), b. p. 125—130°, which appeared to be crude chloro- 
benzene. Nitration of this material by standard methods furnished 1-chloro-2,4-dinitro- 
benzene (1-1 g.), m. p. and mixed m. p. 50—51° (from 90% methanol) (Found: N, 13-6; Cl, 17-1. 
Calc. for C,H,O,N,Cl: N, 13-8; Cl, 17-5%). 

(b) With p-iodotoluene. Redistillation of the most volatile fraction (30 g.) from the reaction 
of the chlorodinitrobenzene (50 g.), p-iodotoluene (81 g.), and copper (50 g.) afforded an oil 
(11-5 g.), b. p. <70°/3 mm. Redistillation at atmospheric pressure gave p-chlorotoluene 
(1-5 g.), b. p. 170—172° (Found: Cl, 27-5. Calc. for C,H,Cl: Cl, 28-0%). Subsequently the 
temperature of the distillate rose steadily to 205°. This material was not further investigated. 

(c) With p-iodoanisole. Reaction, as in (b), with p-iodoanisole (87 g.), gave a volatile 
fraction (10 g.), b. p. <70°/0-4mm. _ Redistillation gave p-chloroanisole (7-5 g.), b. p. 195—197° 
(Found: C, 58-4; H, 5-1; Cl, 24-5. Calc. for C,H,OCI: C, 58-9; H, 4-9; Cl, 24-9%). 

Ullmann Reactions of o-Bromonitrobenzene.—(a) With iodobenzene. The halogenonitro- 
compound (20 g.), iodobenzene (25 g.), and copper (20 g.) at 190—195° (3-5 hr.) gave (1) a mobile 
liquid (4-75 g.), b. p. <130°/30 mm., (2) a pale yellow viscous oil (12-8 g.), b. p. 118—120°/0-2 
mm., and (3) a clear red viscous oil (5 g.), b. p. 155—165°/0-2 mm. A small dark residue 
(0-5 g.) was discarded. Fraction (1), on redistillation, afforded bromobenzene (2 g.), b. p. 
157—160° (Found: Br, 51-3. Calc. for C,H,;Br: Br, 51-0%). Fraction (2) crystallised slowly 
from aqueous methanol at 0° in pale yellow needles of 2-nitrobiphenyl (11-6 g.), m. p. and mixed 
m. p. 37° (Found: N, 7-1. Calc. for C,,H,O,N: N, 7-0%). Fraction (3) furnished pale yellow 
needles (from methanol) of 2,2’-dinitrobiphenyl (3-5 g.), m. p. 126—127°. 

(b) With methyl o-iodobenzoate. o-Bromonitrobenzene (20-2 g.), the iodo-ester (32-7 g.), 
and copper (19 g.) reacted at 175° for 3-5 hr. Fractionation of the products gave a colourless 
liquid (8-5 g.), b. p. 85—95°/0-5 mm., and methyl 2’-nitrobiphenyl-2-carboxylate (17 g.), b. p. 
160—170°/0-5 mm. _ Redistillation of the lower-boiling liquid yielded a fraction (5-25 g.), b. p. 


5 Longo and Pirona, Gazzetta, 1947, 77, 117. 
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245—250°, which on hydrolysis with dilute aqueous alkali afforded o-bromobenzoic acid 
(4-5 g.), M. P. and mixed m. p. 147—148° (Found: Br, 40-0. Calc. for C,H,O,Br: Br, 39-8%). 

(c) With a-iodonaphthalene. (1) Equimolar amounts. «-Iodonaphthalene (76-2 g.) and 
o-bromonitrobenzene (60-4 g.) were treated with copper (50 g.) at 200° for 4-5 hr. Fractional 
distillation of the organic products yielded a mobile liquid (24 g.), b. p. 70—85°/0-2 mm., and 
a red viscous oil (53 g.), b. p. 150—165°/0-1 mm. A dark red residue (7 g.) was discarded. 
Redistillation of the more volatile fraction afforded naphthalene (1-5 g.), b. p. 220—225°, and 
a-bromonaphthalene (19-2 g.), b. p. 275—280° (Found: C, 57-9; H, 3-6; Br, 38-1. Calc. for 
C,)H,Br: C, 58-0; H, 3-4; Br, 38-6%). The viscous oil furnished prismatic needles of 1-o- 
nitrophenylnaphthalene (32 g.), m. p. 90—92° (lit., 89°) after 3 crystallisations from methanol. 

The same reactants (} scale) at 145—150° for 7 hr. afforded a pale yellow oil (8 g.), b. p. 
100—110°/0-5 mm., then a viscous red oil (13 g.), b. p. 177—182°/0-8 mm. There was no 
distillation residue. The lower-boiling fraction was added to warm methanol (100 ml.) con- 
taining picric acid (10 g.). On cooling, the halogenonaphthalene picrates separated in fine 
yellow needles which, after decomposition with dilute aqueous ammonia, gave an oil (4-3 g.), 
b. p. 157—162°/15 mm., d,*° 1-69 (Found: C, 50-5; H, 3-2; I, 46-0. Calc. for C,,H,I: C, 47-2; 
H, 2:8; I, 500%). The methanolic mother-liquors, after removal of solvent and excess of 
picric acid, afforded unchanged o-bromonitrobenzene (3-7 g.). The main product crystallised 
from methanol (50 ml.) giving, in a single operation, 1-o-nitrophenylnaphthalene (9-8 g.), m. p. 
93—94° (Found: N, 5-6. Calc. for C,gH,,O,N: N, 5-6%). 

Under the same conditions, <10% of the iodide alone underwent reaction with copper 
(based on recovery of halide and weight increase of inorganic material). 

(2) With 1-5 mol. of «-iodonaphthalene. The iodide (76-2 g.), o-bromonitrobenzene (40-3 g.), 
and copper bronze (50 g.) at 200° (4-5 hr.) gave naphthalene (1 g.), «-bromonaphthalene (16-6 g.), 
and the unsymmetrical biaryl (24-2 g.), m. p. 90—92°. 

(3) With 2 mol. of «-iodonaphthalene. The iodide (76-2 g.), with o-bromonitrobenzene 
(30-2 g.) and copper (50 g.) at 200° (4-5 hr.) yielded volatile material (28 g.), 75—95°/0-4 mm., 
a-bromonaphthalene (17 g.) (Found: Br, 38-3%), and the nitro-hydrocarbon (22-2 g.), m. p. 
90—92° (after 3 crystallisations from methanol). 

The same reactants, at 170° (6-5 hr.), gave a volatile fraction (36 g.), b. p. 150—180°/25 mm., 
d,® 1-65, and the unsymmetrical biaryl (20-3 g.), m. p. 92—93° [after a single crystallisation 
from methanol of the appropriate fraction (28-5 g.), b. p. 155—160°/0-1 mm.]. There was no 
distillation residue. Attempted separation of the mixed halogenonaphthalenes by distillation 
proved unsatisfactory. No fore-run of naphthalene, however, was obtained. Approximate 
estimation of the mixture by calculation from the specific gravities of «-bromonaphthalene 
and its iodo-analogue indicated ca. 70% of the iodide. 

Reaction between p-Bromonitrobenzene and «-Iodonaphthalene.—The bromonitro-compound 
(20 g.), «-iodonaphthalene (31-7 g.), and copper (20 g.) reacted at 240—245° for 6hr. Fraction- 
ation gave (1) a yellow oil (15 g.), b. p. 95—115°/0-4 mm., which solidified, (2) a red viscous oil 
containing suspended crystals (9 g.), b. p. 175—195°/0-5 mm., and a dark residue (6 g.) which 
was discarded. Fraction (1) afforded unchanged bromonitrobenzene (7-5 g.) on crystallisation 
from methanol. The mother-liquors were refluxed for 4 hr. with concentrated hydrochloric 
acid (25 ml. in 50 ml. of water) and granulated zinc (10 g.), then poured into water (500 ml.). 
The neutral material was extracted with light petroleum. Removal of the solvent followed by 
distillation furnished naphthalene (2 g.) and an oil (1-5 g.), b. p. 270—280°. Crystallisation 
of the picrate of this material from methanol gave yellow needles of «-bromonaphthalene 
picrate (2-15 g.), m. p. 133° (Found: C, 44-3; H, 2-2; N, 9-4; Br, 17-7. Calc. for C,gH,g0,N,Br: 
C, 43-9; H, 2-3; N, 9-6; Br, 183%). Fraction (2) was refluxed in methanol (150 ml.) until 
the red oil had dissolved, then the solution was cooled and filtered from insoluble 1,1’-binaphthyl 
(3 g.), m. p. 155—156°. Concentration of the mother-liquors to half-bulk yielded a further 
quantity of the same hydrocarbon (1-5 g.). The residue, after removal of solvent, was 
chromatographed on alumina in benzene-—light petroleum (1 : 2), affording successively 1,1’-bi- 
naphthy] (1 g.) and, on elution with benzene-light petroleum (2 : 1), pale greenish-yellow needles 
(from methanol) of 1-p-nitrophenylnaphthalene (1-4 g.), m. p. 132° (Found: C, 77-3; H, 4-6; 
N, 5-3. C,,H,,O,N requires C, 77-1; H, 4-4; N, 5-6%). 

Ullmann Reactions of 1-Bromo-2,4-dinitrobenzene.—(a) With iodobenzene. The bromonitro- 
compound (100 g.), iodobenzene (103 g.), and copper (75 g.) reacted at 190° (4 hr.) affording 
2,4-dinitrobiphenyl (52 g.), m. p. 110° (from benzene-light petroleum). The mother-liquors 
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were evaporated, then the residue was distilled im vacuo, to give (1) a volatile fraction (9 g), 
b. p. <110°/15 mm., (2) crude 2,4-dinitrobiphenyl (17 g.), b. p. 170—185°/0-5 mm., and (3) a 
dark residue (10-5 g.) which was not further examined. Fraction (1) yielded bromobenzene 
(7-3 g.), b. p. 157—160° (Found: Br, 51-2. Cale. for C,H,Br: Br, 510%). Crystallisation of 
fraction (2) from methanol or benzene-light petroleum gave a further quantity of the unsym. 
metrical biaryl (9-5 g.). 

(b) With o-iodotoluene. The bromonitro-compound (45 g.), o-iodotoluene (49-5 g.), and cop- 
per (34 g.) at 175° (3-5 hr.) yielded a mixture of halogenotoluenes (13 g.), b. p. <140°/25 mm., and 
a pale red viscous oil (32 g.), b. p. 180—185°/0-5 mm., which crystallised from methanol in yellow 
needles of 2’-methyl-2,4-dinitrobiphenyl (26 g.), m. p. 88° (Found: C, 60-6; H, 3-9; N, 108, 
C,3H,,O,N, requires C, 60-5; H, 3-9; N, 10-9%). Redistillation of the first fraction furnished 
o-bromotoluene (4-5 g.), b. p. 180—182° (Found: Br, 46-7. Calc. for C,H,Br: Br, 46-8%), 
followed by a mixture of o-bromo- and o-iodo-toluene (8 g.), b. p. 183—208°, which was not 
further investigated. 

Oxidation of the o-bromotoluene obtained from the halogen transfer by Bigelow’s technique 
afforded o-bromobenzoic acid free from isomeric material. 

(c) With p-iodotoluene. A reaction similar to (b) with p-iodotoluene furnished 4’-methyl- 
2,4-dinitrobiphenyl (24-3 g.), m. p. 87—88°, on crystallisation of the crude material (30 g), 
b. p. 170—180°/0-3 mm., from methanol. Refractionation (twice) of the crude mixed halogeno- 
toluenes (15 g.), b. p. <140°/30 mm., gave p-bromotoluene (4-5 g.), b. p. 185—190° (Found: 
Br, 46:7%), followed by mixed p-bromo- and p-iodo-toluene (8-5 g.), b. p. 195—210°. 

(d) With p-iodoanisole. 1-Bromo-2,4-dinitrobenzene (50 g.), p-iodoanisole (59 g.), and 
copper (37 g.) at 175° (3-5 hr.) gave a fore-run (15 g.), b. p. 50—80°/0-3 mm., then crude 4’- 
methoxy-2,4-dinitrobiphenyl as an orange viscous oil (34-5 g.), b. p. 190—205°/0-3 mm. 
Crystallisation of the latter from methanol afforded yellow needles of the pure biaryl (31 g), 
m. p. 94—95°. The fore-run was cooled to 0°, then the oil (4-5 g.) was decanted from crystal- 
lised p-iodoanisole (10 g.) and refractionated to give, after. a small low-boiling fraction, p-bromo- 
anisole (1-5 g.), b. p. 212—216° (Found: Br, 42-3. Calc. for C,H,OBr: Br, 42-8%). 

Reaction of Methyl o-Bromobenzoate with Iodobenzene.—The iodide (13-3 g.), methyl o-bromo- 
benzoate (9 g.), and copper (11 g.) reacted at 195—-200° for 5-5 hr. Fractional distillation of the 
organic material yielded (1) a volatile fore-run (4-5 g.), b. p. <140°/100 mm., (2) a fraction 
(1-5 g.), b. p. 60—100°/0-8 mm., which partly solidified (it was not further examined), (3) crude 
methyl biphenyl-2-carboxylate (4:8 g.), b. p. 120—130°/0-8 mm., and (4) methyl biphenate 
(1:8 g.), b. p. 245—255°/0-8 mm. Redistillation of fraction (1) at atmospheric pressure gave 
bromobenzene (2-8 g.), b. p. 156—158° (Found: Br, 50-7. Calc. for C,H;Br: Br, 51-0%). 
Hydrolysis of fraction (3) with 5% methanolic potassium hydroxide (50 ml.) gave biphenyl-2- 
carboxylic acid (3-7 g.), m. p. 113° (from benzene-light petroleum) (lit., 113—114°) (Found: 
C, 78-5; H, 5-1. Calc. for C,,H,,O,: C, 78-8; H, 5-1%). Crystallisation of fraction (4) from 
methanol furnished colourless needles of methyl biphenate (0-8 g.), m. p. 73°. 


Tue British Druc Houses, Ltp., Lonpon. 
21 GRAYSTONE AVENUE, RUTHERGLEN, LANARKSHIRE. [Received, April 28th, 1959.] 


* Bigelow, J. Amer. Chem. Soc., 1922, 44, 2015. 





121. The Ullmann Biaryl Synthesis. Part V1 The Influence of 
Ring Substituents on the Rate of Self-condensation of an Aryl Halide. 
By JAMES ForREsT. 

A series of aryl halides has been treated with copper under comparable 
conditions. 
In this investigation of the Ullmann biaryl synthesis,! the relative reactivities of certain 
aryl halides towards copper seemingly diverged to some extent from the conventional 
pattern. In attempt to clarify the position this communication reports comparable 
Ullmann self-condensations of a short series of readily available aryl halides. 


’ Part IV, preceding paper. 
® Fanta, Chem. Rev., 1946, 38, 139. 
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It is clear that the rate of the apparent aryl halide-copper reaction, as measured by self- 
condensation, does not necessarily represent accurately the true reaction rate, particularly 
should biaryl formation be a multistage reaction. On the other hand, no diluent has been 
found which could react with a presumed intermediate to the exclusion of self-condens- 
ation without radically altering the apparent rate of the original halide—-copper reaction. 
Phenols and carboxylic acids, which respectively suppress and promote the interaction,’ 
were impracticable reagents for that reason. The undiluted reaction was therefore selected 
as the best available means of approximate assessment. 


Comparative reactivities of aryl halides at 190—195° (1-5 hr.). 


Reaction (%) Reaction (%) 
by hal. by Cu  Biaryl by hal. byCu  Biaryl 
Aryl halide recovery halide (%) Aryl halide recovery halide (%) 

CoHI  ..---cececeeecenes 40 35 30 C,H,CI-NO, ............ 5 55 50 
o-C,H Mel ............ 40 35 25 1,2,4-C,H,Cl(NO,)4 65 65 a 
m-C,H,Mel ............ 60 55 50 o-C,H,Br-NO, _....... 95 95 75 
p-CgH,Mel ........-... — 55 45 m-C,H,Br-NO, ...... 2-5 2-5 2-5 
O-C HCI .....2sseeeeee 50 45 35 p-C,H,Br-NO, ......... 2-5 2-5 2-5 
wCoH CIT ....eeeseee 60 55 40 m-C,H,I-NO, ......... 55 55 30 
PCH CII .......22eeeees 60 55 40 p-C,H,I-NO, ......... — 50 25 
o-C,H,I-OMe ......... 75 75 70 o-C,H,Cl-CO.Me ...... 0 0 0 
m-C,H,1°OMe ......... 70 70 65 o-C,H,Br-CO Me ...... 90 90 80 

HI-OMe ......... ~~ 75 70 m-C,H,I-CO.Me ...... 35 30 25 
o-C,H,Br°OMe ......... 0 0 0 p-C,H,I-CO,Me ...... 30 25 15 
p-C,H,Br-OMe ......... 0 0 0 o-C,H,Br-CHO ...... 45 35 —- 
1,3,4-C,H,I(OMe), ... 75 80 - 55 o-C,H,Br-CN ......... 30 25 2-5 
1,2,4-C,H,I(OMe), ... 80 80 65 


Little work has been done on the relative reactivities of aryl halides in the Ullmann 
reaction. Apart from observations on individual halides in specific reactions, the major 
work of this kind, an extensive series of reaction rate studies by Mascarelli et al.,4 divided 
aryl halides into several groups according to the visible changes and evolution of heat at 
reaction temperatures which varied for individual halides. This work, however, is no 
guide either to the minimal reaction temperature of a specific halide or to its reactivity 
relative to that of a second halide. For example, 1-chloro-2,4-dinitrobenzene is classed 
solely as very reactive at 295°, whereas a slower but smooth reaction with copper takes 
place under 200°; 5 iodobenzene is erroneously stated to be unattacked by the metal at 
190°. Later, the greater activation of an o-nitro-halide than of the other isomers, in 
studies on the rate of self-condensation of some halogenonitrobenzenes, was disclosed by 
Davey and Latter.® 

In the present work the relatively slowly reacting iodobenzene was conveniently used 
as a standard. In consequence the temperature of the condensations was restricted 
to 190—195°. 

As shown in the Table, the effect of an electronegative substituent on the reactivity of 
the halogen atom was apparently more complex than hitherto realised. The nitro-group, 
as has been reported, predominantly activated an o-halogen atom. In fact, under the 
conditions of reaction, iodo-compounds with less powerful electronegative substituents, 
such as the cyano-group, in the ortho-position, reacted strongly exothermally; they were 
therefore omitted from the present study. Surprisingly, in positions other than ortho the 
nitro-group had little effect on the reaction rate of the halide. For example, both m- and 
p-iodonitrobenzene were comparatively little more reactive than iodobenzene alone, and 
the reactivity of o-chloronitrobenzene was not materially enhanced by an additional 
nitro-group para to the halogen atom. Moreover, it is difficult to distinguish between 
the relative stimulation of a halogen atom by a nitro-group in the meta- or para-position. 

3 Part III, J., 1960, 581. 

* Mascarelli, Longo, and Ravera, Gazzetta, 1938, 68, 33. 


5 Part I, J., 1960, 566. 
* Davey and Latter, J., 1948, 264. 








594 Forrest: The Ullmann Biaryl Synthesis. Part VI. 


This contrasts with the recognised concept of o/p activation of an aryl halide in the Ullmann 
reaction by an electronegative group.2 A similar but less powerful halide activation 
pattern was shown by a carboxylic ester substituent. Under the reaction conditions 
methyl o-chlorobenzoate was unattacked by copper. The o-bromo-analogue reacted 
readily, whereas the corresponding meta- and para-isomers were practically inert. On 
similar treatment methyl m- and f-iodobenzoate reacted slowly with copper at approxim- 
ately equivalent rates although both were slightly less readily attacked than iodobenzene 
itself. 

As indicated by reported work,‘ further substitution of iodobenzene by chloro-, 
methoxy-, or methyl groups increased the activity of the halogen atom irrespective of 
orientation. Of these, the methoxyl group was the most powerful stimulant, the effect 
of the others being of the same order, but less marked, particularly in the case of ortho- 
substitution. The influence of further substitution by methoxyl groups appeared to be 
complementary. Thus both 4-iodoresorcinol dimethyl ether and 4-iodoveratrole reacted 
exothermally under comparable conditions. 


EXPERIMENTAL 

Copper bronze (from B.D.H) was used without pretreatment as the condensing agent. 

General Procedure.—The halide (0-05—0-1 mol.) and copper (in 50% excess) were heated 
at 190—195° (metal bath) for 1-5 hr. Thermometers were placed in the bath and reagents, 
The product was treated as described in Part I of this series. Where the biaryl was a relatively 
high-melting insoluble material such as 4,4’-dimethoxy- or 4,4’-dimethoxycarbonyl-bipheny]l, 
the product was initially crystallised as far as possible, then the mother-liquors were fractionally 
distilled. Certain reactions were exothermic. This effect was confined to o-bromonitrobenzene, 
methyl o-bromobenzoate, and the isomeric iododimethoxybenzenes, and was controlled by the 
removal of the reaction mixture from the metal-bath before the temperature had exceeded 200°, 
followed by external cooling if necessary, after which the reaction was completed in the usual way. 

The proportion of aryl halide attacked was estimated from the increase in weight of the 
inorganic product, and, when convenient, by calculation from the aryl halide recovered. 
Normally the latter figure was somewhat higher, probably owing to loss of volatile material. 
The yield of biaryl, whilst of secondary importance, was normally determined, except in 
condensations in which the simultaneous formation of resinous by-products made isolation 
difficult. Details of the physical characteristics of the aryl halides or of the biaryls, which are 
all known compounds, are not included. 


Tue British DruGc Houses, Ltp., Lonpon. 
21 GRAYSTONE AVENUE, RUTHERGLEN, LANARKSHIRE. Received, April 28th, 1959.) 





122. The Ullmann Biaryl Synthesis. Part VI4 The Scope and 
Mechanism of the Reaction. 


By JAMES FoRREST 


Optimum conditions for formation of unsymmetrical biaryls in the 
Ullmann reaction and some limiting factors in this respect are suggested. 
The mechanisms of the normal condensation and the atypical side-effects 
are discussed. 


As shown in this series of papers,! it is evident that several factors, apart from the choice 
of aryl halide, can influence the product pattern of unsymmetrical Ullmann syntheses, 
particularly when an electronegative group such as nitro is present in a reactant. This 
communication describes, primarily, experiments on the scope of syntheses of this type 
and concludes with a discussion of the mechanism of the reaction. 





1 Parts I—V, preceding papers. 
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ann Component Component Ratio Reaction Yield (%) of biaryls 
tion A B A:B temp. __ time (hr.) A-A A-B 
, -C.H.-NO C,H,I 1: 1-25 195° 2 65 10 
or 0-CH,I-CO,Me - se 4 65 10 
ted o-CgHyI°CN ‘0 ve 0 2-5 30 -- 
On m-C,H,I°NO, i | Ee oo 6 15 25 
i p-C,H,I-NO, ” 1: 1-25 ” ” 20 35 
— “ a 1:1 . 20 25 
zene o-C,H,Br'NO, m-C,H,I-NO, - . 2 * 35 
” p-C,H,I-NO, , » , ° 35 
y p-C,H,I-CO,Me 190 2 20 35 
T0-, m-C,H,Br-NO, C,H,;1 1: 1-25 195 6 Ot 0 
e of p-C,H,Br-NO, » » » » 0 2-5 
ffect 1,3,4-C,H,Bry-NO, » ” » 3-5 10 55 
o-C,H,Br-NO, p-C,H,I-OMe he 175 ve 10 40 
tho- 1,2.4-C,H,Cl(NO,),  m-C,H,Br-NO, 1:1 195 5 0 15 
) be ” p-C,H,Br-NO, ’ ” ” 0 20 
ted 2 o-C,H,Br-OMe - re * 30 
te be m-C,H,Br-OMe Z se ; * 20 
E p-C,H,Br-OMe 8 i é * 20 
” » 1:2 ” , . 25 
1,2,4-C,H,Br(NO,), 0-C,H,Br-OMe - on 3:5 40 20 
se m-C,H,Br-OMe ied # pa 55 15 
. p-C,H,Br-OMe ss ya ya 55 15 
ated 1,4,3-C,H,MeBr-NO, -C,H,Mel 1: 1-25 175 “ 20 40 
nts, * Not isolated. { Biphenyl (15%) obtained. 
| . ‘ . ‘ , . 
ve Optimum formation of unsymmetrical biaryls in the Ullmann reaction has been based 
ally theoretically on the equal rates of reactivity towards copper of the halides involved. 
ene, Exceptions have, however, long been recognised.* Although this equality may apply to 
the some pairs of aryl halides (for the most part in the absence of electronegative substituents), 
00°, Parts I ? and IV * of this series, the Table of the present paper, Fanta’s review,” and direct 
vay. comparison of the reactivities (Mascarelli e¢ al.5 and Part V of this series) show wide- 
the § spread inequality. The syntheses carried out suggest that formation of unsymmetrical 
red. biaryls depends rather on the greater reactivity towards copper of the reactant containing 
~~ the more powerful electronegative substituent (subsequently referred to as the A com- 
se ponent) than that of the second reactant (B component). Generally the A component 


must contain at least one electronegative group, such as nitro or methoxycarbonyl, ortho 
to the halogen atom. Successful syntheses depended largely on the choice of the halogen 
atom. Bromo-compounds, and to a smaller extent chloro-compounds, have been most 
»] useful as A components: the iodo-compounds were of little use owing to predominant 
; self-condensation (i.e., formation of symmetrical biaryls). Iodo-compounds, however, 
found general application as B components, although in specific instances bromo- and even 
chloro-compounds have been successfully employed. 
Electronegative substituents meta and para to halogen normally failed to activate the 
latter sufficiently for A components. Limited use, however, can be made of the more 
} active compounds of this type in condensations of weakly reactive B components. For 
example, m- and -iodonitrobenzene with iodobenzene afforded respectively 3- and 4-nitro- 
biphenyl, in both cases with relatively large quantities of the dinitrobiphenyl. The 
bromo-nitro-analogues were insufficiently reactive: 3-nitrobiphenyl] could not be isolated on 
j attempted reaction of the m-bromonitrobenzene with iodobenzene—only a small quantity 
of biphenyl was obtained. #-Bromonitrobenzene, in similar circumstances, furnished 
traces of 4-nitrobiphenyl, and the product of reductive arylation, 4-bromotriphenylamine. 


| are 





oice In unsymmetrical Ullmann syntheses electronegative substituents meta and para to 
Ses, the halogen atom in A components seemed to have approximately the same influence. 
This — For example, similar product pafterns were obtained from m- and #-iodonitrobenzene 
ype 2 Cf. Fanta, Chem. Rev., 1946, 38, 139. 


® Part I, J., 1960, 566. 
‘ Part IV, J., 1960, 589. 
5 Mascarelli, Longo, and Ravera, Gazzetta, 1938, 68, 33. 
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with iodobenzene; and with o-bromonitrobenzene they afforded comparable yields of 
2,3’- and 2,4’-dinitrobiphenyl. Further, m- and p-bromonitrobenzene behaved similarly 
as B components on condensation with 1-chloro-2,4-dinitrobenzene, as did methyl m-6 
and #-iodobenzoate with o-bromonitrobenzene. On this evidence, together with the 
similarity shown on self-condensations of isomeric halides of this type, it seems clear that 
the concept of activation of o- and f-halogen atoms by an electronegative group? js 
unsupportable, the effect of such substituents being confined to the ortho-position. The 
influence of m- and p-halogen atoms is apparently of the same order and may well: be 
related to the general effect of the substituent on the ring. 

The almost negligible activation of a halogen atom by a m- or #-nitro-group is further 
exemplified by the condensation of 2,4-dibromonitrobenzene with iodobenzene, which 
afforded 3-bromo-6-nitrobiphenyl as the sole unsymmetrical product. In addition, a 
p-nitro-group did not augment materially the influence of an o-nitro-group already 
present: similar product patterns were afforded from 1-bromo-2-nitro- and 1-bromo-2,4- 
dinitro-benzene with (a) iodobenzene and (6) p-iodoanisole (Part IV; Table of the present 
paper). 

Recovery of the greater part of the -bromonitrobenzene after attempted condensation 
with iodobenzene, together with the very poor yield of biaryl obtained, indicated that in 
this instance the A component acted mainly as a diluent for the B component. It is clear 
that here initial reaction of the B component with copper did not lead to the unsymmetrical 
biaryl, although the bromonitro-compound could be condensed as the B component with 
1-chloro-2,4-dinitrobenzene under similar conditions. Considerable evidence exists for 
the general inference that in this type of Ullmann condensation preferential attack by the 
condensing agent on the A component is essential for successful reaction. For example, 
the abnormal products described in Part I are evidently the result of initial reaction of B 
components. Further, the variations in the product patterns of condensations in which 
the relative reactivities of A-B components could be modified showed that formation of 
unsymmetrical biaryl was favoured by A components of greater disproportionate reactivity. 
Thus 1-bromo-2,4-dinitrobenzene * condensed more effectively than the relatively inert 
chloro-analogue * with iodobenzene, p-iodoanisole, etc. In the same way a marked 
improvement in the homogeneity of the product from o-bromonitrobenzene and «-iodo- 
naphthalene was obtained at a low temperature where the reactivity of the B component 
with copper was disproportionately reduced. 

It is characteristic of mixed Ullmann reactions that an aryl halide can function as the 
B component more readily than as the A component, and at a lower temperature than 
that at which the halide per se is attacked by copper. For example, 1-chloro-2,4-dinitro- 
benzene reacts readily with a trinitrohalogeno-compound’ at 160° although the former 
is largely unaffected at 165° on attempted reaction with iodobenzene; iodobenzene con- 
denses with picryl chloride § under milder conditions than those required for reaction of 
the iodide with copper alone; the relatively inert m- and p-bromonitrobenzene are capable 
of condensations as B components with 1l-bromo- and_ 1-chloro-2,4-dinitrobenzene 
respectively, at temperatures below those at which their individual self-condensations 
could occur. In the same way the isomeric bromoanisoles, unattacked by copper at 195°, 
condense with these dinitrohalogeno-compounds at that temperature. It seems clear, 
therefore, that optimum conditions for formation of unsymmetrical biaryls in Ullmann 
reactions include a temperature immediately below that at which the B component is 
independently attacked by copper. Reaction of the B component with the metal can 
rarely be suppressed entirely; therefore, as in the synthesis of 1-o-nitrophenylnaphthalene,* 
operation at the lowest practicable temperature for the reaction of the A component with 
copper furnishes the best results. The frequent practice of raising the temperature to 

* Adams and Cairns, J. Amer. Chem. Soc., 1939, 61, 2179. 


? Stearns and Adams, J. Amer. Chem. Soc., 1930, 52, 2070. 
§ Rule and Smith, J., 1937, 1096. 
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complete the reaction is deleterious, particularly when the A component partly condenses 
with itself. For example, the synthesis of 2-nitro-p-ditolyl ® from 4-bromo-3-nitrotoluene 
and p-iodotoluene was significantly improved at a low temperature. Under ideal condi- 
tions excess of the B component may be used with impunity, otherwise a greater excess 
than that required to replace losses by halogen transfer is undesirable, particularly when 
nitro-groups are present in a reactant. 

The satisfactory preparation of unsymmetrical biaryls free from impurities derived 
from the B components, under conditions in which the latter were unable to react 
independently with copper, suggests that biaryl formation takes place without initial 
attack by the condensing agent on the B component. The absence of halogen-transfer 
products from the low-temperature condensation of o-bromonitrobenzene with «-iodo- 
naphthalene, which normally gives a high proportion of transfer halide, further supports 
the idea of the reaction of the B component fer se. This is irreconcilable with the free- 


radical mechanism for the Ullmann reaction suggested by Rapson and Shuttleworth.’° 


The formation of traces of biphenyl-2- and -4-carboxylic acid from the forced Ullmann 
reaction (sealed tube) of iodobenzene dissolved in ethyl benzoate, on which the free- 
radical theory is based, may well be related to the atypical behaviour of iodobenzene on 
reaction in m-dinitrated diluents.“ Furthermore, ester diluents such as methyl benzoate 
have been shown to suppress the normal reaction of iodobenzene with copper,” although 
biphenylcarboxylic esters have not been isolated from such reactions at atmospheric 
pressure. The acceptance of condensations of this nature as a basis for theoretical 
concepts of the Ullmann reaction must therefore be treated with reserve. The halogen- 
transfer effect may well provide the key to the mechanism of the reaction. It seems clear 
therefrom that the initial stage of the halide-copper interaction does not involve direct 
removal of the halogen atom to form a cuprous halide, with the resultant formation of a 
free aryl radical, but suggests attack by the metal on the bond between the halogen atom 
and the aryl nucleus on the lines suggested by Fanta.2_ The formation of halogen-transfer 
products, which appears dependent on initial attack by copper on the acceptor halide, may 
weil be related to the fission of Grignard reagents by halogens * although the precise 
nature of the transfer reaction is not yet definable. 

Preparative evidence in the Ullmann reaction also militates against the free-radical 
mechanism. For example, self-condensation of iodobenzene gives biphenyl free from 
polymer. Nitrobiphenyls cannot be isolated from the reactions of iodobenzene in 
nitrobenzene and analogous compounds. It has been observed in our work that a 
heterogeneous product, which would be expected if the radical mechanism obtained, is a 
characteristic of slow or sterically impeded reactions involving nitro-compounds: 
reactions in the absence of nitrated material normally give negligible amounts of by- 
products of this nature. The attack on the nitro-group may also provide additional 
support for initial nuclear attack by copper on the aryl halide, since the complex reaction 
between phenylmagnesium bromide and nitrobenzene has been reported to yield diphenyl- 
amine.4 In Ullmann reactions, however, the attack on the nitro-group, affording in 
most cases derivatives of triphenylamine and less frequently secondary amines or azo- 
compounds, is a secondary effect of slow reactions. For example, reductive arylation in 
the sterically hindered self-condensation of 1-chloro-2,6-dinitrobenzene in nitrobenzene 
solution, which has been shown to give 2,6-dinitrodiphenylamine predominantly,” is 
eliminated by the addition of a molar equivalent of iodobenzene to the reaction, the 
unsymmetrical biaryl alone then being obtained. 

® Marler and Turner, J., 1932, 2391. 

10 Rapson and Shuttleworth, Nature, 1941, 147, 675. 

“ Part II, J., 1960, 574. 

#2 Part III, J., 1960, 581. 

18 Gilman and Brown, J. Amer. Chem. Soc., 1930, 52, 1181. 


™ Gilman and McCracken, J. Amer. Chem. Soc., 1929, §1, 821. 
4 Borsche and Rantscheff, Annalen, 1911, 379, 152. 
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The mechanism of the abnormal arylation of m-dinitro-compounds in Ullman 
reactions, affording derivatives of 2,6-dinitrobiphenyl, is not clear. It seems unlikely 
that free aryl radicals are involved, the product pattern of the reaction of free phenyl 
radicals with m-dinitrobenzene being different. Thus repetition of the phenylation of 
1-tritio-2,4-dinitrobenzene by phenyl radicals derived from benzoyl peroxide,® which has 
been reported to yield only 2,4-dinitrobiphenyl and its 5-tritio-derivative, furnished (from 
the untritiated material) a 9:1 mixture of 2,4- and 2,6-dinitrobiphenyl. In the same 
way, phenyl radicals derived from the decomposition of benzenediazonium zinc chloride 
by Waters’s technique ” gave, in the presence of m-dinitrobenzene, inter alia, a similar 
mixture of the same dinitrobiphenyls. 


EXPERIMENTAL 

For general directions see Parts I and II. 

General Technique.—Reactions were normally carried out as described in Part I of this 
series. The various Ullmann condensations are given below under the headings of the reactants, 

o-lodonitrobenzene—Iodobenzene.—Copper (10 g.) was added portionwise in ca. 0-5 hr. toa 
mixture of 12-5 g. of each reagent at 195°. The temperature was maintained for a further 1-5 
hr. The organic extracts (copper salts etc., 18 g.) were evaporated and kept overnight at 20°, 
then 2,2’-dinitrobiphenyl (2-7 g.), m. p. 127°, was filtered off and washed with a little cold 
methanol. The combined filtrates and washings were fractionally distilled, affording (1) 
unchanged iodobenzene (6-5 g.), b. p. 45—50°/1 mm., (2) a yellow oil (1-75 g.), b. p. 125— 
130°/1 mm., and (3) a semi-solid distillate (2 g.), b. p. 165—170°/1 mm. Fraction (2), when 
cooled to 0° for 2—3 hr. and seeded, gave 2-nitrobipheny]l (1 g.), m. p. 37°. Crystallisation of 
fraction (3) from benzene-light petroleum furnished more of the dinitrobiphenyl (1-3 g.). 

Methyl o-Iodobenzoate—Iodobenzene.—Copper (18 g.) was added gradually to a mixture of the 
ester (26 g.) and iodobenzene (25 g.) at 195°. After 4 hr. the products were separated, giving 
copper salts, etc. (34 g.), iodobenzene (16 g.), an oil (3-5 g.), b. p. 105—115°/0-4 mm., and crude 
methyl biphenate (10-5 g.), b. p. 135—145°/0-3 mm., which gave the pure ester (9 g.) as colourless 
prisms (from methanol), m. p. 73°. The second fraction was hydrolysed by methanol (25 ml.) 
and 40% aqueous potassium hydroxide (5 ml.) at 20° for 15 hr. The mixture was evaporated, 
and the residue dissolved in water (75 ml.), extracted with benzene and then light petroleum, 
and acidified with dilute hydrochloric acid; the precipitate gave an oil which solidified at 0° 
overnight. Three crystallisations from benzene-light petroleum gave biphenyl-2-carboxylic 
acid (2 g.) as needles, m. p. and mixed m. p. 110—111°. 

o-Cyanoiodobenzene—Iodobenzene.—The nitrile (11-5 g.), iodobenzene (12-5 g.), and copper 
(10 g.) reacted at 195° for 2-5 hr. Separation of the product yielded copper salts, etc. (17-5 g.), 
iodobenzene (7 g.), an oil (1-5 g.), b. p. 90—110°/0-5 mm., and a sticky solid (4-3 g.), b. p. 130— 
150°/0-8 mm. A black residue (1-5 g.) was discarded. Crystallisation of the solid from 
methanol-ethyl acetate gave 2,2’-dicyanobiphenyl (1-6 g.), m. p. 170—171° (lit., 172°). 

m-Jodonitrobenzene—Iodobenzene.—lodobenzene (10 g.), m-iodonitrobenzene (12-5 g.), and 
copper (10 g.), reacting at 190° for 6 hr., gave copper salts (22 g.), iodobenzene (2-2 g.), a yellow 
oil (3-5 g.), b. p. 138—145°/0-8 mm., and a solid fraction (1-2 g.), b. p. 160—185°/0-8 mm. A 
small residue (0-5 g.) was discarded. The oil crystallised readily from methanol in almost 
colourless plates of 3-nitrobiphenyl (2-4 g.), m. p. and mixed m. p. 61° (Found: N, 7-2. Cale. 
for Cj,H,O,N: N, 7:0%). The less volatile solid fraction furnished colourless needles (from 
ethyl acetate) of 3,3’-dinitrobiphenyl (1 g.), m. p. 200°. 

p-Iodonitrobenzene—Iodobenzene.—lodonitro-compound (12-5 g.), iodobenzene (10 g.), and 
copper reacted at 195° for 6 hr. Extraction with chloroform followed by warm acetone gave 
inorganic material (22-5 g.). Removal of the acetone afforded 4,4’-dinitrobiphenyl (0-7 g.), 
m. p. 232°. Distillation of the chloroform extract gave a fraction (1-5 g.), b. p. 40—50°/05 
mm. (which had the odour of nitrobenzene), p-iodonitrobenzene (0-3 g.), subliming at 100— 
110°/0-5 mm., and a yellow oil (3-2 g.), b. p. 140—160°/1-5 mm., which solidified. A dark resin 
(3 g.) decomposed on further heating. Crystallisation of the main fraction from methanol 
afforded pale yellow needles of 4-nitrobiphenyl (2-75 g.), m. p. and mixed m. p. 113° (Found: 
N, 7-2%). A further small quantity of 2,2’-dinitrobiphenyl (0-5 g.) was obtained from the 


16 Price and Convery, J. Amer. Chem. Soc., 1957, '79, 2941. 
17 Waters and Hanby, J., 1939, 870. 
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distillation residue by successive crystallisations from glacial acetic acid and methanol. 
Repetition of the condensation with 12-5 g. (1-25 mol.) of iodobenzene raised the yield of 
unsymmetrical biaryl to 3-4 g.; that of the dinitrobiphenyl (1-25 g.) was unaltered. 

m-Bromonitrobenzene—Iodobenzene.—The bromo-compound (24 g.), iodobenzene (30 g.), and 
copper (24 g.) at 195° (6 hr.) afforded inorganic material (41 g.) and, on fractional distillation, 
(1) iodobenzene (5 g.), (2) a pale yellow oil (14 g.), b. p. 80—110°/mm., (3) a red oil (2 g.), b. p. 
140—165°/1 mm., and (4) a dark red viscous oil (4 g.), b. p. 170—190°/0-5 mm. A black residue 
(2 g.) was discarded. Fraction (2) furnished m-bromonitrobenzene (9 g.) on cooling to 15°. 
After separation of the solid, the oily mother-liquor was reduced with iron powder in aqueous 
acetic acid, then treated with excess of concentrated hydrochloric acid. Crystallisation of the 
precipitate from aqueous methanol afforded biphenyl (1-75 g.). Fractions (3) and (4) gave 
strong blue colours in warm concentrated sulphuric acid, indicating reductive arylation of the 
nitro-group. No crystals, however, were isolated from either fraction after chromatography 
in light petroleum. 

p-Bromonitrobenzene-Iodobenzene.—The iodide (75 g.), p-bromonitrobenzene (60 g.), and 
copper (60 g.), reacting at 195° for 6 hr., gave inorganic material (101 g.). Concentration of 
chloroform extracts to small bulk afforded unchanged -bromonitrobenzene (25-5 g.). 
Fractional distillation of the residues gave (1) iodobenzene (15-5 g.), (2) a further quantity of the 
bromonitro-compound (14-5 g.), b. p. 160—170°/40 mm., (3) an orange red oily solid (3-5 g.), 
b. p. 160—165°/0-6 mm., and (4) a viscous red oil (3-5 g.), b. p. 170—195°/0-6 mm. A black 
residue (7:5 g.) was discarded. Crystallisation of fraction (3) from benzene-light petroleum gave 
pale yellow needles of 4-nitrobiphenyl (1-75 g.), m. p. and mixed m. p. 113° (Found: N, 7-0%). 
After the solvent had been stripped from the mother-liquors, the residue was dissolved in warm 
glacial acetic acid (15 ml.), then zinc dust added portionwise with shaking to the yellow solution 
until decolorisation was complete. The solid which separated on pouring the whole into 5% 
aqueous hydrochloric acid (100 ml.) was separated and recrystallised from methanol, giving 
white needles of 4-bromotriphenylamine (1 g.), m. p. 115° (Found: C, 66-5; H, 4:3; N, 4-6. 
Br, 25-0. C,,H,,NBr requires C, 66-7; H, 4:3; N, 4:3; Br, 24-7%). Similar treatment of fraction 
(4) with benzene-light petroleum afforded orange feathery needles (0-05 g.), m. p. 180—210°, 
which were not further examined. Crystallisation of the residue, after removal of solvent, 
from methanol gave a further quantity of bromotriphenylamine (1-8 g.). Biphenyl was not 
obtained from the residues of fraction (2) after exhaustive crystallisation of the bromonitro- 
compound from methanol. : 

o-Bromonitrobenzene—m-Iodonitrobenzene.—Copper (7:5 g.), o-bromonitrobenzene (7:5 g.), 
and m-iodonitrobenzene (9-4 g.) reacted at 195° for 2 hr., giving inorganic material (13-5 g.), 
unchanged halides (3-5 g.), b. p. 90—110°/1 mm., and a viscous oil (6 g.), b. p. 180—185°/1 mm., 
which solidified. There was no distillation residue. Successive crystallisations of the main 
fraction from methanol-ethyl acetate and benzene-light petroleum gave almost colourless 
needles of 2,3’-dinitrobiphenyl (2-75 g.), m. p. 119—120° (lit., 120°) (Found: N, 11-7. Cale. 
for C,,H,O,N,: N, 11:-5%). Repeated crystallisation of material obtained from the mother- 
liquors afforded a further quantity of the unsymmetrical biaryl (0-5 g.). 

o-Bromonitrobenzene—p-Iodonitrobenzene.—An analogous reaction with the /-iodonitro- 
isomer on the same scale gave copper salts (14 g.), unchanged halides (mostly the iodonitro- 
compound) (3 g.), b. p. <120°/0-5 mm., and a yellow oil (5-7 g.), b. p. 185—195°/0-5 mm., which 
solidified. A small residue (0-5 g.) was discarded. After 2 crystallisations from benzene-light 
petroleum the main fraction yielded yellow needles of 2,4’-dinitrobiphenyl (2-5 g.), m. p. 93—94° 
(lit., 92-5—93-5°) (Found: N, 11-5%). Repeated crystallisation (from the same solvent) of 
material obtained by concentration of the mother-liquors afforded a further quantity of the 
unsymmetrical biaryl (0-5 g.). 

1-Chloro-2,4-dinitrobenzene-m-Bromonitrobenzene.—Equal weights (7-5 g.) of the halogeno- 
nitro-compounds reacted with copper (7-5 g.) at 195° for 5 hr. Separation of the products gave 
copper salts (9-8 g.), unchanged m-bromonitrobenzene (4-7 g.), b. p. 75—80°/0-3 mm., and 
1-chloro-2,4-dinitrobenzene (5 g.), b. p- 110—120°/0-3 mm., and a very viscous pale orange oil 
(25 g.), b. p. 230—240°/0-3 mm. A small residue (0-5 g.) was discarded. From methanolic 
solution the viscous oil slowly gave ill-defined yellow crystals, m. p. 128—133°. Further 
crystallisation from glacial acetic acid afforded very pale yellow fluffy needles of 2,4,3’-trinitro- 
biphenyl (1-5 g.), m. p. 135° (Found: C, 49-8; H, 2-6; N, 14-6. C,,H,O,N, requires C, 49-8; 
H, 2-4; N, 145%). 
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1-Chloro-2,4-dinitrobenzene-—p-Bromonitrobenzene.—Equal weights (10 g.) of the reactants, 
treated with copper (10 g.), as for the m-bromonitro-isomer, gave inorganic material (13-2 g)), 
unchanged halides (9-5 g.), b. p. 80—125°/0-5 mm., and a clear pale orange resin (4 g.), b. p. 
230—245°/0-5 mm. An undistillable residue (1 g.) was discarded. Crystallisation of the 
halides from methanol afforded p-bromonitrobenzene (5 g.). The resin, after 3 crystallisations 
from glacial acetic acid, gave pale yellow cubes of 2,4,4’-trinitrobiphenyl (2-5 g.), m. p. 174—175° 
(lit., 174—175°) (Found: N, 14-3%). 

o-Bromonitrobenzene—Methyl p-Iodobenzoate.—The bromonitro-compound (5 g.), the iodo- 
ester (6-5 g.), and copper (5 g.) reacted at 190° for 2 hr., giving inorganic material (9 g.), crude 
methyl p-iodobenzoate (2-5 g.), b. p. 100—115°/0-5 mm., and a viscous oil (3-7 g.), b. p. 175— 
180°/0-5 mm. A small residue (0-5 g.) was discarded. Crystallisation of the crude iodo-ester 
from methanol gave the pure material (2 g.), m. p. 115°. The oil was dissolved in methanol 
(50 ml.) containing potassium hydroxide (2-5 g.). After 18 hr. at 20° the methanol was distilled 
off and the residue extracted with water (100 ml.). The insoluble material, from which 2,2’-di- 
nitrobiphenyl (0-6 g.) was obtained by crystallisation from benzene-light petroleum, was 
separated, then the aqueous extract was acidified with dilute hydrochloric acid. The precipitate 
was filtered off, dried, and re-esterified in 3% methanolic sulphuric acid. Crystallisation of 
the product afforded greenish-yellow needles (from methanol) of methyl 2’-nitrobiphenyl-4-carboxyl- 
ate (2-3 g.), m. p. 84—85° (Found: C, 65-5; H, 4-4; N, 5-5. C,,H,,O,N requires C, 65:4; 
H, 4:3; N, 54%). 

2,4-Dibromonitrobenzene—Iodobenzene.—The bromonitro-compound (5 g.), iodobenzene 
(4:5 g.), and copper (3-5 g.), at 195° (1-5 hr.), gave inorganic material (6-5 g.). The organic 
product was treated with cold methanol (10 ml.). The crystals precipitated were dissolved in 
acetone, filtered from a little suspended material, and after removal of solvent crystallised from 
ethyl acetate in pale yellow prisms of 5,5’-dibromo-2,2’-dinitrobiphenyl (0-4 g.), m. p. 204—205° 
(Found: C, 35-7; H, 1-8; N, 7-3; Br, 40-2. C,,H,O,N,Br, requires C, 35-8; H, 1-5; N, 7-0; 
Br, 39-8%). The original methanolic mother-liquors were concentrated, then distilled, 
affording a clear yellow viscous oil (3-5 g.), b. p. 155—160°/0-8 mm. A higher-boiling residue 
(0-5 g.) was discarded. After 2 crystallisations from benzene-light petroleum the oil furnished 
pale yellow needles of 5-bromo-2-nitrobiphenyl (2-6 g.), m. p. 50—51° (Found: C, 51-5; H, 2-9; 
N, 5:3; Br, 29-1. C,,H,O,NBr requires C, 51-8; H, 2-9; N, 5-0; Br, 28-8%). Reductive acetyl- 
ation of this material by zinc dust in acetic acid—acetic anhydride furnished 2-acetamido-5-bromo- 
biphenyl, m. p. and mixed m. p. 129—130° (Found: N, 5-1. Calc. for C,,H,,ONBr: N, 4-8%). 

o-Bromonitrobenzene—p-Iodoanisole.—The halogenonitro-compound (10 g.), the iodo-ether 
(14-6 g.), and copper (9-5 g.) at 175° (3-5 hr.) afforded copper salts (18 g.), a distillation fore-run 
(6 g.), b. p. 60—80°/0-4 mm. (discarded), a clear orange oil (6-9 g.), b. p. 150—155°/0-5 mm., and 
a yellow viscous oil (2 g.), b. p. 165—170°/0-5 mm. The main fraction gave yellow prisms (from 
methanol) of 4-methoxy-2’-nitrobiphenyl (4-8 g.), m. p. 61—62° (Found: C, 68-1; H, 4-7; N, 5:8. 
C,,;H,,0,N requires C, 68-1; H, 4-8; N, 6-1%). Crystallisation of the viscous oil from benzene- 
light petroleum gave yellow needles of 2,2’-dinitrobiphenyl (0-6 g.), m. p. 127°. 

1-Chloro(and 1-Bromo)-2,4-dinitrobenzene-o-Bromoanisole.—The reaction between 1-chloro- 
2,4-dinitrobenzene (8 g.), o-bromoanisole (7-5 g.), and copper (7-5 g.) at 195° for 5 hr. furnished 
inorganic material (11 g.), unchanged bromo-ether (3-3 g.), b. p. 60—70°/0-8 mm., and nitro- 
halide (2-3 g.), crude unsymmetrical biaryl (3-8 g.), b. p. 185—195°/0-5 mm., and a higher- 
boiling residue (2 g.), consisting largely of tetranitrobiphenyl, which in this instance was not 
further examined. Crystallisation of the resinous main fraction from methanol afforded yellow 
prismatic needles of 2’-methoxy-2,4-dinitrobiphenyl (3-4 g.), m. p. 125—126° (Found: C, 57-0; 
H, 3-6; N, 10-1. C,,;H,O;N, requires C, 56-9; H, 3-6; N, 10-2%). 

A similar reaction with 1-bromo-2,4-dinitrobenzene, but with o-bromoanisole (15 g., 2 mol.) 
at 195° for 3-5 hr., in which both reaction products were isolated, furnished the unsymmetrical 
biaryl (22%) and tetranitrobiphenyl (40%) as a yellow resin, b. p. 245—260°/0-5 mm., giving 
yellow-brown prisms, m. p. 165° (from methanol-ethyl acetate). 

1-Chloro(and 1-Bromo)-2,4-dinitrobenzene-m-Bromoanisole.—In the same way as with the 
o-isomer, equimolar reaction of m-bromoanisole and the chlorodinitro-compound afforded 
yellow prisms (from methanol) of 3’-methoxy-2,4-dinitrobiphenyl (20%), m. p. 96—97°, from a 
crude fraction, b. p. 180—200°/0-4 mm. (Found: C, 57-1; H, 3-8; N, 10-4%). A comparable 
reaction with the bromonitro-analogue and the bromo-ether (2 mol.) at 195° for 3-5 hr. gave 
the unsymmetrical biaryl (15%) and the tetranitro-compound (55%). 
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1-Chloro(and 1-Bromo)-2,4-dinitrobenzene—p-Bromoanisole.—Similar treatment of an equi- 
molar mixture of the chlorodinitro-compound and p-bromoanisole gave yellow needles (frém 
methanol) of 4’-methoxy-2,4-dinitrobiphenyl (20%), m. p. and mixed m. p. 94—95° (Found: 
N, 10-2%). The yield of unsymmetrical biaryl was raised (to 25%) by repetition of the above 
reaction with the bromo-ether (2 mol.). 

Reaction of the bromodinitro-analogue and the bromo-ether (2 mol.) at 195° for 3-5 hr. gave 
the unsymmetrical biaryl (15%) and tetranitrobiphenyl (55%). 

4-Bromo-3-nitrotoluene—p-Iodotoluene.—The bromonitro-compound (23 g.) and p-iodo- 
toluene (29 g., 1-25 mol.) reacted with copper (21 g.) at 175—180° for 3-5 hr. Fractional 
distillation of the organic products after separation of copper salts, etc. (37 g.), gave unchanged 


p-iodotoluene (12-5 g.), an orange yellow oil (12-5 g.), 150—165°/1 mm., and a higher-boiling 


residue (2°5 g.). Redistillation of the oil gave a fraction (10-5 g.), b. p. 212—216°/20 mm., 
which crystallised from methanol in lemon-yellow plates of 2-nitro-p-bitolyl (9-7 g.), m. p. 
69—70° (lit., 69—70°). The combined distillation residues (4 g.) gave yellow needles (from 
methanol) of 2,2’-dinitrobitolyl (3 g.), m. p. 140—141°. 

Phenylation of m-Dinitrobenzene.—(a) With benzoyl peroxide. A mixture of benzoyl peroxide 
(2-2 g.) and m-dinitrobenzene (15 g.) in a long-necked flask (100 ml.) was immersed in a water- 
bath and the temperature of the reactants raised to 90° during 1 hr. The mixture was then 
transferred to a steam-bath and heated at 100° for a further 4 hr. The product was dissolved 
in chloroform (200 ml.), and washed with aqueous sodium hydrogen carbonate and water, 
recovered, and distilled, yielding m-dinitrobenzene (12-5 g.), b. p. 110—115°/0-6 mm., and a red 
oil (1-3 g.), b. p. 150—165°/0-5 mm., which partly solidified. A resinous residue (1 g.) was 
discarded. Crystallisation of the red oil from methanol (15 ml.) gave, primarily, fine very pale 
yellow needles of 2,6-dinitrobiphenyl (0-02 g.), m. p. and mixed m. p. 188° (Found: N, 11-5. 
Cale. for C,,H,O,N,: N, 11-5%), which was separated from the mother-liquors by decantation. 
On further storage the latter yielded the 2,4-isomer (0-2 g.) (Found: N, 11-4%). Repetition 
of the procedure after concentration of the mother-liquors afforded further quantities of the 
2,6- (0:02 g.) and 2,4-isomer (0-16 g.) successively. 

Repetition of the reaction with the addition of chlorobenzene (25 ml.) gave 2,6-dinitro- 
biphenyl (0-03 g.) and the 2,4-isomer (0-21 g.) from a crude distillation fraction (0-55 g.) obtained 
as previously described. 

(b) With benzenediazonium zinc chloride. The double salt prepared !” from aniline (4-65 g.) 
was filtered from the aqueous mother-liquors, washed with acetone, then immediately transferred 
to a solution of m-dinitrobenzene (19 g.) in acetone (25 ml.). Powdered calcium carbonate 
(10 g.) was added to the stirred solution, followed by zinc dust (2-5 g.). An exothermic reaction 
with evolution of nitrogen ensued and the liquors became deep crimson. After the reaction 
had subsided, water (300 ml.) was added, and the organic material extracted with chloroform 
(2 x 100 ml.). The combined extracts were washed with water then evaporated, finally under 
reduced pressure. The residue was dissolved in benzene (150 ml.) and filtered while warm by 
suction through alumina, which was finally washed with benzene (50 ml.). The combined 
filtrates were concentrated and fractionally distilled, giving m-dinitrobenzene (14 g.) and a red 
viscous oil (1-5 g.), b. p. 145—185°/0-5 mm. A black residue (2 g.) was discarded. The red 
oil was chromatographed in benzene-light petroleum (1: 2), furnishing as the initial eluate a 
red oil which crystallised from methanol in red-orange feathery plates of 4-phenylazobipheny] 
(?) (0-25 g.), m. p. 153—154° (lit., 150°) (Found: C, 83-5; H, 5-4; N, 10-9. Calc. for C,,H,,N,: 
C, 83-7; H, 5-4; N, 109%). Further elution of the chromatogram yielded successively 
2,4-dinitrobiphenyl (0-35 g.), m. p. 110° (Found: N, 11-4%), and 2,6-dinitrobiphenyl (0-03 g.), 
m. p. 188° (Found: N, 11-6%). The m. p.s of the isomeric dinitrobiphenyls were undepressed 
on admixture with authentic specimens. 

1-Chlovo-2,6-dinitrobenzene—lodobenzene (in Nitrobenzene Solution).—Iodobenzene (5 g.) was 
added to a solution of the nitro-halide (5 g.) in nitrobenzene (25 ml.) containing suspended 
copper (5 g.). After 1-5 hours’ refluxing, the liquors were cooled, filtered from inorganic 
material, and evaporated under reduced pressure. The residue crystallised readily in pale 
yellow needles (from ethyl acetate) ‘of 2,6-dinitrobiphenyl (5 g.), m. p. 188°. 2,6-Dinitro- 
diphenylamine could not be isolated. 


Tue British Druc Houses, Ltp., Lonpon. 
21 GrRaYSTONE AVENUE, RUTHERGLEN, LANARKSHIRE. [Received, April 28th, 1959.] 
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123. Dimerisation of 2,2-Diphenyl- and 2,2-Dimethyl-chromen. 
Part I. 


By R. Livincstong, D. MILLER, and (Miss) S. Morris. 


2,2-Diphenylchromen on treatment with methanolic hydrogen chloride 
gave a dimer, probably similar in structure to lapachenole dimer. A dimer 
of 2,2-dimethylchromen was obtained by an indirect method. 


L6WENBEIN ? reported that boiling 2,2-diphenylchromen (Ia) with acetic acid or methanolic 
hydrogen chloride gave a quantitative yield of a compound, Cy;Hyg0, whose molecular 
weight indicated that isomerisation had taken place to give either 2-diphenylmethyl- 
benzofuran (II) or compound (III). We were unable to obtain this compound on boiling 
2,2-diphenylchromen (Ia) with acetic acid, but succeeded by using methanolic hydrogen 
chloride. Ebullioscopic and cryoscopic determinations of molecular weight indicated 
that the compound was dimeric (IVa) and probably similar in structure to compounds 
obtained by the acid dimerisation of related dimethylpyrans.}3 


, ° . 


‘a (IIT) 


° CO,Me O CPh,-OH OH CMe,-OH (b) ; R=Me 


(V) (V1) (VID 





Reaction of methyl benzofuran-2-carboxylate (V) with phenylmagnesium iodide gave 
the alcoho) (VI) which on reduction afforded a product (II), different from the compound 
obtained by Léwenbein. Attempts to prepare the diphenylmethylene compound (III) 
by dehydration of the 2,3-dihydro-derivative of the alcohol (VI) gave only the diphenyl- 
methyl compound (II). 

Treatment of the styrylcarbinol (VII) * with methanolic hydrogen chloride or with 
acetic acid containing a few drops of sulphuric acid gave a compound which, from its 
properties and by analogy, is considered to be a dimer of 2,2-dimethylchromen (Ib), 
probably (IVb) (cf. Shriner and Sharp 5). 

No evidence was obtained for the presence of an ethylenic linkage in this dimer; thus 
its ultraviolet absorption spectra closely resembled that of 2,2 ep esr 6 The 
same — existed between the ultraviolet absorption spectra of 2,2-diphenylchromen 
dimer, 2,2-diphenylchromen, and 2,2-diphenylchroman (Figure). 

Polymeric material (M 650—800) was obtained by treatment of 2,2-dimethylchromen 
(Ib) with acetic acid containing a few drops of concentrated sulphuric acid, or with boiling 
anhydrous formic acid. 


EXPERIMENTAL 


The Action of Methanolic Hydrogen Chloride on 2,2-Diphenylchromen.—2,2-Diphenylchromen 
(1 g.) was refluxed for ? hr. with methanolic hydrogen chloride (30 c.c.; 3%). The dimer 
had m. p. 240° after crystallisation from ethyl acetate [Found: C, 88-0; H, 5-6%; M, 530. 
(C,,H,,0), requires C, 88-7; H, 56%; M, 580). 
1 Livingstone and Whiting, J., 1955, 3631 
2 Léwenbein, Ber., 1924, 57, 1517. 
* Livingstone, Miller, and Watson, J., 1958, 2422. 
* Smith and Ruoff, J. Amer. Chem. Soc., 1940, 62, 145. 
5 Shriner and Sharp, J. Org. Chem., 1939, 4, 575. 
* Smith, Ungnade, and Prichard, J]. Org. Chem., 1939, 4, 358. 
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Preparation of 2-(a-Hydroxydiphenylmethyl)benzofuran and 2,3-Dihydvo-2-(a-hydroxydiphenyl- 
methyl)benzofuran.—The ester (0-02 mole) in dry ether (50 c.c.) was added slowly to a stirred 
Grignard solution from bromo- or iodo-benzene (0-06 mole), magnesium (0-06 g.-atom), and 
ether (50 c.c.). The solution was refluxed for 1 hr. and then set aside overnight. Decom- 
position with 22% ammonium chloride solution (100 c.c.), isolation with ether, and recrystal- 
lisation from a suitable solvent gave the hydroxydiphenylmethyl compound. 

2-(x-Hydroxydiphenylmethyl)benzofuran (VI) (from methyl benzofuran-2-carboxylate) 
crystallised from light petroleum (b. p. 60—80°) as plates, m. p. 132—133° (33%) (Found: 
C, 83:9; H, 5-3. C,H ,O, requires C, 84-0; H, 53%). 2,3-Dihydro-2-(a-hydroxydiphenyl- 
methyl)benzofuran (from methy] 2,3-dihydrobenzofuran-2-carboxylate) crystallised from methanol 
as needles, m. p. 125—126° (40%) (Found: C, 83-4; H, 5-75. C,,H,,O, requires C, 83-4; 
H, 6-0%). 


(a) Ultraviolet absorption spectra of (A) 2,2-dimethylchromen, (B) 2,2,-dimethylchroman dimer, and 
C) 2,2-dimethylchroman in hexane. F : . 

(b) Ultraviolet absorption spectra of (A) 2,2,-diphenylchromen, (B) 2,2-diphenylchromen dimer, and (C) 
2,2,-diphenylchroman in chloroform. 
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2-Diphenylmethylbenzofuran.—2-(a-Hydroxydiphenylmethyl)benzofuran (0-5 g.) was refluxed 
with acetic acid (10 c.c.) and zinc dust (5 g.) for 4 hr. Neutralisation with sodium hydrogen 
carbonate solution, followed by isolation with ether and crystallisation from light petroleum 
(b. p. 60—80°), gave 2-diphenylmethylbenzofuran as rosettes, m. p. 113—114° (50%) (Found: 
C, 88-6; H, 5-5. C,,H,,O requires C, 88-6; H, 5-6%). 

Dehydration of 2,3-Dihydvo-2-(«-hydroxydiphenylmethyl)benzofuran.—(a) 2,3-Dihydro-2-(«- 
hydroxydiphenylmethyl)benzofuran (0-63 g.) was heated with phosphoric acid (25 c.c.; d 1-7) 
for } hr. at 210°. The product was isolated with ether and crystallised from light petroleum 
(b. p. 60—80°), giving 2-diphenylmethylbenzofuran, m. p. and mixed m. p. 113—114°. 

(6) The same benzofuran (0-07 g.) was refluxed with anhydrous formic acid (6 c.c.) for $ hr. 
Isolation and crystallisation gave 2-diphenylmethylbenzofuran, m. p. and mixed m. p. 
113—114°. 

2,2-Dimethylchromen Dimer.—(a) 3-0-Hydroxyphenyl-1,1-dimethylprop-2-en-1-ol (VII) 
(0-56 g.), methanol (5 c.c.), and methanol saturated with hydrogen chloride (6 c.c.) were set 
aside for 6 days at room temperature. The solid (0-28 g.) was crystallised from ethyl acetate, 
giving 2,2-dimethylchromen dimer, m. p. 189—190° [Found: C, 82-6; H, 7:5%; M, 330. 
(C,,H,,0), requires C, 82-5; H, 75%; M, 320). 

(6) The propenol (0-33 g.), acetic acid (5 c.c.), and concentrated sulphuric acid (3 drops) 
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were set aside for 3 days at room temperature. Solid (0-13 g.) separated and gave 2,2-dimef 
chromen dimer, m. p. and mixed m. p. 189—190°. : 

2,2-Diphenylchroman.—2,2-Diphenylchromen (0-86 g.), platinic oxide (0-06 g.), and eth; 
(50 c.c.) were shaken in hydrogen until absorption (1 mole) was complete. Filtrat 
evaporation, and recrystallisation from methanol gave 2,2-diphenylchroman as plates, mi) 
79—80° (Found: C, 88-2; H, 6-45. C,,H,,O requires C, 88-1; H, 6-3%). 


Two of us (D.M. and S. M.) thank Burnley and Huddersfield Education Authorities 
financial assistance. We are indebted to Miss S. Whitworth for the ultraviolet spectra. 
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124. The Infrared Spectrum of Thiocyanogen and Thiocyanogen 
Halides. 


By (Mrs.) M. J. Netson and A. D. E. PULLIN. 


Spectra of solutions of thiocyanogen in, mostly, carbon disulphide and 
pentachloroethane are consistent with the usual formulation NiC-S-S-CiN. 
Spectra of thiocyanogen with chlorine indicate complete reaction to give thio- 
cyanogen monochloride, followed by very rapid reactions to give consecutively 
two products, the first showing absorption bands characteristic of both C=N 
and C=N groups and the second those of C=N. 1: 1 Mixtures of thiocyanogen 
and bromine in the above solvents showed new bands together with those 
of thiocyanogen much reduced. Mixtures of thiocyanogen and iodine gave 
spectra indicating only partial reaction. Spectra obtained of thiocyanogen 
in diethyl ether differed from those in carbon disulphide, carbon tetrachloride, 
and pentachloroethane in having a broad band in the 2100 cm.? region 
similar to those in organic isothiocyanates. 
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In a preliminary examination of the infrared spectra of thiocyanogen chloride in varie 
organic solvents, bands were observed at ~1600 and ~900 cm.*!: these were difficult t 
reconcile with the structure Cl-S-CiN expected from its reactions, so a more extended stu y 
was made, beginning with thiocyanogen itself. 
Spectra of Thiocyanogen.—Spectra were obtained of solutions of thiocyanogen 
pentachloroethane and in carbon disulphide. Some difficulty was met in obtaini 
solutions free from impurities, but when they were obtained bands were observed only 
2171, 673, 667, 490, and 359 cm.*1 in the range examined (4000—350 cm."}) (Fig.1). All the 
bands were weak (see below), the 670 doublet being the strongest and the 491 cm.* bam 
the weakest. This spectrum is fully consistent with the accepted structure Ni?C-S:S-C@ 
for thiocyanogen. The band at 2171 cm.* is close in frequency to bands in all organi 
thiocyanates which show! a sharp and fairly weak band in the region 2130—2170 cm; 
whereas organic isothiocyanates are characterised by a broad strong band in the rangee 
2040—2140 cm. which was not observed except when ether was used as a solvent (seam 
below). Presumably the splitting of the triple-bond frequency by interaction of the tw 
C=N groups is too small to be detected under the experimental conditions used. The 
bands at 673 and 667 cm.* are in the region for C-S vibrations »** and very close 
frequencies observed > with sulphur cyanide at 684 and 665 cm.1. The weak band 
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1 Luskin, Gantert, and Craig, J. Amer. Chem. Soc., 1956, 78, 4965; Irwin, Ph.D. Thesis, Queens) 
University, Belfast, 1958; Caldow and Thompson, Spectrochim. Acta, 1958, 18, 212; Lieber, Rao, 2 
Ramachandran, ibid., 1959, 18, 296. : 

2 Trotter and Thompson, /J., 1946, 481; Sheppard, Trans. Faraday Soc., 1950, 46, 429; Scott ai 
McCullough, J. Amer. Chem. Soc., 1958, 80, 3554. 

§’ Cymerman and Willis, J., 1951, 1332. 

* Bak, Hansen-Nygaard, and Pedersen, Acta Chem. Scand., 1958, 12, 1451. 

5 Pollock and Pullin, unpublished results. 
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Vol. 1960, page 604. Infrared absorption bands recorded, in this Paper, as observed below 400 cm.-! 
are erroneous owing to incorrect use of the spectrophotometer, and the portions of Figs. 1, 3, and 4 
intended to represent these spectra in the region 350—400 cm.~! should be disregarded. 
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491 cm. may be attributed to the S-S stretching vibration if it is assumed that the 
molecule is not centrosymmetric. This frequency is within the ranges (450—520 cm.~) 
found for aliphatic disulphides * and aromatic disulphides * (430—490 cm.*). There is 
some doubt about the frequency to be attributed to the vibration approximating to S-S 
stretching in S,Cl,:®? the most likely possibilities ®? are 448 and 538 cm... The band 
at 359 cm. at the extreme wavelength limit of the potassium bromide optics must be 
assigned to a bending mode, probably of the -S*C:N group because a band close to this 
frequency is found in compounds in which the S-S bond is believed to be broken. The 
spectrum of the thiocyanate ion § with which the spectrum of thiocyanogen might be 
compared shows, apart from small modifications due to crystal forces, bands at 2066, 470 
(bending), and 743 cm.. These and other results indicate a considerable multiple-bond 
character in the C-S link in the thiocyanate ion which would be expected to raise the 
bending frequency and the C-S stretching frequency and lower the C=N frequency relative 
to those of thiocyanogen. Because of this it is not likely that the band at 491 cm.* for 
thiocyanogen could be due to S-C=N bending: on the other hand the 359 cm.+ band 
might be due to mainly this type of motion. It is worth noting that an isothiocyanate-type 
structure for thiocyanogen would be expected *'° to give an unresolved pair of bands in 
the region 850—1000 cm.+. 

Spectra of Thiocyanogen—Chlorine Mtxtures.—Although in preliminary experiments 
bands at ~1600 and ~900 cm. had always been observed when solutions of chlorine and 
thiocyanogen were mixed, scanning over the region of each band separately as soon as 
possible after mixing distinguished the original thiocyanogen monochloride bands from 
those of secondary products. For example, spectra taken immediately in the 1650— 
1550 cm. region showed no band, and the 900 cm.+ band is absent in spectra taken 
immediately in the 1000—850 cm.+ region. In this way it was established that the 
compound formed immediately on mixing equimolecular quantities of chlorine and thio- 
cyanogen in solution gave peaks at 2162, 678, 520, and 353 cm. (Fig. 1). The secondary 
reactions of this compound and the products formed are discussed below. The spectrum 
of mixtures of chlorine and thiocyanogen in these solvents is thus consistent with the 
equilibrium (NiC-S:), + X, = 2X°S°CiN (X = Cl, Br, or I) lying right over to the right. 
In particular the C-S stretching band is now single, and the 520 cm. band (S-Cl stretching) 
is actually a doublet with frequencies approximately 523 and 516 cm.* of which the lower 
frequency is the weaker. The ratio of these frequencies is exactly that for vibrations of 
the diatomic species S-*C] and S~*’Cl. Re-examination of the spectra showed the same 
type of doubling to be present in the 524 cm. band of thiocyanogen trichloride.“ The 
reaction of thiocyanogen with chlorine to form thiocyanogen monochloride is very rapid, 
since the bands characteristic of the compound have grown to full intensity in the time 
(about 30 seconds) necessary to fill the cell and insert it in the spectrometer. The reaction 
is also quantitative or very nearly so. [The shoulder on the high-frequency side of the 
2162 cm. band is due mainly, if not entirely, to further products (see below), and the 
shoulders on the low frequency side of the 678 cm. band of thiocyanogen monochloride, 
of which the more definite were at 673 and 657 cm.+, were not diminished in intensity by 
up to a ten-fold excess of chlorine. They appeared immediately and changed relatively 
slowly with time, so that they do not appear to be due to the main decomposition product 
of thiocyanogen monochloride or to residual thiocyanogen.] Thiocyanogen monochloride is 
thus comparable with iodine monochloride in its ready formation and small tendency to dis- 
sociation. The spectrum of three mols. of chlorine with one of thiocyanogen was observed 
for several hours, but no bands characteristic of thiocyanogen trichloride ™ were observed. 

* Bernstein and Powling, J. Chem. Phys., 1950, 18, 1018. 

” Hooge and Ketelaar, Rec. Trav. chim., 1958, 77, 902. 

8 Jones, J]. Chem. Phys., 1956, 25, 1069. 

® Thomas, /J., 1952, 2383. 


% Goubeau and Reyhing, Z. anorg. Chem., 1958, 294, 96. 
" Bacon, Irwin, Pollock, and Pullin, J., 1958, 764. 



































606 Nelson and Pullin: The Infrared Spectrum of 


This agrees with previous observations on the cryoscopic behaviour of 3 : 1 chlorine thio. 
cyanogen mixtures (ref. 12, pp. 765, 772). 

Spectra of Thiocyanogen—Bromine Mixtures.—Seel and Muller * obtained at —59° 
a compound whose analyses approximate to those for BrSCN. Addition of an equi. 
molecular amount of bromine to thiocyanogen in pentachlorethane, carbon tetrachloride, 
or carbon disulphide produced an immediate change in the spectrum. Absorption bands 
appeared at 2157, 676, 451, and 369 cm. (Fig. 1). The thiocyanogen bands remained, 
though much diminished in intensity. The spectrum of the mixture did not alter further 
for several hours. These results showed that there had been an immediate, but not 


Fic. 1. Spectra of solutions of thiocyanogen (continuous curves) and of thiocyanogen halides (broken curves), 
1-0 mm. cells. Thiocyanogen halide spectra have been displaced downwards by 15% on the transmission 
scale, 


T T T | T I 


60|- 


Transmission (% 


22/0. «2/30 700+ +~#=600 ~+2@©~=—« 500 400 
Wave-number (cm-') 


Top panel, (SCN), and CISCN: A, in C,HCl,;, ~0-3m-(SCN),, ~0-4mM-CISCN; B, in CS,, ~0-5m-(SCN),, 
CISCN ~0-4m for 670 and 520 cm.— bands and ~0-5 for 360 cm.— band. 

Middle panel, (SCN), and BrSCN: C, in CCl,, ~0-3,M; D, in CS,, ~U-3M. 

Bottom panel, (SCN), and equimoleculary (SCN),-I, mixture: E, in C,HCl,, ~0-3mM; F, in CS,, ~0-4M. 


quantitative, reaction. Attribution of the bands at 2157 and 676 cm." remains as for thio- 
cyanogen and thiocyanogen monochloride. Whilst it is natural by analogy with the 
latter to attribute the 451 cm. band to an S-Br stretching vibration, this is surprisingly 
high for this type of motion (cf. 354 cm.+ for the S-Br stretching modes in S,Br, ’). 
The spectra of mixtures of thiocyanogen and bromine in solution at room temperature 
can be interpreted in terms of the equilibrium given above. Spectra were taken of 
solutions containing various excesses, an insufficiency, and an equivalent quantity 
of bromine. For addition of equivalent quantities and without appreciable change of 
the total volume of the solution the intensity of the thiocyanogen band at 491 cm.* was 
reduced to approximately 18% of its value in thiocyanogen solution: this corresponds 


12 Seel and Muller, Chem. Ber., 1955, 88, 1754. 
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to an equilibrium constant of ~85 for these conditions (dilute solution in carbon disulphide 
at room temperature). Addition of excess of bromine reduced the intensity of this band 
as expected, it being discernible for two- and three-fold, but not for ten-fold, excess of 
bromine. Thiocyanogen monobromide thus resembles iodine monobromide which is 
also formed by direct combination of the elements where the degree of dissociation in 
carbon tetrachloride solution at 25° is ~9%. Thiocyanogen monobromide does not, 
unlike the monochloride, show the rapid growth of strong bands due to decomposition 
products, although in a day-old solution bands had grown at 896 and 960 cm.+, indicating 
that thiocyanogen bromide slowly polymerises. 

Spectra of Thiocyanogen—Iodine Mixtures.—Mixing solutions of iodine and thiocyanogen 
in the same solvents (carbon disulphide, pentachloroethane) caused immediate but small 
changes in the spectrum (Fig. 1). The thiocyanogen bands were diminished in intensity 
by about one-quarter and relatively broad new bands appeared with maxima at 2130, 700, 


Fic. 2. Spectra of solutions of thiocyanogen-—iodine mixtures in ether, 0-25 mm. cells. 
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solution saturated with iodine (nearly 3-fold excess). Note reduction in intensity of shoulder at 
2177 cm.—. 


372, and 362 cm., possibly due to the equilibrium as above lying mainly on the side of 
the starting materials. Although the frequencies found are comparable to those for 
thiocyanogen monochloride and thiocyanogen bromide the intensity of the 2130 cm.+ 
band is much greater and is reminiscent of the broad intense band found for isothio- 
cyanates and attributed ® to the unsymmetrical stretching motion of the *-N°C°S group. 
Solutions of Thiocyanogen in Ether.—In the solutions discussed above it was not 
possible to check the effect of a large excess of iodine on the band intensities because iodine 
was not sufficiently soluble. Diethyl ether was accordingly chosen as a solvent. It was 
necessary to use 0-25 mm. cells which very much restricted the frequency ranges that could 
be studied. There were major changes for the spectrum of thiocyanogen itself in ether 
from those in the other solvents in the 2000—2200 cm." region and less reliable indications 
of major changes at lower frequencies. A strong broad band was consistently observed 
at ~2030 cm.! which persisted with undiminished intensity, however carefully the 
reagents and solvents were dried. In very strong solutions (e.g., 0°5M) a weaker band 
was observed also at ~2177 cm.*, and a reduction in the intensity of the ~2030 cm. band 
(Fig. 2). Addition of iodine caused changes, in particular formation of a band at ~2150 
cm.*. The spectra both with apd without iodine appeared markedly dependent on 
concentration and the solutions were not very stable. There appears to be some form of 
association between thiocyanogen and ether, possibly analogous to that between iodine 
and ether. The 2177 cm. band could then be due to thiocyanogen not associated with 
the ether. The spectra would then indicate that the concentration of this unbound 
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thiocyanogen is reduced on addition of iodine, presumably by formation of thiocyanogen 
iodide. 

Band Intensities—The bands were weak for thiocyanogen and the thiocyanogen 
compounds described above (except for solutions of thiocyanogen in ether). Decomposition 
products tended to have much stronger bands, so that a small amount of decomposition 
caused a big change in the spectrum. Rough measurements were made of the integrated 


intensities 
2- — 
=? fa) 


where c is the solute concentration in moles/l1., / the cell thickness in cm., and v are in cm.1 
Values of 10°°A for the C-S bands at ~670 cm. of (SCN),, CISCN, and BrSCN in CS, 
ranged between 0-4 and 0-6. 10°A values for the C=N bands in (SCN), and CISCN were 
~0-3, and the value for BrSCN was similar. These values are of the same order as those 
for aliphatic cyanides.™ 

Secondary Reactions of Thiocyanogen Monochloride.—Spectra showing the decomposition 
of thiocyanogen monochloride and further reactions of the decomposition product were 
obtained in a number of solvents (e.g., carbon tetrachloride, pentachloroethane, and carbon 


Fic. 3. Spectra showing the initial decomposition of CS, solutions of CISCN and growth of bands due 
to the first decomposition product. 
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disulphide). The solvents principally used were pentachloroethane for the 2100—2200 
cm. and the 1500—1700 cm.* region, and carbon disulphide for the remainder of the 
spectral range. Concentrations used were around 0-4m. A series of spectra of thio- 
cyanogen monochloride after various times was taken and a well-marked pattern of 
changes was observed. This pattern was reproducible but the rates of the reaction of 


First Second First Second 
decomp. decomp. SCNCI, and decomp. decomp. SCNCI, and 
product product assignment !! product product assignment ™ 
2174 w — — 750 m 766 m 762 w 
1589 s 1590? 1603) - P 723 w 
1589 5° C=N stretch 614 ms pura 
re 6 , > ; 5 
910 vs 920 vs oa - = 548 m — oot }ms S-Cl stretch 
in Cl*S-C(Cl)= — -- 473 vs bending 
or Cl,C= -— 440 w 430 w bending 
= —- 834 m 348 m 373 m — 
360 w 


thiocyanogen monochloride prepared from different thiocyanogen solutions differed quite 
widely. Details of the initial changes were also followed by cycling rapidly over small 
spectral regions (Fig. 3). It was found that the original peaks at 2162, 678, 520, and 353 cm.* 


18 Skinner and Thompson, J., 1955, 487. 
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due to the thiocyanogen monochloride molecule decreased steadily in intensity and new 
bands at 2174, 910, 750, 548, and 348 cm. appeared and grew rapidly (Figs. 4 and 5 and 
Table, “ first decomposition product”). The intensities which these new bands would have 
had if conversion into the product had been complete were estimated from a comparison 
of their rates of increase with the rates of decrease of the thiocyanogen monochloride bands. 
Thus, it was found, for example, that the 910 cm. band was 10—15 times more intense 
than the 678 cm. band of chlorine thiocyanate. If these new bands are assumed to be 
due toa dimer the integrated molar intensity of this 910 cm.“ band in carbon disulphide be- 
comes 20—30 times that of the 678 cm. band of the monomer also in this solvent. On the 
same basis the integrated molar intensity of the new band at 2174 cm. in pentachloro- 
ethane solution is 3—4 times greater than that of the band it replaces at 2162 cm.1. 
The 1600 cm. band appeared slightly less intense than the 910 cm. band: quantitative 
comparison was difficult owing to the overlapping of the decaying and the growing bands 
at ~2170 cm.. All these bands appear to belong to the same product since, within the 


Fic. 4. Spectra of CISCN and decomposition product. Initial concn. 0-42m in CS,. 1-0 mm. cell. 
Unshaded, hatched, and cross-hatched bands are those of CISCN, the first decomposition product, and 
the second decomposition product respectively. 
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experimental error, they grow and decay proportionately to one another (Fig. 5). The 520 
cm. band of thiocyanogen monochloride appears exceptional since the optical density of its 
band maximum decreases more slowly than that of the 678 cm. band, and its shape changes, 
the lower-frequency component of the doublet at 516 cm." becoming less prominent as the 
overall intensity decreases (compare this band in Figs. 1 and 4). Spectra in this spectral 
region taken immediately and thereafter at four-minute intervals showed that the doublet 
structure was present from the beginning and that the lower-frequency component of the 
doublet at 516 cm. was decreasing relative to the higher frequency component from 
the first spectrum taken (Fig. 3). The most likely explanation seems to be that, as well as 
the band at 548 cm.-, the first decomposition product possesses a band underlying the 
523 cm. component of the thiocYanogen monochloride band, so that the 520 cm. band 
appears to decay too slowly and to change shape. 

After a further interval another set of bands appears (Figs. 4 and 6, Table 1, “ second 
decomposition product”). These grow more slowly than the first set which are now 
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observed to pass through a maximum and decrease (Figs. 5 and 6). It appears that the 
first product is unstable and undergoes further reaction. The 1589 cm.* band, however, 
does not decrease but becomes broader and continues to increase. This suggests that the 
second product also contains a band at or very near this frequency. For a solution stored 
for a month at 0° the peaks of all three products could be observed but no new peaks had 
appeared. Thus it appears that an equilibrium between thiocyanogen monochloride and 
the first and further decomposition products is set up. A plot of the optical density of 
the various bands against time is shown in Figs. 5 and 6. The optical densities for some of 


Fic. 5. Fic. 6, 


Optical density 











400 








eciil 
200 


Time (min.) 
Fic. 5. Plot of the optical density against time of the more intense bands of CISCN and of the first 
decomposition product. 
The solution is the same as for Fig. 4; filled points show the optical densities of the bands in Fig. 4. 
A, 750 cm.!; B, 520 cm.-!; C, 548 cm.-!; D, 678 cm.-!; E, 910 cm.-?. 
Fic. 6. As for Fig. 5, but for the second decomposition product with the plot of the 548 cm.~ band o 
the first decomposition product. 
A, 930 cm.-!; B, 548 cm.-!; C, 614 cm.-!; D, 766 cm.-!; E, 440 cm.-1. 


the bands were uncertain because the spectrum of the reaction mixture becomes complex 
with time and there is much overlapping. 

The general pattern is reproduced in carbon disulphide, carbon tetrachloride, chloro- 
form, and pentachloroethane. Because the rate is not reproducible in any particular 
solvent it is difficult to estimate the effect of solvent on the rate of the reactions. It is 
obvious, however, that the rate of decomposition of the chloride is faster in penta- 
chloroethane than in carbon disulphide since it is possible to obtain spectra in carbon 
disulphide showing only CISCN peaks but this is not possible in pentachloroethane. 
This effect of solvent on reaction rate has made it impossible to correlate fully the 2174 
and the 1589 cm.* band with the other bands of the first decomposition product. There 
is no solvent of sufficient transparency in both the 2100 cm. and the 900—400 cm. 
region and so it is not possible to say, for instance, that the 2174 cm.! band reaches its 
maximum at the same time as the 910 cm.! band. It is, however, reasonable to assume 
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that the bands at 2174 and 1589 cm.+ are caused by the same molecular species as the 
others noted above and in the Table for the first decomposition product. ; 

Irradiation (mercury-vapour lamp) of solutions of thiocyanogen monochloride in 
carbon disulphide in Pyrex vessels did not accelerate the decomposition or alter the course 
of the reaction. 

The rate of decomposition of thiocyanogen monochloride in carbon disulphide at 
different temperatures was studied. Samples prepared from the same sample of thio- 
cyanogen were stored at 0°, 18°, and 32°; the rates both of the decomposition to the first 
product (as indicated, for instance, by the decrease of the 678 cm.*! band) and the decom- 
position of this product (as indicated, for instance, by the time to reach maximum optical 
density of the 750 cm. band) was greatest for the solution stored at 0° and least for that 
stored at 32°. These observations were repeated several times with fresh samples prepared 
from the same thiocyanogen solution as before. It is possible that this anomalous change 
of rate with temperature may be connected with the more ready precipitation of polymer 
material at the lower temperatures. 

Nature of the Decomposition Products—The main bands attributed to the first and 
second decomposition products of thiocyanogen monochloride are listed in the Table and 
are compared with those of SCNCl,. The spectra of the first and the second decomposition 
products are similar to that of SCNC1,. All three compounds possess very strong bands at 
~1600 and ~900 cm. which in SCNCI, were attributed ™ to a C=N stretching vibration and 
to an asymmetric-type stretching vibration of the group Cl-S-C(Cl)= or of the group C1,C=. 
In addition the first, but not the second, product resembles SCNCI, in possessing bands 
in the 540 cm.+ region. It may be noted that the spectra do not provide evidence for 
disproportionation to SCNCI, and (SCN), since the 473 and 834 cm. bands of SCNCI, are 
missing and this disproportionation would not explain the 614 and 440 cm. bands of the 
second product. The first product may be a dimer: 2NiC*S-Cl —» NiC-S-N:C(Cl)-SCl, 
containing C=N, C=N, and S-Cl bonds as required, and the grouping Cl-S-C(Cl)=. It will 
be expected to react further by addition at the triple bond, giving a product or products 
with more than one -C=N- grouping. There are numerous further modes of reaction of 
this dimer that could be suggested. One, based on the evidence that the second product 
does not appear to react further, and that the second product has no absorption in the 
range that could be attributed to an S-Cl stretching vibration, is cyclisation, for example 
to give a six-membered ring, ccc Ssc-cl, although cyclisation to larger rings is also 
possible. The broadness of the ~1600 cm. band in the second product suggests that more 
than one structure may be present. Baroni! determined the molecular weight of thio- 
cyanogen monochloride in solution in bromoform cryoscopically. The values increased 
with time. For “ freshly prepared ” solutions the molecular weight was a little less than 
that of the dimer. Kaufmann ef al., using the ebullioscopic method, several times ob- 
tained a value for the molecular weight corresponding to the monomer. This is interest- 
ing in view of the observation that thiocyanogen monochloride solutions appear to be more 
stable at 32° than at 0°. 

Reaction of S(CN), with SCl,.—This was studied in the hope that it might provide a 
product identical with, or closely similar to, the first reaction product of thiocyanogen 
monochloride. Sulphur dicyanide was prepared as described by Schneider ' and purified 
by sublimation. To this was added the equivalent amount of freshly distilled SCl,. A 
violent reaction resulted in a liquid product. This was not further purified, but was 
diluted with solvent and its spectrum was measured. This product, although not identical 
with the first decomposition product, showed the same general features, most marked 
of which were a strong bard around 1600 cm.", and a very strong band just above 

14 Baroni, Atti R. Accad. Lincei, 1936, 23, 871. 


** Kaufmann and Liepe, Ber., 1924, 57, 923; Kaufmann, Ber., 1927, 60, 58. 
16 Schneider, J. prakt. Chem., 1885, 32, 187. 
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900 cm.!; there was also a weak peak at 2170 cm.+ and a medium-intensity peak at 
745 cm.7}, 


EXPERIMENTAL 


Apparatus.—Spectra were taken with a Perkin-Elmer model 21 double beam spectrophoto- 
meter fitted with sodium chloride and potassium bromide prisms. For work below 400 cm.“slits 
were fixed at 1000 »; otherwise the standard slit schedules of the instrument were used. The 
cell used was of the conventional demountable type, made with a suitable spacer between 
potassium bromide plates, modified to obviate contact of the experimental solution with metal, 
Teflon spacers were used, and Teflon inlet and outlet tubes which were closed, after filling, with 
Teflon stoppers. An all-glass syringe was used for filling the cell. Spacers were of thickness 
1-0—0-1 mm. Potassium bromide plates were used throughout the range 4000—350 cm.1, 
The bromide plates of the cell had to be cleaned and repolished frequently because of a solid 
yellow-orange deposit on the plates. A Hilger variable-path cell with potassium bromide 
windows was used as a solvent cell, adjusted to give no bands with both cells full of solvent. 

Solvents.—Because most of the compounds studied had weak absorption and were 
unstable in concentrated solution, thick cells had to be used and the solvents were chosen 
primarily for their transparency. Pentachloroethane was the most useful solvent at 4000— 
1300 cm.4. Carbon tetrachloride was sometimes used in this region, but >0-3m-solutions 
were unstable because of the limited solubility of thiocyanogen in this solvent. Chloroform 
was not much used as a solvent (although sufficiently transparent in the region 4000—1600 
cm.~1) because of the growth of spurious bands possibly due to the uneven production of 
chloroform decomposition products in the solution and in the solvent cells. In the range 1300— 
350 cm.}, carbon disulphide was the most transparent solvent and was used except in special 
cases. ‘“‘ AnalaR”’ solvents were used where available. They were stored over phosphoric 
oxide. 

Chemical Preparations.—The action of bromine on lead thiocyanate was used to prepare 
thiocyanogen solutions. Small-scale methods were used'as 50 ml. of solution was sufficient 
for most experiments. Glassware, reagents, and solvents were carefully dried. Lead thio- 
cyanate was prepared from “ AnalaR ” lead nitrate and ammonium thiocyanate by the method 
of Lambert and Dollear *” and dried in a vacuum over phosphoric oxide for at least two days. 
A solution of the required strength, usually about 0-3m, of “‘ AnalaR ’’’ bromine in a suitable 
solvent was prepared in a 250 ml. flask with a ground-glass stopper. Excess of lead thio- 
cyanate was added, and the flask shaken until the bromine colour disappeared (the time varying 
with solvent—-2 min. for carbon disulphide, «15 min. for ether). The thiocyanogen solution 
was decanted, and its concentration was determined by iodometric titration.1* Fresh solutions 
of thiocyanogen were always used. Thiocyanogen chloride solutions were prepared by mixing 
solutions of dry chlorine and thiocyanogen in equimolecular proportions, concentrations being 
determined iodometrically before and after mixing. There was no noticeable change of colour 
when thiocyanogen and bromine solutions were mixed (as there was with thiocyanogen and 
chlorine solutions 4%), but there was a change of odour. Red crystals were slowly formed, 
particularly from solutions containing a large excess of bromine. These sublimed easily to 
form colourless crystals round the neck of the flask, but these colourless crystals readily 
decomposed, giving off bromine vapour. This substance might be the red solid isolated by 
Seel and Muller * by the action of excess of bromine on potassium thiocyanate at — 50°, but 
could not be examined spectroscopically because of its instability. There was no detectable 
change of colour or odour on mixing of thiocyanogen and iodine. 


The authors thank Dr. R. G. R. Bacon and Dr. R. S. Irwin for advice on the preparations. 
THE QUEEN’s UNIVERSITY, BELFast, N. IRELAND. [Received, June 22nd, 1959.) 


17 Lambert and Dollear, Oil and Soap, 1946, 23, 97. 
18 Angus and Bacon, J., 1958, 774. 
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425. The Infrared Spectra of Anhydrous Transition-metal 
Nitrates. 


By C. C. Appison and B. M. GATEHOUSE. 


Infrared spectra for the anhydrous nitrates of manganese, copper, zinc, 
and mercury indicate the presence of covalent metal-nitrate bonds. The 
anhydrous nitrates of cobalt, silver, cadmium, and lead have spectra charac- 
teristic of the nitrate ion. Frequencies for the hydrated nitrates of iron, 
cobalt, nickel, copper, zinc, and cadmium are given for comparison. 
Hydrated thorium nitrate exhibits bands characteristic of a co-ordinated 
nitrato-group. 


A BRIEF report 1 has already been made concerning the infrared spectra of some anhydrous 
transition-metal nitrates; this work is now described in detail. Following the observ- 
ations that anhydrous cupric nitrate * and ferric and mercuric nitrates * are volatile, the 
infrared spectra of some anhydrous transition-metal nitrates have been examined to obtain 
evidence concerning the covalent nature of the metal-to-nitrate bond in these compounds. 
Recent work on the infrared spectra of nitrato-co-ordination complexes *® has shown that 
it is possible, by examination of the spectra, to distinguish between the nitrate ion and the 
covalently bound nitrato-group. 


EXPERIMENTAL 


Determination of Spectra.—A Grubb-Parsons double-beam infrared spectrometer, equipped 
with an S8A monochromator and a rock-salt prism, was used. The mulling agents were Nujol 
(2—15 ») and hexachlorobutadiene. The latter was used for the region obscured by Nujol 
absorption bands. 

The cell windows were of sodium chloride coated with polystyrene; * use of coated windows 
has been found to be essential for work with complex nitates ‘ since some of these compounds 
react with the windows to give the spectrum of the nitrate ion. 

The samples were prepared in a dry box which was dried (overnight) with phosphorus 
pentoxide and flushed out with dry nitrogen during use. 

Preparation of Compounds.—Anhydrous copper nitrate * and zinc nitrate’ were prepared 
as already described. Manganese, cobalt, cadmium, and mercury nitrates were prepared from 
the metals and dinitrogen tetroxide-organic solvent mixtures. These reactions yielded metal 
nitrate-dinitrogen tetroxide addition compounds, from which the anhydrous metal nitrates 
were obtained by heating them under vacuum. Details of these preparations will be published 
in later papers. 


RESULTS AND DISCUSSION 


The frequencies of observed absorption bands are listed in Tables 1, 2, and 4. The 
anhydrous transition-metal nitrates examined can be divided into two groups, those whose 
infrared spectra indicate the presence of an ionic nitrate group (NO,~, symmetry D,,) and 
those whose spectra indicate the presence of co-ordinated nitrato-groups (ONO,, symmetry 
C,,). The latter group can be further subdivided, since anhydrous cupric and mercuric 
nitrates exhibit volatility,2** whereas anhydrous zinc and manganous nitrates do not. The 
frequencies of the ionic nitrates are listed in Table 1, those of the covalent nitrates in 
Table 2, and those of some hydrated transition-metal nitrates in Table 4. 

Arising out of the different symmetries of the nitrate ion and the nitrato-group, two 


' Addison and Gatehouse, Chem. and Ind., 1958, 464. 

* Addison and Hathaway, Proc. Chem. Soc., 1957, 19; J., 1958, 3099. 

’ Addison, Hathaway, and Logan, Proc. Chem. Soc., 1958, 51. 

* Gatehouse, Livingstone, and Nyholm, J., 1957, 4222. 

* Gatehouse and Comyns, J., 1958, 3965. 

® Meister e¢ al., Research Publications, Illinois Institute of Technology, 1948, 6, No. 1. 
* Addison, Lewis, and Thompson, J., 1951, 2829. 
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900 cm.-!; there was also a weak peak at 2170 cm.“ and a medium-intensity peak at 
745 cm... 


EXPERIMENTAL 


A pparatus.—Spectra were taken with a Perkin-Elmer model 21 double beam spectrophoto- 
meter fitted with sodium chloride and potassium bromide prisms. For work below 400 cm.“ slits 
were fixed at 1000 »; otherwise the standard slit schedules of the instrument were used. The 
cell used was of the conventional demountable type, made with a suitable spacer between 
potassium bromide plates, modified to obviate contact of the experimental solution with metal, 
Teflon spacers were used, and Teflon inlet and outlet tubes which were closed, after filling, with 
Teflon stoppers. An all-glass syringe was used for filling the cell. Spacers were of thickness 
1-0—0-1 mm. Potassium bromide plates were used throughout the range 4000—350 cm”), 
The bromide plates of the cell had to be cleaned and repolished frequently because of a solid 
yellow-orange deposit on the plates. A Hilger variable-path cell with potassium bromide 
windows was used as a solvent cell, adjusted to give no bands with both cells full of solvent. 

Solvents.—Because most of the compounds studied had weak absorption and were 
unstable in concentrated solution, thick cells had to be used and the solvents were chosen 
primarily for their transparency. Pentachloroethane was the most useful solvent at 4000— 
1300 cm.1. Carbon tetrachloride was sometimes used in this region, but >0-3m-solutions 
were unstable because of the limited solubility of thiocyanogen in this solvent. Chloroform 
was not much used as a solvent (although sufficiently transparent in the region 4000—1600 
cm.) because of the growth of spurious bands possibly due to the uneven production of 
chloroform decomposition products in the solution and in the solvent cells. In the range 1300— 
350 cm.1, carbon disulphide was the most transparent solvent and was used except in special 
cases. ‘‘ AnalaR”’ solvents were used where available. They were stored over phosphoric 
oxide. 

Chemical Preparations.—The action of bromine on lead thiocyanate was used to prepare 
thiocyanogen solutions. Small-scale methods were used as 50 ml. of solution was sufficient 
for most experiments. Glassware, reagents, and solvents were carefully dried. Lead thio- 
cyanate was prepared from “ AnalaR ”’ lead nitrate and ammonium thiocyanate by the method 
of Lambert and Dollear ?” and dried in a vacuum over phosphoric oxide for at least two days. 
A solution of the required strength, usually about 0-3m, of ‘‘ AnalaR ’”’ bromine in a suitable 
solvent was prepared in a 250 ml. flask with a ground-glass stopper. Excess of lead thio- 
cyanate was added, and the flask shaken until the bromine colour disappeared (the time varying 
with solvent—2 min. for carbon disulphide, «15 min. for ether). The thiocyanogen solution 
was decanted, and its concentration was determined by iodometric titration.1* Fresh solutions 
of thiocyanogen were always used. Thiocyanogen chloride solutions were prepared by mixing 
solutions of dry chlorine and thiocyanogen in equimolecular proportions, concentrations being 
determined iodometrically before and after mixing. There was no noticeable change of colour 
when thiocyanogen and bromine solutions were mixed (as there was with thiocyanogen and 
chlorine solutions #*), but there was a change of odour. Red crystals were slowly formed, 
particularly from solutions containing a large excess of bromine. These sublimed easily to 
form colourless crystals round the neck of the flask, but these colourless crystals readily 
decomposed, giving off bromine vapour. This substance might be the red solid isolated by 
Seel and Muller !* by the action of excess of bromine on potassium thiocyanate at — 50°, but 
could not be examined spectroscopically because of its instability. There was no detectable 
change of colour or odour on mixing of thiocyanogen and iodine. 


The authors thank Dr. R. G. R. Bacon and Dr. R. S. Irwin for advice on the preparations. 
THE QUEEN’s UNIVERSITY, BEetrast, N. IRELAND. [Received, June 22nd, 1959.) 


17 Lambert and Dollear, Oil and Soap, 1946, 23, 97. 
18 Angus and Bacon, J., 1958, 774. 
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125. The Infrared Spectra of Anhydrous Transition-metal 
Nitrates. 


By C. C. Appison and B. M. GATEHOUSE. 


Infrared spectra for the anhydrous nitrates of manganese, copper, zinc, 
and mercury indicate the presence of covalent metal—nitrate bonds. The 
anhydrous nitrates of cobalt, silver, cadmium, and lead have spectra charac- 
teristic of the nitrate ion. Frequencies for the hydrated nitrates of iron, 
cobalt, nickel, copper, zinc, and cadmium are givén for comparison. 
Hydrated thorium nitrate exhibits bands characteristic of a co-ordinated 
nitrato-group. 


A prIEF report ! has already been made concerning the infrared spectra of some anhydrous 
transition-metal nitrates; this work is now described in detail. Following the observ- 
ations that anhydrous cupric nitrate and ferric and mercuric nitrates * are volatile, the 
infrared spectra of some anhydrous transition-metal nitrates have been examined to obtain 
evidence concerning the covalent nature of the metal-to-nitrate bond in these compounds. 
Recent work on the infrared spectra of nitrato-co-ordination complexes ** has shown that 
it is possible, by examination of the spectra, to distinguish between the nitrate ion and the 
covalently bound nitrato-group. 


EXPERIMENTAL 


Determination of Spectra.—A Grubb-Parsons double-beam infrared spectrometer, equipped 
with an S3A monochromator and a rock-salt prism, was used. The mulling agents were Nujol 
(2—15 ») and hexachlorobutadiene. The latter was used for the region obscured by Nujol 
absorption bands. 

The cell windows were of sodium chloride coated with polystyrene; * use of coated windows 
has been found to be essential for work with complex nitates 4 since some of these compounds 
react with the windows to give the spectrum of the nitrate ion. 

The samples were prepared in a dry box which was dried (overnight) with phosphorus 
pentoxide and flushed out with dry nitrogen during use. 

Preparation of Compounds.—Anhydrous copper nitrate ? and zinc nitrate’ were prepared 
as already described. Manganese, cobalt, cadmium, and mercury nitrates were prepared from 
the metals and dinitrogen tetroxide-organic solvent mixtures. These reactions yielded metal 
nitrate-dinitrogen tetroxide addition compounds, from which the anhydrous metal nitrates 
were obtained by heating them under vacuum. Details of these preparations will be published 
in later papers. 


RESULTS AND DISCUSSION 


The frequencies of observed absorption bands are listed in Tables 1, 2, and 4. The 
anhydrous transition-metal nitrates examined can be divided into two groups, those whose 
infrared spectra indicate the presence of an ionic nitrate group (NO,~, symmetry D,,) and 
those whose spectra indicate the presence of co-ordinated nitrato-groups (ONO,, symmetry 
Cy). The latter group can be further subdivided, since anhydrous cupric and mercuric 
nitrates exhibit volatility,2** whereas anhydrous zinc and manganous nitrates do not. The 
frequencies of the ionic nitrates are listed in Table 1, those of the covalent nitrates in 
Table 2, and those of some hydrated transition-metal nitrates in Table 4. 

Arising out of the different symmetries of the nitrate ion and the nitrato-group, two 


' Addison and Gatehouse, Chem. apd Ind., 1958, 464. 

* Addison and Hathaway, Proc. Chem. Soc., 1957, 19; J., 1958, 3099. 

’ Addison, Hathaway, and Logan, Proc. Chem. Soc., 1958, 51. 

* Gatehouse, Livingstone, and Nyholm, J., 1957, 4222. 

* Gatehouse and Comyns, J., 1958, 3965. 

® Meister et al., Research Publications, Illinois Institute of Technology, 1948, 6, No. 1. 
* Addison, Lewis, and Thompson, J., 1951, 2829. 
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TABLE 1. Anhydrous nitrates containing the nitrate ion (NO,>). 


Vy + % 


V3 
“1 
V2 


“4 


Co(NO,), 
2558w 
2494w 
2475w 
1969w 
1887w 
1859w 
1828w 


1404sh 
1366s 


{ 799vs 
792s 


762w 


AgNO, 


2375w 


1789w, SP} 

1767w, sp 

1362vs, b 
80lvs, sp 
733s, sp 


Cd(NO 5), 
2545w 


2469m 
2410sh 


1828m 
1608w 
1502w, sp 
1420m 
138lvs 
1348vs, b 
1028w 
906w 
805w, sh 
802w, sp 
751m 


Pb(NOs), 


1373vs 


836w, sp 
807vw 
726w 


vs very strong; m medium; sh shoulder; s strong; w weak; sp sharp; b broad. 


TABLE 2. Anhydrous nitrates containing the nitrato-group (-ONO,). 


Ve + % 
2, 
36 


y+ M% 


2vq (or vy + v¢) 


Vg + % 


"1 


Ve 


"% 


Vs OF v5 


Type a 
NO, Assignment 
Frequency (cm.~') 


Type ¢ 
Assignment 


Frequency ® 


Mn(NO,), 


2469w 


2320w 


2075w 
1883w 
181l2w 
1779w 
1724w 
1634s 
1603vw 


[isssvs 
hepenes 


Liorovs 


0: 
[ { Tove 
759m 


v, (A,’) 
NO stretch 
1050 


v2 (A;) 


NO stretch Out-of- 


Cu(NO,), 
2710w 
2618w 
2591w 
2525w 
2404w 
2392w 
238lw 
2299w 


2058w, b 


1792m 
1733m, sh 


1592vs, sp 
1565vs 
1546vs 
1504m, sp 
1344vs, b 
1289vs, sh 
1264vs, b 
1038m, sh 
1016s, b 
907w 
cc sh 
787s, b 
770s 


TABLE 3. 


vq (A,"?) 
Out-of-plane 


vg (B;) 


plane 


ae (A,) 
NO, stretch NO, stretch 
symmetric asymmetric 


Zn(NOs). Hg(NO,), 
2717w 
2591w 
2513w, sp 
| 2488w } 
2410w 2432w 
2353w 
2222w, b 
2075w, b 
1802m 
1773w 
1600m, sp 1600w, sp 
1546s 1495m 
1502m, sp 
1359vs 
1300vs 1376s 
1050sh 
{ 1040s, sp 1027vs, b 
905w 
800s, sp 
{793s, sp 788vs, sp 
763s, sp 750m, b 
746m 
v3 (E*) v, (E?) 
NO, stretch NO, bend 
1390 720 
% (B,) V3 (A 1) Vs (B,) 


1034—970 800—781 1290—1253 1531—1481 


* See reference 8. 


> See references 4 and 5. 


NO, bend N¢ 


), bend. 


symmetric asymmetric 


~739 


~713 


different conventions are used in numbering the vibrations. To avoid any confusion the 
relations between the two sets of conventions are shown in Table 3. The symmetry types 
of the vibrations are given in parentheses and their approximate forms have been 
® Redlich and Nielson, J. Amer. Chem. Soc., 1943, 65, 654. 
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illustrated elsewhere.*® The frequencies given, and characteristic of the nitrato-group, 
were determined in earlier investigations.*5 


TABLE 4. Some hydrated transition-metal nitrate frequencies. 


Compound NO, ——> vs vy Ve M% 
Cu(NO,)2,3H,O 1387vs ane 836w —_ 
Zn(NO;)2,6H,O 1377vs —— 835vs — 
Cd(NOs)2,4H,O 1370vs, b — 834vs a 
Fe(NO,)3,9H,O 136lvs _- 835w — 
Co(NO,)2,6H,O 1372vs — 836w — 

807vw 
Ni(NO,)2,6H,O 1383vs 1048vw 837s -- 
-ONO, ——jpP % vy Vg Ve Vg OT vs 
Th(NO,),,4H,O 1520vs 1323s 1036sh 8llm 756m 
1506sh 1292vs 1030vs 805m 744m 


The anhydrous nitrates listed in Table 1 all have spectra characteristic of the nitrate 
ion, with a strong broad band at about 1360—1380 cm.* arising from the doubly degenerate 
vibration v,, a sharp band of varying intensity at about 800 cm.* which arises from the 
out-of-plane bending mode v,., and a weak band at about 720—760 cm. which atises from 
the doubly degenerate vibration vy, Only with cadmium nitrate was the totally sym- 
metric vibration (v,) apparent as a weak absorption, due presumably to some distortion of 
the nitrate ion resulting in a lowering of symmetry. A list of the frequencies of six 
hydrated transition-metal nitrates is given in the upper section of Table 4 for comparison 
with the ionic nitrate frequencies. It is interesting to note that on heating nickel nitrate 
hexahydrate in a drying pistol with phosphorus pentoxide some of the water was removed 
and very strong bands characteristic of the co-ordinated nitrato-group were then observed 
in the spectrum. 

Anhydrous cupric nitrate has * a vapour pressure of 3 mm. at 214° and is very stable 
in the vapour state at temperatures below 225°. The infrared spectrum (Table 1) shows 
strong bands in the regions 1565—1546 cm."! (v,) and 1289—1264 cm. (v,) which indicate 
the presence of co-ordinated nitrato-groups, of C,, symmetry. A strong band at 
1016 cm. corresponds to v, of the ONO, group. The fact that this compound exists in 
the vapour and that the spectrum indicates C,, symmetry for the nitrato-group indicates 
that the metal-nitrate bond possesses a considerable degree of covalent character. Since 
this study was commenced the mass spectrum of anhydrous cupric nitrate has been 
examined,!® and the compound shown to exist as a monomer in the vapour. 

The spectra of anhydrous manganous, zinc, and mercuric nitrates (Table 2) show bands 
in the same regions as cupric nitrate, indicating that these compounds also contain the 
nitrato-group. The difference between the anhydrous nitrates of cadmium and zinc is 
consistent with the general observation that cadmium co-ordinates less readily with oxygen 
than does zinc. A large number of oxygen complexes of zinc are known but relatively 
few with cadmium; this has been regarded as evidence that the Cd—O bond is considerably 
weaker than the Zn—O bond." Some tentative assignments of combination and overtone 
bands are also made in Table 2 on the basis of previous work.5 

Thorium nitrate tetrahydrate was also examined, and its frequencies are listed in the 
lower part of Table 4. It clearly exhibits those bands characteristic of a co-ordinated 
nitrato-group, even in the hydrated form. Co-ordinative bonding of this nature was 
suggested by Katzin ! to explain effects noted in a spectrophotometric study involving 
thorium and nitrate ions. Thorium is known to form many complex oxygen compounds, 
including double nitrates. y 


® Cohn, Ingold, and Poole, J., 1952, 4272. 

%” Porter, Schoonmaker, and Addison, Proc. Chem. Soc., 1959, 11. 

" Sidgwick, ‘‘ Chemical Elements and their Compounds,” Oxford University Press, 1950, p. 281. 
” Katzin, J. Chem. Phys., 1950, 18, 789. 

*® Ref. 11, p. 641. 
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Clearly, the nitrate compounds examined can be grouped into three categories, (a) those 
which are covalent and volatile, (b) those which are covalent and involatile, and (c) those 
which are ionic. The infrared spectra of these compounds are very useful in that they give 
the apparent symmetry of the nitrate group in the crystal, and a definite indication of the 
covalent or ionic nature of the bonding. 

However, from data at present available it is clear that there is no simple correlation 
between the covalency of the bonding and electronic structure (particularly the number 
of d electrons) of the transition-metal concerned. Again, the fact that the nitrates of 
zinc, cadmium, and mercury are covalent, ionic, and covalent respectively shows that 
pronounced variations can occur within a vertical group. In any attempted correlation, 
the influence of crystal environment must also be taken into account. Work is therefore 
in hand to prepare a wider range of transition-metal nitrates, and to examine their infra- 
red spectra and crystal structures. 

CHEMISTRY DEPARTMENT, THE UNIVERSITY, NOTTINGHAM. 


WILLIAM RAMSAY AND RALPH FORSTER LABORATORIES, 
UNIVERSITY COLLEGE, LONDON. [Received, July 16th, 1959.) 


126. The Hydrolysis of Acetobromocellobiose: Isolation and 
Properties of Two New Cellobiose Hepta-acetates. 


By W. M. Corsetr, J. Kipp, and A. MARGARET LIDDLE. 


Hydrolysis of acetobromocellobiose under controlled conditions leads to 
two new acetates, 2,3,6,2’,3’,4’,6’- and 1,3,6,2’,3’,4’,6’-hepta-O-acety]-a-cello- 
biose. The latter is converted in aqueous pyridine into the former. With 
ethyl iodide and silver oxide both acetates give ethyl hepta-O-acetyl-f- 
cellobioside. The mechanism of this rearrangement is discussed, as well as 
the significance of the formation of 2,3,6,2’,3’,4’,6’-hepta-O-acetyl-«-cellobiose 
during preparation of 2-hydroxycellobial hepta-acetate. 


ALTHOUGH 2-hydroxyglycal acetates have been known for 30 years,) the mechanism of 
their formation by the elimination of hydrobromic acid from acetobromo-sugars by diethyl- 
amine is still unknown. It would be expected that some O-acetyl-NN-diethyl-8-glycosyl- 
amine would be produced although this may not necessarily be an intermediate.2 Although 
the corresponding NN-dimethylglycosylamine acetates are relatively stable,’ the isolation 
of a NN-diethylglycosylamine intermediate has only been reported in one case,‘ namely, 
with acetobromoglucose, but it was even then not conclusively identified. We have 
examined the by-products from the preparation of 2-hydroxycellobial acetate, and have 
not been able to isolate a cellobiosylamine derivative. The isolation of minor products is 
difficult owing to considerable degradation but it was possible to isolate a new, nitrogen- 
free compound whose analysis corresponded to that of a hepta-O-acetyl disaccharide. 
Octa-O-acetylcellobiose and ethyl hepta-O-acetyl-6-cellobioside were also isolated in small 
yields. The octa-acetate no doubt was an impurity in the acetobromocellobiose, and the 
ethyl cellobioside must have arisen when unchanged acetobromocellobiose reacted with 
ethanol used for fractional crystallisation. 

The hepta-acetate gave, on acetylation, a cellobiose octa-acetate, but its constants did 
not correspond to those of the known 2,3,6,2’,3’,4’,6’-hepta-O-acetyl-f-cellobiose. The 
high positive rotation of the new acetate, which also mutarotated, suggested that it is 
probably the «-form. On being fused, the acetate appeared to anomerise in a manner 


1 Maurer, Ber., 1929, 62, 332. 
® Wolfrom and Husted, J. Amer. Chem. Soc., 1937, 59, 2559. 
® Corbett and Kidd, J., 1959, 1594, and references therein. 

* Baker, J., 1929, 1205. 
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similar to that observed with the corresponding glucose acetates ® since the optical rotation 
decreased to [xJ,”° +14-1°. Hepta-O-acetyl-f-cellobiose behaved similarly, except that 
the rotation increased from a negative value to [o],° +-22-0°. The similarity of the melt- 
ing points and of the rotations of the fused acetates indicated that they were mixtures of 
the same compounds. This was confirmed by examination of their infrared spectra. 
Therefore the new acetate is 2,3,6,2’,3’,4’,6’-hepta-O-acetyl-«-cellobiose. This acetate 
has also been obtained by hydrolysis of acetobromocellobiose in the presence of silver 
nitrate as described below. 

Formation of hepta-O-acetyl-a«-cellobiose during the reaction of diethylamine with 
acetobromocellobiose must be due to traces of water in the system. By analogy with the 
hydrolysis of acetobromo-sugars with silver nitrate and a limited amount of water,® the 
formation of the «-hepta-acetate must occur through an intermediate such as hepta-O- 
acetyl-NN-diethyl-f-cellobiosylamine. Several attempts have been made _ without 
success to prepare this derivative by the action of diethylamine upon acetobromocellobiose 
under various conditions. When diethylsodamide was used it was possible to isolate 
a small quantity of material having the correct elemental analysis for the cellobiosylamine 
derivative, but its reactions have not been examined. 

In order to confirm the structure of the new acetate, a solution of acetobromocellobiose 
in tetrahydrofuran was hydrolysed with silver nitrate and a limited amount of water. 
From the products were isolated 2,3,6,2’,3’,4’,6’-hepta-O-acetyl-«- and -8-cellobiose and a 
third acetate. Unlike the other two acetates, the last did not mutarotate in solution. 


CH,-OAc CH,-OAc CH,OAc 
\ ° e 0 Nn 0 
° OAc OAc . OAc 
OH ? OAc 
OAc ‘ 0-C-0- OH 
(I) ie qm  f it (III) 
CH)-OAc CH,-OAc CH,-OAc 
\ fe) \ “ \ ©. o€t 
oO 1) <p el 
OAc OAc OAc 
° ? 
O-C:OH O-C:-OEt OAc 
i 
(VI) Me (IV) Me (V) 
CH2-OAc 
\ ©. on 
Oo 
OAc 
(VID) OAc 


Because of its positive rotation, its isomerisation to 2,3,6,2’,3’,4’,6’-hepta-O-acetyl-a- 
cellobiose (I) in aqueous pyridine, and its conversion into cellobiose octa-acetate on acetyl- 
ation, it is considered to be 1,3,6,2’,3’,4’,6’-hepta-O-acetyl-a-cellobiose (III). Similar 
compounds are known for pD-ribose ® and D-xylose,’ and their structures have been proved 
by a study of their infrared spectra. 

Ethylation of 1,3,6,2’,3’,4’,6’-hepta-O-acetyl-a-cellobiose with ethyl iodide and silver 
oxide yielded, not the expected ethyl ether, but ethyl hepta-O-acetyl-6-cellobioside (V). 
This rearrangement further examples of which have recently been reported to occur 
during the methylation of 1,3,4-tri-O-acetyl-p-xylose® and 1,3,4,6-tetra-O-acetyl-«- and 

5 Georg, Helv. Chim. Acta, 1932, 15, 924. 

* Ness and Fletcher, J. Amer. Chem. Soc., 1956, 78, 4710. 

7? Antia, ibid., 1958, 80, 6138. 
§ Srivastava, Chem. and Ind., 1959, 159. 
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-B-glucose,** must occur through an orthoacid. The ion (II) which must be responsible for 
acyl migration in aqueous pyridine will not exist under the etherifying conditions, and the 
orthoester (IV) is a more feasible intermediate in the reaction. Breakdown of the ester (IV) 
would be by attack of the ethoxy-oxygen atom at the 1-8-position, to give the 8-cellobioside 
(V). This reaction may or may not be preceded by ionisation of the ethoxy-group. 

Rearrangement is not due to silver oxide alone, for a dioxan solution of the acetate jg 
stable when refluxed with silver oxide. Under these conditions any rearrangement would 
be through the orthoacid intermediate (VI), and it has been shown that orthoacids them. 
selves are unstable and, when formed, rearrange to the corresponding esters. Partial 
stabilisation of the ortho-structure is achieved by the presence of an alkyl halide which 
forms the orthoester, probably not via the acid itself. 

If the above mechanism is correct, then ethylation of 2,3,6,2’,3’,4’,6’-hepta-O-acetyl-a- 
cellobiose (I) would also be expected to yield ethyl 8-cellobioside acetate via the orthoester 
(IV). This was found to be the case. In contrast, the trans-arrangement of the 1- and the 
2-group in 2,3,6,2’,3’,4’,6’-hepta-O-acetyl-8-cellobiose (VII) precludes the formation of an 
orthoester, and therefore ethylation should occur without inversion. Ethylation of the 
8-acetate did indeed give the expected ethyl 6-cellobioside acetate. 

The mechanism postulated above assumes that the intermediate orthoester is unstable, 
Lemieux and Brice ® have been able to isolate a methyl orthoester of glucose closely related 
to the postulated intermediate in the above rearrangement, and have found it to be stable 
at room temperature. However, there is evidence that at elevated temperatures ortho- 
esters undergo ionisation,!® and this would explain the breakdown of the postulated ortho- 
ester intermediate during ethylation. 


EXPERIMENTAL 


Acetyl analyses were by alkaline hydrolysis and are consequently high. 

2,3,6,2’,3’,4’,6’-Hepta-O-acetyl-a-cellobiose.—(a) From acetobromocellobiose and diethylamine. 
A solution of acetobromocellobiose (61-6 g.) in dry chloroform (250 ml.) and diethylamine 
(27-7 ml.) was kept at room temperature for 70 hr., and then further chloroform (300 ml.) was 
added. The solution was washed with water, dilute sulphuric acid, sodium hydrogen carbonate 
solution, and finally water. It was dried (Na,SO,), treated with charcoal, and concentrated 
under reduced pressure to a syrup which crystallised from ethanol to give hepta-O-acetyl-2- 
hydroxycellobial (12-4 g., 23%), m. p. 129—130° (Found: C, 50-3; H, 5-4. Calc. for C,,H;,0,,: 
C, 50-5; H, 5-5%). 

The ethanol mother-liquors were concentrated to a syrup which partly crystallised. The 
residual syrup was dissolved in ether (300 ml.), and the crystals were fractionally crystallised 
from ethanol to give octa-O-acetyl-a-cellobiose, m. p. and mixed m. p. 226—228°, and ethyl 
hepta-O-acetyl-8-cellobioside, m. p. and mixed m. p. 190—191°. 

The ether solution slowly deposited crystals which, after recrystallisation from ethanol-ether, 
had m. p. 217—218°, and [a],,2* 4+-35-0° (c, 4-0 in chloroform). They were 2,3,6,2’,3’,4’,6’-hepta- 
O-acetyl-a-cellobiose (Found: C, 49-0; H, 5-7. C,H 3,0,, requires C, 49-1; H, 5-7%). 

(b) From acetobromocellobiose and silver nitrate. A solution of acetobromocellobiose (5-0 g.) 
in tetrahydrofuran (47 ml.) containing water (0-12 ml.) was refluxed for 5 min. with “ active” 
silver nitrate 5 (1-76 g.). Excess of calcium carbonate was then added, and the mixture 
refluxed for a further 30 min. The solution was filtered and on addition of ether deposited a 
very small quantity of crystals, m. p. 208—210°, which gave a positive nitrate test 1! and may 
be hepta-O-acetyl-«-cellobiose 1-nitrate. The filtrate was concentrated to a syrup which 
partly crystallised from ether, to give 1,3,6,2’,3’,4’,6’-hepita-O-acetyl-a-cellobiose (0-7 g.), m. p. 
165—170°. After two recrystallisations from ethanol-ether and one from chloroform-ether, it 
had m. p. 178—180°, [a],,’° +67-6° (constant; ¢ 3-5 in chloroform) (Found: C, 48-8; H, 5:5; 
Ac, 49-1. C,,H,0,, requires C, 49-1; H, 5-7; Ac, 47-4%). The concentrated mother-liquors 

8« Bonner, J. Org. Chem., 1959, 24, 1388. 

® Lemieux and Brice, Canad. J. Chem., 1955, 38, 119. 


1° Isbell and Frush, J. Res. Nat. Bur. Stand., 1949, 48, 161. 
™ K6nigs and Knorr, Ber., 1901, 34, 926. 
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deposited needles (0-2 g.), m. p. 177—178°, which after three recrystallisations from chloroform— 
ether had m. p. 214—215°, undepressed on admixture with the above 2,3,6,2’,3’,4’,6’-hépta- 
0-acetyl-«-cellobiose, ([a],,*° +33-0° (c 1-9in chloroform). Further concentration of the mother- 
liquors yielded 2,3,6,2’,3’,4’,6’-hepta-O-acetyl-8-cellobiose (0-06 g.), m. p. 203—204°, [a],18 
—]1-2° (c 1:3 in chloroform). 

Hepta-O-acetyl-B-cellobiose 1-Nitrate.—A solution of acetobromocellobiose (0-5 g.) in dry 
dioxan (2 ml.) and dry ether (4 ml.) was refluxed for 2 hr. with dry, powdered silver nitrate 
(ca. 0-4 g.). The filtered solution was concentrated under reduced pressure to a syrup which 
from chloroform-ether gave needles of hepta-O-acetyl-$-cellobiose 1-nitrate which, after three 
recrystallisations, had m. p. 165°, [a,,"* —11-7° (c 3-4 in chloroform) and gave a positive test 
for nitrate 4 (Found: C, 45-4; H, 5-1; N, 2-0. C,ygHs;OggN requires C, 45-8; H, 5-2; N, 
21% . 

adi of 2,3,6,2’,3’,4’,6’-Hepta-O-acetyl-a-cellobiose.—(a) Acetylation. The hepta-acetate 
with acetic anhydride containing a small amount of perchloric acid gave octa-O-acetyl-a- 
cellobiose, m. p. and mixed m. p. 230—236°. 

(b) Anomerisation. The hepta-acetate mutarotated in chloroform solution from [a], 
433-3° to +25-0° (24 hr.) (c 4-8). Under similar conditions the $-hepta-acetate mutarotated 
from {a],,2° —7-0° to + 19-8° (c 3-5). 

The a-hepta-acetate, when heated at 220° for 5 min., gave a glass which from chloroform— 
ether gave crystals, m. p. 189—193°, [aJ,2° +14-1° (c¢ 1-9 in chloroform). Under similar 
conditions the 8-hepta-acetate gave crystals, m. p. 212—216°, [a],?° + 22-0° (c 1-0 in chloro- 
form). The infrared spectra of the two products were identical. 

(c) Ethylation. The a-hepta-acetate (ca. 30 mg.) in dioxan (4 ml.) was refluxed for 1 hr. 
with excess of ethyl iodide and silver oxide. After filtration, the solution was concentrated to 
a syrup which crystallised completely, to give ethyl hepta-O-acetyl-$-cellobioside, m. p. and 
mixed m. p. 183—185-5°, [a],2* —25-3° (c 4-3 in chloroform). Under similar conditions the 
8-hepta-acetate gave ethyl hepta-O-acetyl-f-cellobioside, m. p. and mixed m. p. 187—189°. 

Reactions of 1,3,6,2’,3’,4’,6’-Hepta-O-acetyl-a-cellobiose.—(a) Acetylation. This hepta-acetate 
with acetic anhydride and perchloric acid gave octa-O-acetyl-a-cellobiose, m. p. and mixed 
m. p. 227—230°. 

(b) Acyl migration. <A solution of the acetate (30-5 mg.) in pyridine—water (10: 2 by vol.; 
5 ml.) was kept at room temperature for 30 hr. during which the optical rotation fell from 
@j,** +52-5° to +26-2°. The solution was diluted with water; on cooling, a gelatinous mass 
separated. This was centrifuged off, dried, triturated with ether, and recrystallised from 
ethanol to give 2,3,6,2’,3’,4’,6’-hepta-O-acetyl-«-cellobiose, m. p. and mixed m. p. 190—192°, 
depressed on admixture with the 6-form. 

(c) Ethylation. In dioxan the acetate with ethyl iodide and silver oxide gave ethyl hepta-O- 
acetyl-8-cellobioside in high yield, m. p. and mixed m. p. 186—188°, [a,,2° —25-9° (c 1-1 in 
chloroform). 

Reaction of Diethylsodamide with Acetobromocellobiose.—Diethylsodamide was prepared by 
treating sodium wire with diethylamine under reflux, whereupon a gelatinous deposit was 
formed. Toa suspension of this amide (ca. 0-16 g.) in diethylamine (40 ml.) was added a solution 
of acetobromocellobiose (1-0 g.) in chloroform (10 ml.). The mixture was refluxed for 3 hr., 
further chloroform was added, and the whole was filtered and concentrated under reduced 
pressure to a dark syrup which was crystallised from absolute ethanol. After three recrystallis- 
ations, the product (0-15 g.) had m. p. 185—187° (decomp.) (Found: C, 52-0; H, 6-5; N, 2-0. 
Cy9H,,0,,N requires C, 52-2; H, 6-6; N, 2-0%). 


The authors thank Mr. A. T. Masters for the microanalyses, and Dr. H. J. Marrinan for the 
infrared spectra. This work forms part of the fundamental research programme of the British 
Rayon Research Association. 
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127. Transport of Non-electrolytes through Ion-selective 
Membranes by Electro-osmosis. 
By J. W. Jarvis and F. L. Tye. 


Removal of sodium chloride from aqueous solutions of D-glucose and 
glycerol by electrodialysis through Permaplex C-10 and A-10 ion-selective 
membranes is accompanied by transport of some non-electrolyte through 
the membranes. At current densities of «10 ma/cm.? the transport of 
non-electrolyte is almost entirely due to electro-osmosis; at lower densities, 
provided reverse osmotic flow is small, the transport of non-electrolytes 
per faraday is larger owing to an increased contribution from diffusion. 

An equation expressing total transport in terms of electro-osmosis and 
diffusion is deduced, whence it follows that the transport of non-electrolyte 
by electro-osmosis depends only on the concentration of the non-electrolyte 
in the solution donating the counter-ions to the membrane. Further, the 
percentage loss of non-electrolyte during electrodialytic desalting is shown 
to be independent of the non-electrolyte concentration but dependent on 
the reduction in salt concentration. 

Comparison of the quantities of D-glucose and water transported by 
electro-osmosis with those present in the donating solution shows that water 
is transported preferentially. 


ELECTRODIALYSIS in a cell containing ion-selective membranes has been used to remove 
electrolytes from aqueous solutions containing non-electrolytes or amphoteric substances 
at their isoelectric points.1_ An important aspect that has received little attention is the 
extent to which the non-electrolyte is lost by passage through the ion-selective membranes 
into the waste stream. 

Transport of non-electrolyte through the membranes can, in principle, occur by diffusion 
and by electro-osmosis. The diffusion, through cation-selective membranes, of acetone, 
formaldehyde, and acetic acid,? and of ethanol * has been studied. However, apart from 
a brief mention by Peers * and a little work by Lightfoot and Friedman,! the possibility 
that non-electrolytes can be transported by electro-osmosis does not seem to have been 
generally appreciated. 

The object of the present work is to assess the importance of non-electrolyte transport 
by electro-osmosis through Permaplex C-10 and A-10 membranes. 


EXPERIMENTAL 

Materials —The cation- and anion-selective membranes were Permaplex C-10 and A-10 
(The Permutit Co., Ltd.) respectively, which have been described previously. Sodium chloride, 
p-glucose, and glycerol were of laboratory-reagent grade (B.D.H. Ltd.). 

Apparatus.—The cell is shown in Fig. 1. The body B is of Perspex and consists of 5 com- 
partments separated by alternate cation-selective C and anion-selective A membranes, the 
effective area of each membrane being 100 cm.?. The whole is clamped together by lengths of 
2BA brass studding, terminated by nuts. Gaskets G of plasticised polyvinyl chloride ensure 
water-tight joints between membranes and compartments. All compartments are provided 
with lids L and drainage holes J. The anode D is a carbon block }” thick and the cathode E 
a sheet of #;” flattened expanded stainless steel (Expanded Metal Co., Ltd.). The electrode 
compartments contain glass cooling-coils W, and were continuously flushed with 1-0N-sodium 
chloride to remove electrode products, the solution entering at K and overflowing at O. Each 
of the central compartments 1, 2, and 3 holds 150 ml. of solution which was air-stirred. 

1 Lightfoot and Friedman, Ind. Eng. Chem., 1954, 46, 1599; Anderson and Wylam, Chem. and 
Ind., 1956, 191; Blainey and Yardley, Nature, 1956, 180, 83; Wood, Biochem. J., 1956, 62, 611; Di 
Benedetto and Lightfoot, Ind. Eng. Chem., 1958, 50, 691; Peers, J. Appl. Chem., 1958, 8, 59; Payne, 
Internat. Sugar J., 1957, 61, 149; Dept. Sci. & Ind. Res., ‘‘ Food Investigation, 1957,’’ H.M.S.O., 
London, 1958, p. 51; Wingerd and Block, J. Dairy Sci., 1954, 27, 932. 

2 Manecke and Heller, Discuss. Faraday Soc., 1956, 21, 101. 
% Mackie and Meares, ibid., p. 111. 
* Kressman and Tye, ibid., p. 185. 
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A Crompton—Parkinson Universal Indicator (Pattern OLD, 8” scale) with appropriate 
shunts was used to measure current. It was accurate to +1%. 

Analysis.—Sodium chloride solutions were titrated with standard silver nitrate, with 
potassium chromate as indicator. p-Glucose was estimated with Fehling’s solution with 
Methylene Blue as indicator,° and glycerol by oxidation with periodic acid, the excess of periodic 
acid being back-titrated with sodium thiosulphate in the presence of potassium iodide.*® 

Procedure.—Each experiment was immediately preceded by an identical dummy run. The 

ure for both was as follows. 150 ml. of solution containing known concentrations of 
sodium chloride and non-electrolyte were pipetted into 
compartment 2, and compartments 1 and 3 were Fic. 1. Apparatus for electro-osmosis. 
filled with 0-1N-sodium chloride. A constant current 
was then passed for a measured interval of time, 
after which compartments 1, 2, and 3 were emptied, 
a constant drainage time of 90 sec. being allowed. 
After the run the drained contents of these compart- 
ments were analysed for glycerol and sodium chloride, 
while that from compartment 2 was also weighed. 

The dummy run served a dual purpose. It ensured 
that the condition of each compartment just before an 
actual experiment was similar to its condition after it 
had been drained. Thus a true measure of the con- 
tents of a compartment was obtained without the w— 
need for additional rinsing, which would have caused 
errors by leaching absorbed solutes from the mem- 
branes. Secondly, the dummy run ensured that 
the appropriate concentration profiles of the non- 
electrolyte in the membranes were already established 
at the start of a run. 

p-Glucose and glycerol, the non-electrolytes, were 
used at an average concentration of 1-03 + 0-07m 
except for run 8 in which the average glycerol 
concentration was 5-2mM. The change in non-electrolyte concentration in compartment 2 was 
kept less than 5%, and the final non-electrolyte concentrations in compartments 1 and 3 
<0-Im. The average sodium chloride concentration in compartment 2 was 2-0 + 0-2m except 
for runs 7 and 8 in which it was 1-4m and 0-5m respectively. The average sodium chloride 
concentration in compartments | and 3 varied between 0-2m and 0-6m. Current densities from 
0 to 40 ma/cm.* were used, the runs at zero current density giving the amounts of non- 
electrolyte diffusing through the membranes. The temperature was 20° + 2°. 

The following quantities were obtained from each experiment: (i) faradays of electricity 
passed, (ii) moles of non-electrolyte passing through the cation-selective membrane, (iii) moles 
of non-electrolyte passing through the anion-selective membrane, (iv) moles of non-electrolyte 
left in compartment 2, (v) moles of water lost from compartment 2, and (vi) moles of sodium 
chloride lost from compartment 2. 

From the sum of (ii), (iii), and (iv) the average total recovery of non-electrolyte was found 
to be 98-8%. The sum of the counter-ion transport numbers through the anion and cation- 
selective membranes was calculated from (i) and (vi) and found to be 1-90, a value consistent 
with that obtained previously. 
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RESULTS AND DISCUSSION 
Symbols 


The following symbols are used: C, C = concentration of non-electrolyte inside and 
outside the membrane (mole/ml.); %= “ observed” transport number (total moles of 
non-electrolyte or total g.-equiv. of ion passing through membrane per faraday); #° = 
“true” transport number of non-electrolyte (moles of non-electrolyte passing through 
membrane by electro-osmosis per faraday); A,K = proportionality constants (#? = AC = 
KC); D = diffusion coefficient of non-electrolyte (cm.?/sec.); i = current density (A/cm.2).; 


5 Lane and Eynon, Analyst, 1923, 48, 221. 
* Miner and Dalton, ‘‘ Glycerol,” Reinhold Publ. Inc., New York, 1953, p. 206. 
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F = the faraday; / = membrane thickness (cm.). Subscripts C and A refer to cation- 
and anion-selective membranes. Subscripts D and R refer to the sides donating the 





counter-ions to, and receiving them from, the membranes. Superscripts ° and = refer 
to non-electrolyte and electrolyte. 
The results are shown in the Table. 
Pi i,° 
Current pPmcemesenincnenesten akg —<<<$sa_____., 
Run Non- density Calc. from Calc. from 
no. electrolyte (ma/cm.?) Obs. diffusion Obs. diffusion 
1 p-Glucose 40 0-025 0-00017 0-025 0-0013 
2 p-Glucose 20 0-030 0-00035 0-027 0-0027 
3 p-Glucose 10 0-026 0-00069 0-024 0-0053 
4 p-Glucose 3 0-016 —- 0-035 —_— 
5 p-Glucose 2 0-014 — 0-040 
6* p-Glucose 2 0-031 — 0-055 — 
7 Glycerol 20 0-035 0-00115 0-047 0-0074 
8 Glycerol 20 0-14 -= 0-20 — 


* Glycerol added to solutions in compartments 1 and 3 to reduce osmotic flow. 


The observed transport numbers of the non-electrolyte are compared in runs I, 2, 3, 
and 7 with the values if diffusion had been the only process causing transport. It is 
evident that the actual amounts of non-electrolyte passing through the membranes were 
1—2 orders greater than that attributable to diffusion. Further, in runs 1—3 the amounts 
transported per faraday were independent of current density, whereas transport by diffusion 
would have been inversely proportional to current density. It is, therefore, concluded that 
for these runs the major process causing movement of non-electrolytes was electro-osmosis. 
At higher concentrations of non-electrolyte (run 8), electro-osmosis gave rise to even 
higher non-electrolyte transport numbers. ’ 

It might be expected that, at the low current densities used in runs 4 and 5, the 
observed transport numbers of the non-electrolyte would have risen owing to an increased 
contribution from diffusion. In fact, although é,° increased, ép° decreased. This 
discrepancy is attributed to osmotic flow of water through the membranes. The concen- 
trations on both sides of the membranes were such that the osmotic flow was in the opposite 
direction to the movement of non-electrolyte and hence it could have reduced non- 
electrolyte transport. Osmotic flow in the expected direction was observed at zero 
current density. This explanation was confirmed by an experiment (run 6) in which 
glycerol was added to the solutions in compartments 1 and 3 to make their particle concen- 
tration identical with that in compartment 2. Thus the solutions on both sides of the 
membrane were approximately isotonic and flow of water by osmosis was reduced. Under 
these conditions at 2 ma/cm.?, ép° was slightly greater than and #,° twice the value observed 
at the higher current densities. The greater increase in #,° was due to the higher rate of 
diffusion of D-glucose through the anion-selective membrane. This rate was eight times 
that through the cation-selective membrane. 

In the absence of osmotic flow the total transport of non-electrolyte resulting from 
diffusion and electro-osmosis can be established by a simple theoretical treatment. Two 
assumptions are made: that Fick’s law is applicable and that transport by electro-osmosis 
is directly proportional to concentration. Then, at a plane within the membrane situated 
a distance x from the donating-side surface and at which the concentration is C, the total 
transport of non-electrolyte is given by 

ee DF dc 

i = AC — oe 
Integrating for the stationary state and using the boundary conditions that C = Cp 
when x = 0 and € = Cx when x = 1, we have: 


Ph [l — exp (—AU/DF)] 
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Putting Cp = «Cp, Cp = «Cy and K = <A, the relationship becomes: 


= K[Cp — Cx exp (—Kli/aDF)] (1) 
[1 — exp (—Ali/aDF)} es MS eX 
It will be noted that the contributions from electro-osmosis and diffusion are not directly 
additive. Now when A1/F > a«Dj/l, the contribution of diffusion to the non-electrolyte 
transport is negligible, so that #° = ¢° and equation 1 simplifies to 


Pee ee oe ae ee 
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Cz does not appear in equation (2); hence the true transport number of the non-electrolyte 
is independent of the receiving-side concentration and depends only upon the donating- 
side concentration. This conclusion holds even in the presence of significant flux of non- 
electrolyte by diffusion. In other words, if the total non-electrolyte flux consists of contri- 
butions from electro-osmosis and diffusion, then that part due to electro-osmosis is 
determined only by the donating-side concentration. This important conclusion is not 
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dependent upon the initial assumption that ¢° is directly proportional to concentration: 
the sole requirement is that ¢° should increase as the concentration of non-electrolyte 
increases.” 

In order to assess the importance of the loss of non-electrolyte by electro-osmosis in an 
electrodialysis process, consider a volume V (ml.) having a non-electrolyte concentration Cp. 
Let E equivalents of sodium chloride be removed by electrodialysis. The number of 
faradays required is E/(fo® + ¢,"— 1) and the loss of non-electrolyte is therefore 
E(to° + ta°)/(éc® + is5® — 1). Hence from equation (2) the percentage loss of non- 
electrolyte is E(K, + Kc)100/(V(i,® + ic® — 1). Now E/V is the change in electrolyte 
concentration AC” so that the percentage loss of non-electrolyte is: 

AC®(K, + Ke)100 (3) 
ie 4h,F—1 ae oy a 
that is to say, it is directly proportional to the change in electrolyte concentration. Cp 
does not appear in equation (3) and therefore the percentage loss of non-electrolyte must 
be independent of the non-electrolyte concentration. 

By means of values of Kg and K, calculated from runs 1, 2, and 3, and the appropriate 
value of 0-9 for io® + i,® — 1, percentage losses of non-electrolyte are calculated to be 
11:5,* 1-2, and 0-12 for changes in salt concentration of 2-0, 0-2, and 0-02n. Thus a sig- 
nificant loss can occur when the change in salt concentration is sufficiently large. 


* This value is appreciably underestimated since the solution volume is reduced considerably, owing 
to loss of water by electro-osmosis, when the salt concentration is changed by 2-0n. 


* Cf. Kressman and Tye, Trans. Faraday Soc., 1959, 55, 1441. 
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Finally it is of interest to compare the quantities of D-glucose and water transferred 
electro-osmotically with the quantities present in the donating solution. The amount 
of water transferred per faraday is obtained from the experimental results but this cannot 
be directly equated to electro-osmotic flow since water is also transferred by simple 
osmosis. The two phenomena can be separated by extrapolation to infinite current 
density where the osmotic flow per faraday must be zero. Fig. 2 shows a suitable plot 
for runs 1—6, from which a value of 4o°(H,O) + ¢4°(H,O) of 8-8 is obtained. This is 170 
times the average value, 0-052, of #o°(D-glucose) +- ¢,°(D-glucose) obtained in runs 1—3, 
The average value of the molar ratio H,O : p-glucose in the donating solution was 47:1. 
Thus considerably more water is transported electro-osmotically than would be expected 
from the composition of the donating solution. This effect could arise from three pos- 
sible causes: (i) the non-electrolyte content of the movable pore fluid is different from 
that of the donating solution, (ii) D-glucose is subject to an extra restrictive force in 
the membrane on account of its size, (iii) water is transported by electro-convection and as 
water of hydration while D-glucose is transported by electro-convection only.® For (iii) 
to account for the observed results, the sum of the primary solvation numbers of Na* and 
Cl- would have to be 7, a not unreasonable value. 


The authors thank Dr. T. R. E. Kressman for his interest in the work and his help in the 
preparation of the paper, and the Directors of the Permutit Co. Ltd. for permission to publish it, 


THe Permutit Co., Ltp., GUNNERSBURY AVENUE, 
Cuiswick, Lonpon, W.4. (Received, August 26th, 1959.] 


8 Despic and Hills, Discuss. Faraday Soc., 1956, 21, 150, 204. 


128. The Periodate Oxidation of the Inositols. 
By G. R. BARKER. 





The structures of the isomeric inositols are in line with their behaviour 
towards periodate when this is interpreted according to Barker and Shaw’s 
views } on complex formation. 


It has recently been found by Barker and Shaw ' that, in solutions buffered at pH 7, the 
periodate ion reacts with certain cyclic cts-cis-1,2,3-triols to form complexes which 
decompose relatively slowly to give the oxidation products. It was assumed that the 
formation of such complexes requires the adoption of the conformation of the six-membered 
ring in which two of the participating hydroxyl groups occupy axial positions, and this is 
in agreement with an explanation of the stability of triesters of periodic acid subsequently 
put forward by Nevell.? Thus the progress of periodate oxidation under these conditions 
can yield information concerning both configuration and conformation in six-membered 
cyclic triols. Since the configurations of some of the inositols are based on complex argu- 
ments, it was of interest to examine their behaviour towards periodate. 

Of the nine isomeric inositols, muco-, D- (and L-) and scyllo-inositol have no cis-cis- 
triol system, and in agreement with this gave no evidence of complex formation (see 
curves I, II, and III). 

In presence of neoinositol, determination of free periodate indicated a rapid con- 
sumption of 2 mols. after which reaction was slow (curve IV). This is in agreement with 
the presence in the molecule of two cis-cis-triol systems, both of which can simultaneously 
take up the required shape for complex formation. Myoinositol possesses a cis-cis-triol 
structure, but was completely oxidised rapidly (curve V) and showed no evidence of 
complex formation; this is attributed to the fact that formation of a complex would 
necessitate the adoption of a highly unfavourable conformation in which all but one 


1 Barker and Shaw, J., 1959, 584. 
2 Nevell, Chem. and Ind., 1959, 567. 
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hydroxyl group occupy axial positions. Differences between total atomic overlap in the 
two conformations have been calculated for the inositols as previously carried out for the 
pyranose sugars 1 and are shown in Table 1. These calculations show that in the case of 
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Rate of reaction of inositols with periodate at pH 7. 


myoinositol, the difference between overlaps is of the same order as for -mannose which 
also failed to form a complex.! It may also be seen from Table 1 that in the case of 
neoinositol, which also can form a complex only in the unpreferred conformation, the 
difference between overlaps is approximately half that for myoinositol. Thus the behaviours 
of these two inositols are in agreement with their accepted structures. 


TABLE 1. Difference between total atomic overlaps for two chair conformations of 
inositol rings. 


Difference Difference Difference 
between between between 
Compound overlaps (A) Compound overlaps (A) Compound overlaps (A) 
Alloinositol ......... 0 D-Inositol ............ 0-70 Myoinositol ......... 1-48 
cis-Inositol ......... 0 Neoinositol ......... 0-7 Scylloinositol ...... 2-22 
Mucoinositol ...... 0 Epi-inositol ......... 0-84 


cis-Inositol and epi-inositol behaved very similarly to each other (curves VI and VII). 
The shape of the curves suggests that complex formation may take place with one mol. of 
periodate, but the break in the curve is not as marked as with cis-cis-cyclohexane-1,2,3- 
triol.! This slightly different behaviour cannot be due to failure to adopt the required 
conformation, since both forms would be expected to form complexes. (It should be noted 
that, although cis-inositol possesses two cis-cis-triol systems, only one set of three hydroxyl 
groups can take up, at a given time, the positions necessary for complex formation.) The 
behaviour of these two inositols is tentatively ascribed to the fact that, after a complex 
has been formed, there remain two’1,2-glycol groups which can be attacked by periodate 
with fission of carbon-carbon bonds in the usual way. Similar behaviour would be 
expected with alloinositol for the same reason, since, here also, both conformations would 
allow of complex formation. It was found, however, that disappearance of free periodate 
in presence of alloinositol (curve VIII) took place much more rapidly than with cis- and 
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epi-inositol. Reaction of alloinositol with periodate was not as rapid as with, for instance, 
muco-, and D-inositol and its behaviour is believed to be due to initial complex formation 
followed by a rapid secondary attack by periodate on the already complexed molecule. 
Secondary attack on complexes cis- and epi-inositol is believed to take place more slowly 
for reasons outlined below. 

First, examination of the complex assumed to be formed initially with alloinositol (A), 
suggests that secondary attack by periodate will take place readily along the direction 
shown by the arrow. On the other hand, secondary attack on complexed cis-inosito] 
would have to take place from a sterically unfavourable side of the molecule as shown (B), 
Such a steric effect cannot explain, however, why disappearance of free periodate in 
presence of epi-inositol takes place more slowly, after the first few minutes, than with 
alloinositol. It is suggested that this is due to the fact that all free hydroxyl groups in 
complexed epi-inositol are equatorial (C). It is seen (curve III) that oxidation of scyllo- 


HO 





HO 





(A) (C) 


inositol takes place more slowly than that of other non-complexing isomers, and it is 
almost certain (see Table 1) that this inositol carries all its hydroxyl groups in equatorial 
positions. The slower oxidative fission of a diequatorial diol may possibly be due to the 
unfavourable positions taken up by the oxygen atoms in such a cyclic triol. If complex 
formation takes place with three hydroxyl groups as indicated in (A—C), it follows that 
the pair of oxygen atoms occupying respectively axial and equatorial positions on adjacent 
carbon atoms are favourably placed for combination with periodate. The distance 
between these oxygen atoms cannot be calculated but will be different from that between 
adjacent equatorial oxygen atoms because the ring will be distorted by repulsions between 
non-bonded atoms, but it would appear likely that the distance between an equatorial 
and an adjacent axial oxygen atom in the distorted molecule is more favourable for attack 
by periodate than the distances between adjacent equatorial oxygen atoms either in a 
distorted molecule or in a relatively undistorted molecule such as in scylloinositol. 

It is seen that only in the case of neo-inositol can positive evidence in support of the 
configuration of the hydroxyl groups be obtained from periodate oxidation. Absence of 
complex formation is expected with muco-, D- (and L-), scyllo-, and myo-inositol. The 
behaviours of cis-, epi-, and allo-inositol are more complex, but are believed to be in 
accordance with the accepted structures. 


EXPERIMENTAL 

Periodate Oxidations.—These were carried out as previously described,! except that in the 
case of neoinositol, which dissolves only slowly, the compound was dissolved in water before 
addition of oxidant. 

Calculation of Atomic Overlaps.—The same values for bond lengths and van der Waals 
radii of atoms were used as previously.!_ In view of the shorter length of the C—O bond than 
of the C-C bond, interatomic distances in carbohydrate molecules were calculated by spherical 
trigonometry, but the greater symmetry of the inositol ring enables a simpler method of 
calculation to be used. This involves the assumptions, first, that the C;,-Ci) and Cqy-C,,) bonds 


TABLE 2. Overlap of pairs of atoms in the chair conformations of the inositols. 
(ax = axial) 


Interaction between Overlap (A) 
lee I ND Wick ec atande ctiivediececisiniateds 0-07 
Cy and Ow-s) (ax) PTITITITITITITITT TTT TTT Tire 0-11 
Ow-y» (a) and He-_» (ax) eeccccccccccccccccsceecs 0-06 


Ow-1 (a) and Ow-s) (ax) TTT TITTTiT TT TTT TTT 
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are parallel and, secondly, that the bonds of adjacent carbon atoms are in the fully staggered 

ition. These assumptions result in only a small difference in total overlap when compared 
with the figure arrived at by the previous method of calculation. The overlaps of pairs of 
atoms attached to the ring and of ring atoms and substituents are shown in Table 2. 


The author is indebted to Professor S. J. Angyal and Dr. C. E. Ballou for the gift of materials 
and to Dr. D. F. Shaw for carrying out the first experiment with myoinositol. 


UNIVERSITY OF MANCHESTER, MANCHESTER, 13. [Received, June 22nd, 1959.]} 





429. Studies in Stereochemical Structure. Part XIII.* Deriv- 
atives of the Hydratropic Acids and Hydratropic Alcohols. 


By Ropert RoGER and Douctas G. NEILSON. 


(—)-Hydratropic acid has been obtained from the (+)-acid by use of 
(—)-ephedrine and reduced to (+)-2-phenylpropan-l-ol. The alcohol was 
converted into (+-)-2-phenylpropyl (—)-mandelimidate which gave a (—)- 
mandelamidinium chloride of approximately 63% optical purity. 


(+)-HyDRATROPIC ACID was isolated first by Raper? by using strychnine; Arcus and 
Kenyon? modified Raper’s method and thereby also obtained a small portion of the 
(—)-acid. The use of quinine by Levene and Marker * and by Fredga * gave the (—)-form 
of the acid; the latter also obtained the (+)-form with strychnine. Roger ® obtained 
both forms of mandelic acid in good yields with ephedrine and this led us to apply the same 
method to hydratropic acid. This alkaloid, however, gave only the pure (—)-form, the 
crude (+-)-a¢id forming an uncrystallisable oil with only half the optical value of the pure 
(—)-form. The following Table shows the specific rotations obtained by various workers 
for the optically active hydratropic acids. Clearly, with the exception of the values 
quoted by Levene and Marker, there is good agreement between these figures. 


Alkaloid used [a] 5893 {«] 5461 Solvent Temp. Authors 
Strychnine .............0 +76-2° _- * CHCl, 20° Raper ! 
PER inckdh ovvcsessvecs —74-1 —_— Homog. 25 Levene and Marker ® 
Strychnine ..........0.00 +94-2 _— Homog. 16 
— +111-5° Homog. 19-4 Arcus and Kenyon ? 
una esexnamiaied +748 CHCl, _— 
so. yh whee canning ie — +110-3 C,H, — 
IN, ign accnsctareennse — 79-1 -- EtOH 25 
Pet. neavenekecususe — 75-3 — CHCl, 25 Fredga 
UONOMMIND 5 ..csvesivcees +79-0 -- EtOH 25 
PIOEIRO: .0.i.cssscseces — — 109-6 Homog. 19 } This paper 
a a ole Vegmns-obinipadene —- —113-1 C,H, 19 


The optically active forms of 2-phenylpropan-l-ol were isolated first by Cohen, 
Marshall, and Woodman ® by resolution of the (+)-alcohol; they record [aJsg93 +-15-3° 
(homogeneous). The value, [jsg9; -+-3-3° (homogeneous), for the product obtained by 
reduction of (+-)-hydratropic acid with sodium and alcohol by Levene, Marker, and 
Rothen? may be due to the starting material’s being partly racemised. Eliel and 
Freeman § obtained a similar value after reduction of the (—)-acid with lithium aluminium 
hydride but recognised that their starting material was four-fifths (+)-acid. From pure 


Part XII, J., 1959, 688. 


Raper, J., 1923, 2557. 

Arcus and Kenyon, J., 1939, 916, 

Levene and Marker, J. Biol. Chem., 1933, 100, 685. 
Fredga, Arkiv Kemi, 1954, 7, 241. 

Roger, J., 1935, 1544. 

Cohen, Marshall, and Woodman, /J., 1915, 107, 887. 
Levene, Marker, and Rothen, J. Biol. Chem., 1933, 100, 589. 
Eliel and Freeman, J. Amer. Chem. Soc., 1952, '74, 923. 
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(—)-hydratropic acid and lithium aluminium hydride we have obtained an alcohol 
alftes +16-7°, [ol5%e. +20-54° (homogeneous), a value above that reported by Cohen, 
Marshall, and Woodman.® Eliel and Freeman,® however, have calculated that Cohen, 
Marshall, and Woodman’s figure is approximately 15% too low. There is little reason to 
think that any racemisation has occurred during the reduction as “ lithium aluminium 
hydride does not normally affect the configuration of an asymmetric centre carrying a 
reducible group.” ® Baker and Jenkins ® make a similar claim in the reduction of (+). 
2,4-diphenylbutanoic acid to (-+-)-2,4-diphenylbutan-l-ol, and this is of interest as 
(+-)-2,4-diphenylbutanoic acid and (—)-hydratropic acid both have easily racemisable 
systems according to McKenzie’s racemisation rule 48, Noyce and Denney ™ oxidised 
(—)-2-methylbutan-l-ol to (+-)-2-methylbutanoic acid which they then reduced with 
lithium aluminium hydride to give the starting alcohol with undiminished rotation. 

The treatment of (--)-mandelonitrile * (I) with (--)- and (+)-2-phenylpropan-l-ol in 
anhydrous ether—-hydrogen chloride gave the corresponding 2-phenylpropyl (-+)- 
mandelimidate hydrochlorides (II). These salts were decomposed to the imidates by 
alkali. The crude (+)-2-phenylpropyl (--)-mandelimidate was roughly separated into 
diastereoisomers on crystallisation from petroleum. One diastereoisomer (III) had [j, 
—84-3°, whilst another crop apparently exhibited no rotatory power at that wavelength. 


(+)-Ph*CH(OH)*CN ——  (-L)-Ph*CH(OH)*C(O*CHg*CHMePh):NH,Cl (++) ——> 


(1) (I) 
(—)-Ph*CH(OH)*C(O*CHg*CHMePh):NH (+) ——t> (—)-Ph*CH(OH)*C(NH,):NH,CI 
(IID) (IV) 


The first of these was converted into (—)-mandelamijdinium chloride (IV) by addition of 
the calculated amount of alcoholic ammonia; a large excess of ammonia must be avoided 
since this can cause racemisation.‘® The (—)-amidinium chloride had [&ji§,, —56° as 
compared with Reid’s value of [aJi{,, —88-9°. Optical activity has been maintained 
throughout this series of reactions, therefore, to the extent of about 63%, but the small 
amount of material available precluded further investigation. 


EXPERIMENTAL 
All specific rotations are measured in a 2-dm. tube unless otherwise stated. 

(+)-Hydrvatropic Acid—Commercial (+)-hydratropaldehyde (53-6 g.) in rectified spirits 
(160 ml.) was mixed with hydroxylamine hydrochloride (33-6 g.) in warm water (40 ml). 
Sodium hydroxide solution (24 g. in 32 ml. of water) was then added slowly. After 3 hr., 
crushed ice (200 g.) and a small quantity of solid carbon dioxide were added, and the mixture 
was then kept overnight. The dried ether extract (Na,SO,) yielded the aldoxime (45 g.), b. p. 
133°/11 mm.; this was dehydrated for } hr. with refluxing freshly distilled acetic anhydride 
(80 g.), and the mixture then treated with concentrated sodium hydrogen carbonate solution. 
The ether extract gave (-+-)-hydratroponitrile (30 g.), b. p. 106°/12 mm., and acetophenone 
oxime acetate, m. p. 56° (Found: N, 8-0. (C,,H,,O,N requires N, 7:9%). The nitrile was 
hydrolysed by boiling concentrated sodium hydroxide for 18 hr. The acidified solution on 
extraction with ether yielded (+)-hydratropic acid (28 g.), b. p. 148°/12 mm. 

(+)-2-Phenylpropan-1-ol.—(+)-Hydratropaldehyde was reduced with aluminium iso- 
propoxide to give (+-)-2-phenylpropan-1l-ol, b. p. 116—117°/18 mm., in 73% yield. 


Battersby, Ann. Reports, 1956, 58, 160. 
‘0 Baker and Jenkins, J]. Amer. Chem. Soc., 1949, 71, 3969. 
't McKenzie and Wren, J., 1919, 115, 602. 

12 McKenzie and Smith, /., 1922, 121, 1348. 

13 Idem, Ber., 1925, 58, 894. 

14 Noyce and Denney, J. Amer. Chem. Soc., 1950, 72, 5743. 
18 Org. Synth., Coll. Vol. I, p. 329. 

16 Reid, Ph.D. Thesis, St. Andrews, 1949. 
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Resolution of (+)-Hydratropic Acid with (—)-Ephedrine.—(—)-Ephedrine (40 g.) and .(+)- 
hydratropic acid (32 g.) were dissolved in warm aqueous alcohol (160 ml.; water : alcohol = 
3:1 v/v). The salt which crystallised overnight at 0° was crystallised five times from 75% 
aqueous alcohol (120 ml.). The final crop was decomposed with 5n-sulphuric acid to give 
(—)-hydratropic acid (6 g.), b. p. 147°/11 mm., m. p. 29°, asfe, —60-30° (homogeneous, / 0-5), 
‘aif, —113-1° (¢ 3-58 in benzene). 
~- Decomposition of the mothe: liquors yielded a (+-)-hydratropic acid, «}%,, +28-0° (homo- 
geneous, / 0-5), which did not crystallise. 

Reduction of (—)-Hydratropic Acid.—(—)-Hydratropic acid (15 g.), [alsgg, —113-1° (in 
benzene), in ether was added to an excess of lithium aluminium hydride (6 g.) in ether; stirring 
was continued for 4 hr. and the mixture then refluxed for $ hr. The complex was worked up 
in the usual way, and the ether extract shaken with sodium hydrogen carbonate solution. 
(+)-2-Phenylpropan-l-ol (11 g.) had b. p. 115°/17 mm., agao3 +8-4° (homogeneous, / 0-5), 
(aledos +16-7°, [o]sie. + 20-54° (homogeneous, / 0-5, d 1-0049). 

(+)-2-Phenylpropyl (+)-Mandelimidate Hydrochloride.—(+-)-2-Phenylpropan-l-ol (6-8 g.) 
and (-+-)-mandelonitrile (6-7 g.) were treated in anhydrous ether with dry hydrogen chloride 
(0-05 mole) at 0°. After 24 hr. in an ice-chest, the mixture had deposited crystals of (+)-2- 
phenylpropyl (-)-mandelimidate hydrochloride (3-5 g.), m. p. 128—129° (decomp.). 

(+)-2-Phenylpropyl (+)-Mandelimidate Hydrochloride——This was prepared, as for the 
racemic compound, from the (+-)-alcohol, asgg3 + 8°4° (homogeneous, / 0-5); but the anhydrous 
ether was added 1 hr. after absorption of hydrogen chloride. After 24 hr. at 0°, the crude 
imidate was filtered off, taken up in cold, dry ethanol, and reprecipitated with anhydrous 
ether. The last traces of diluent were removed by a porous plate. (-+-)-2-Phenylpropyl (+)- 
mandelimidate hydrochloride had m.'p. 115—116° (without evolution of gas), [aJi%.. —15-1° (c 
1-01 in ethanol) (Found: Cl, 11-9. C,,H,,0,NCI requires Cl, 11-6%). 

(+)-2-Phenylpropyl (—)-Mandelimidate.—(-+-)-2-Phenylpropyl (-+-)-mandelimidate hydro- 
chloride (8 g.), [cJ$%4. —14-8° (in ethanol), prepared from (-+-)-alcohol, ass; +-8-08° (homo- 
geneous, / 0-5)], was shaken with sodium hydroxide solution (40 ml.; 4N) and immediately 
extracted with ether, which, when dried, was removed under reduced pressure at 20°. The 
crude imidate base (5 g.) was recrystallised from petroleum (b. p. 60—80°) containing a trace of 
alcohol. 

There resulted two crops (A and B) of crystals and an unidentified red oil. Crop A, 
consisting of (+-)-2-phenylpropyl (-+-)-mandelimidate, softened at 82°, melted at 88—89°, and 
had [a|}{s, —13-9° (c 0-98 in ether). One further crystallisation of crop A from the same solvent 
yielded a (+-)-2-phenylpropyl (—)-mandelimidate (0-15 g.), m. p. 108—109°, [aj}%,, —84-3° (c 
0-55 in ether) (crop C). Crop B had [ajff,, 0°0° (c 0-57 in ether), and m. p. similar to that of 
crop A. 

The hydrochlorides of crops B and C were re-formed. Crop B yielded a hydrochloride, 
{alits. —13-7° (c 0-874 in ethanol), having a small but definite difference in rotatory power from 
(+)-2-phenylpropyl (+)-mandelimidate hydrochloride. Crop C gave (+)-2-phenylpropyl (—)- 
mandelimidate hydrochloride (0-15 g.), m. p. 121—122°, [a§§,, —92-3° (c 0-47 in ethanol). 

(--)-Mandelamidinium Chloride.—(+-)-2-Phenylpropyl (—)-mandelimidate hydrochloride 
((@lsue. —92-3°; 0-1 g. in 20 ml. of ethanol) was treated with dry alcoholic ammonia (0-4 ml.; 
1-5n) and shaken for 4 hr. The solvent was removed under reduced pressure, and the amidin- 
ium chloride taken up in alcohol and reprecipitated with ether. (—)-Mandelamidinium chloride, 
(alsten —56-0° (c 0-155 in water), softened at 165°, resolidified and melted again at 217°. A 
mixture with pure (—)-mandelamidinium chloride had the same m. p. Roger and Reid,'* 
who prepared (—)-mandelamidinium chloride (Found : N, 14-9. C,H,,ON,Cl requires N, 15-0%) 
from amygdalin, recorded [a]5{,, —88-9° (in water), m. p. 166—167°, resolidifying at about 185° 
and finally remelting at 214°—the m. p. of (-+-)-mandelamidirium chloride. Our amidinium 
chloride had an optical purity of about 63%. 


QUEEN’s COLLEGE, DUNDEE, UNIVERSITY OF ST. ANDREWS. [Received, June 29th, 1959.} 
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130. The Effect of Deuteration on Electron Distribution and Energy of 
Conjugated Molecules. Part II1I.* LCAO-MO Treatment of Ethyl- 
carbonium Ion and its Methyl-deuterated Analogue. 


By (Mrs.) A. Ron, E. A. HAevi, and R. PAuncz. 


The effect of deuteration in the methyl group on the z-electron energy 
and charge distribution of the static model of ethyl carbonium ion CH,°CH,* 
is investigated, by the LCAO-MO treatment. The principal effects are those 
of increased D,=C overlap and increased effective electropositivity of the D, 
pseudoatom, which oppose one another. The combined effect cannot be 
determined unambiguously, but the calculations are consistent with hyper- 
conjugative destabilisation of the deuterated carbonium ion, which may be 
significant in connection with solvolytic secondary isotope effects. 


In Part II * of this series we discussed the effect of deuteration in the methyl group on the 
energy and electron distribution of toluene. The two principal factors in that system 
were (i) the greater effective electropositivity of the D, pseudoatom relative to the methyl- 
carbon atom and (ii) the increased overlap between the orbitals of appropriate symmetry 
in the D,=C group. 

In the present paper we extend the investigation to positively charged molecules such 
as alkyl carbonium ions. Our interest in this problem arose from observation of secondary 
isotope effects in solvolysis,+? where it appears that deuteration on the carbon atom beta 
to the leaving group generally decreases the rate of solvolysis to the extent of from several 
percent to several tens of percent. Effects of this magnitude correspond to an activation- 
energy difference of 30—120 cal./mole. Since the electronic energies of non-vibrating 
isotopic molecules are necessarily the same, these effects must be vibrational. It was thus 
assumed that they could be described only in terms of vibrational frequency shifts and 
could be calculated with the aid of an extension of Bigeleisen’s usual treatment ?® to 
secondary isotope effects, whilst neglecting anharmonicity. 

Our aim is to explore whether consideration of differences in mean configuration between 
isotopic molecules, arising from the anharmonicity of the lowest vibrational levels, could 
afford a way of dealing with energetic effects of this order of magnitude. In effect, such 
an approach means substituting for the vibrating molecule a conceptual rigid model, fixed 
at its mean configuration over the lowest vibrational level, and considering the electron 
distribution and electronic energy of the slightly different models for isotopic molecules. 

The activation energy of carbonium ion formation is difficult to estimate, since it 
depends critically on the geometry and charge distribution of the transition state. We shall 
here consider explicitly only the x-electron energy of the free gaseous ion, leaving open the 
question of how closely a given transition state resembles it. Chemically the solvated ion 
is the interesting entity, but at this point only the qualitative statement can be made that 
the solvation energy should be greater the more concentrated the charge. 

Restriction to the x-electron system necessarily implies neglect of inductive effects in 
the o-framework, which must be taken as a superimposed additional effect. Inductive 
electron release from an isolated C-D bond appears to be easier than from C-H,5® and 
non-bonding interactions would tend to augment this.? From the strengths of «-deuterated 


Part II, J., 1959, 1974. 


Lewis ef al., J. Amer. Chem. Soc., 1952, 74, 6306, and later papers. 

Shiner e? al., ibid., 1953, '75, 2925, and later papers. 

Bigeleisen, J. Chem. Phys., 1949, 17, 675. 

Streitwieser, Jagow, Fahey, and Suzuki, J. Amer. Chem. Soc., 1958, 80, 2326. 
Tiers, J. Chem. Phys., 1958, 29, 963. 

Elliott and Mason, Chem. and Ind., 1959, 488. 

See Part II for discussion and references. 
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carboxylic acids and amines we may assess the magnitude of the inductive effect of CD, 
relative to CH, to be some 70 cal./mole.® 

Method of Calculation.—The framework for the treatment of ethyl carbonium ion was 
set up by Muller and Mulliken.® Since we are here dealing with isovalent hyperconjug- 
ation,®!° in which a unit of positive charge is spread over the molecule, our method of 
calculation differs in several respects from that employed in Parts I and II. The presence 
of the greater net charges requires a self-consistency procedure, as outlined, for example, 
by Muller and Mulliken, and, for essentially the same reason, the additional small charges 
transmitted by induction in the o-framework and expressed by the coefficient ¢ in Parts 
I and II can here be reasonably neglected. 

Since the parameters which we adopted in Parts I and II differ somewhat from those 
used by Muller and Mulliken in their calculation for the ethyl carbonium ion, we repeated 
the calculations for this molecule with our parameters. The value of the free parameter 
that appears in the self-consistency prodecure, w (which relates the coulomb integral on a 
given atom to its charge density), was chosen so as to yield a value of the delocalisation 
energy (vertical hyperconjugation energy) of the ethyl carbonium ion in agreement with 
that given by Muller and Mulliken. 

The iteration procedure was carried out in this and subsequent calculations until self- 
consistency was reached to within +0-000058, in the total energy and +0-00005 in the 
charges. This generally required 6—10 iterations for each of the localised and delocalised 
models. 

The results are given in Table 1. 


TABLE 1. 

1.9 8.4 

H,=C-C=H, 
w = 1-30 8, = —0-45 5, = 8, = 0 5, = —0-30 

Sis = Sug = 0625 Sag = 0-26 

_ q2 qs %% 
0-3465 0-0546 0-4302 0-1687 
Exon, = 7a + 10-1795B, 
Eo, = Tx + 941308, 
Edctcc. = + 0-7665B, 





Charges on the atoms: 


The Effect of Configurational Changes.*—We shall assume, as in Part II, that the changes 
in bond length and angle on going from a methyl group to a deuterated methyl group are 
in the range: 

(rox — rop) = 0-004 — 0-009 A 
(xnop — %ncn) = 0-003, — 0-005 radian 


and we have shown that these correspond to a variation of the overlap intergral in the 
range: 
AS}9/Sy. = 0-003 — 0-006 


where Sy = 0-25 and S,, = 2-5S,. 

The change in electropositivity is more difficult to assess accurately. If it is ascribed 
principally to the H - - - H non-bonding interactions, it depends on the difference in mean 
H-.-H distance, Al, which lies in the range: 


—nl = 0-004 — 0-013 A. 


* For notation see Part II. 


§ Halevi, Nussim, and Ron, unpublished results. 
® Muller and Mulliken, J. Amer. Chem. Soc., 1958, 80, 3489. 
1 Mulliken, Tetrahedron, 1959, 5, 253. 
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In the case of toluene, the conclusions were not affected by the precise values of the 
parameters, so rounded median values were taken as follows: 


AS,, = 0-015, 
A8, = 0-028, 


Taking values of Sy, and 3, altered accordingly to represent the effect of changing the 
mean configuration to that of D,=C-C=H,*, we obtain energetic quantities that differ from 
those of the parent molecule (Table 1) to the extent shown in the first column of Table 2, 
All energies are in units of 8p. 

In view of the relative sensitivity of isovalent hyperconjugation to variations in the 
parameters, it was surprising that the effect on the energetic quantities was so small. In 
the case of toluene it was shown in Part II that varying S,, and 8, separately introduced 
opposing effects of similar magnitude, and so the calculations were repeated with each 
of the two parameters varied while the other was held constant. The results appear in 
columns 2 and 3 of Table 2. Comparison with the data given in Tables 1 and 3 of Part II 
shows that varying either the overlap or the electropositivity operates in the same direction 
as in toluene, but the effect is larger by a power of ten in the ethyl carbonium ion, corre- 
sponding to some 200 cal./mole * in the delocalisation energy. 


TABLE 2. 
Column: 1 2 3 4 
ASy, = 0-:0025 AS,, = 0-0025 AS, = 0 (Sum of 
Aé, = 0-01 As, = 0 Ad, = 0-01 columns 2 and 3) 
IoC ee ea ee ae —0-0035 +0-0125 —0-0165 —0-0040 
ig OS Eee —0-0045 +0-0151 —0-0198 —0-0047 
ia stvemieisiaibiteis —0-0009 —0-0026 -+0-0033 +0-0007 


Since the slight net effect of the combined change arises from a difference between two 
greater opposed effects, it follows that it was quantitatively unjustified to use rounded 
median values of the parametric changes, but rather was advisable to evaluate the resultant 
effect at several assumed configurations of the deuterated molecule, within the estimated 
range of difference from the parent molecule. 

Moreover, the sum of the two separate effects, given in column 4, is in good agreement 
with the results of the combined variation (column 1). This additivity, which could have 
been foreseen as a necessary consequence of the superposition of two first-order perturb- 
ations, allows us to estimate the net effects at different assumed configurations by evaluating 
the effect of each factor separately and then combining them. 

Variation of Energetic Effects with Configurational Differences.—The variation of Sy, 
with bond length and angle was given in equation 5 of Part IT: 


AS yo/Syp = —O-0dr + O-3B4dy =. =... . . ( 


in which ¢ is in A and x in radians. The variation of 8, with J, the H---H distance, may 
be calculated by I’Haya’s treatment,™ which in our range yields: 


+ d3,/8, = 2-47dI baie tp? y Hoty i lial 


Using equation 6 of Part II, which expresses the dependence of / on bond length and angle, 
we obtain: 
d3,/8, = 404dr+157dy . . ..... (9) 


* The magnitude of 8, has been variously estimated. It should lie in the range 60—80 kcal./mole. 
" T’Haya, J. Chem. Phys., 1955, 28, 1165. 
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From a number of calculations with different values of the parameters 8, and S,,, we 
obtain the following dependence of the energetic quantities, in units of 8p: 


Emov. = 7a + 10-1795 + 1-6508A8, + 5-1264AS,, } 


4 
E detoc, = 07665 — 0-3272A3, — 0-9024AS 0 ) 


In Table 3 are shown the extreme values allowed for Ay and Ay. Although differences 
in bond length and bond angle between the isotopic variants must be interrelated, we have 
had to postulate their independence in order to arrive at an estimate of each." Conse- 
quently the uncertainties in these quantities must also be regarded as independent, and 
in principle any of the four combinations of the two limiting values of each are equally 
acceptable. Of these four, the two combinations which yield the extreme energetic 
differences are: 

A Ar = —0-009 A; Ay = 0-0035 radian 
B dr = —0-004 A; Ay = 0-005 radian 
These yield the relevant differences in the delocalisation energy, as follows: 
A AE getoc. = +0-0015B5 
B AE getoc. = —0-00068, 


We see that, within the limits of our uncertainty as to the exact configurational 
differences between the isotopic molecules, the hyperconjugation energy could be either 
greater or less in the deuterated molecule. In any event the magnitude of the effect is of 
the order of 50—100 cal./mole, a significant quantity from the point of view of secondary 
isotope effects. 


TABLE 3. 
(Sy, = 0-625; 8, = —0-45) 
Ar (A Ax (radians) 
8 — 0-004 — 0-009 +0-0035 +0-0050 
Contribution to ASj, ........seeeeeeeee +0-0012 +0-00281 +0-00075 +0-00106 
SAIINUTIO BO BB, ..0.ccleccccceseseess —0-0078 —0-0167 +0-0022 +0-0033 


Effect of Normalisation Procedure.—In the calculations discussed so far, we used Muller 
and Mulliken’s normalisation procedure: 
MD oof) oi mee ol 


r 


In view of the sensitivity of our calculations to small parametric changes, and the 
consequent ambiguity of the results, we repeated them using Coulson and Chirgwin’s 
more accurate normalisation procedure,!* which takes overlap into account: 


> Die Sr Cn = ye a eae dt aru eee 


since it would be even more unsettling were the result to depend critically on the method 
of calculation employed. 

Using the same value of the parameters as before, but altering » to 1-35 in order to 
obtain a reasonable value of Eacicc., we found for the reference molecule the values given 
in Table 4. 

The variation of the energetic quantities with the changes in the parameters were here, 
as usual in units of 8): 


Exmov. = 7% + 10-2436 + 1-6696A3, oa 4-8128AS,, os. (5) 
Edctoc. = 0°7384 — 0-2892A38, — 1-2320AS,, 
#2 Halevi, Trans. Faraday Soc., 1958, 54, 1441; see also Part IT. 


#8 Coulson and Chirgwin, Proc. Roy. Soc., 1950, A, 201, 196. 
b 4 
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TABLE 4. wo 





1 33 4 des 
H,=C-C=H, ati 
w=136 82-045 8=38,=0 8 = —0-30 
Sia = Su = 0-625 Sg = 0-26 
cor 
; ss ee ee i 
Charges on the atoms: 93159 0:0316 05006 0-1488 
Emov, = 7a ++ 10-2436, 
Evcc, = Tx + 9-50528, sy! 
Edeioc. = 0°73848, cor 
Here too the same extreme configurations, A and B, yielded the limiting effects: be 
A AE detoc. = —0-0002 . 
q Vi 
B AE getoc. = —0-0016 os 


Comparison of equations (4) and (5) shows that the two methods of calculation yield 
the same trends. Normalisation procedure (C) favors AS,, slightly more than does 
procedure (M), so that now the deuterated carbonium ion has less hyperconjugation fro 
energy than the normal molecule throughout the range of its assumed mean configuration, f 
the extent of this destabilisation being anything up to some 100 cal./mole. 

Effect of Initially Assumed Value of 8,.—In all the calculations so far, as in Part II, we 
have assumed, 8, = —0-45. This assumption was based on the qualitative argument me 
that the columb integral of a methyl group is greater than that of a methylene group, for tot 
which I’Haya™ calculated a value of 8, = —0-3. This argument is not compelling, and the 
difference between the coulomb integrals of the H, and the H, pseudoatom may be con- 















siderably smaller. With this in mind, it seemed advisable to repeat the calculations with In 
8, = 8, = —0-3, to ascertain whether the results are affected by the initial choice of 3. Fin 
Normalisation was carried out according to (M) (see Table 5). me 
we) 
TABLE 5. 
1234 en 
H,=C-C=H, di 
w=135 8&=3=-—03 8 =—38,=—0 
Sin = Sy = 0-625 = Sy, = 0-26 w 
> ie. q2 qs %% ‘ 
Charges on the atoms: 75953 90800 04453 0-1794 in 
Emov. = Tx + 10-5025B, 
Exoc, = 7a + 9-7097B, 7 
Eetoc. = 9°7928B, we 
fae Pls It 
The variation with the parameters was found to be: ise 
se 


Emov, = Tx + 10-5052 + 1-1080A8, + 5-1840AS,, \ 6 
) 


Egeoc. = 07928 — 0-2148A38, — 0-8640AS,, 
resulting at the limiting configurations in: 


A AE getoc. = +0-0001 
B AE getoc. = —9-0010 





Here too, as in the two earlier sets of calculations, the trends are the same. The results 
favour a decrease in delocalisation energy throughout the range, varying from virtually 
zero to some 70 cal./mole. 

For completeness, we might have calculated yet another set of data, using normalisation 
procedure (C) with an initial value of 3, = —0-3. However, it is certain that the trends 


fr 








- yield 
- does 
zation 
ation, 


IT, we 
iment 
ip, for 
1d the 
= con- 
3 with 
of 3,. 


(6) 


esults 
tually 


ation 








(1960) and Energy of Conjugated Molecules. Part III. 635 


would have remained the same, and the results would have indicated hyperconjugative 
destabilisation of the deuterated ethyl carbonium ion throughout the range of configur- 
ational uncertainty, varying from some small value to a maximum of 150 or 200 cal./mole. 

Possible Change of So ,.—In the original treatment of isotopic variations of mean 
configuration,’* the mean values of all symmetry co-ordinates which do not involve 
displacement of the isotopic atoms were assumed to remain unaltered. This is not strictly 
true, and the possibility that the anharmonicity of the C-C stretching mode, also totally 
symmetric, might contract this bond to some extent cannot be excluded. Such a 
contraction would increase S,, and thus affect the energy. 

To obtain an upper limit to this bond contraction, the CH, and the CD, group could 
be assumed to move as units of mass 15 and 18 respectively, and the decrease in bond 
length could then be calculated in the usual manner. Taking over Hansen and Dennison’s 
values for the frequency and anharmonicity constant of the C-C stretching mode of ethane, 
we obtain: 


Arga <. 0-0004 A 
from which, using the dependence of C-C overlap on bond length, we find: 
ASo, < 0-0006 


In a calculation, using normalisation procedure (M) and the initial values of the para- 
meters, 8, = —0-45, S,, = 0-625, S,, = 0-26, increasing S,, to this extent lowered the 
total energy by: 


AE mov, < 0-00158, ~ 100 cal./mole 


In terms of total x-electron energy, this is a relatively small quantity, but since it is inherent 
in the method of calculation that a variation in S,, cannot effect the energy of the localised 
model, the entire energetic difference appears in the delocalisation energy, and as such it is 
considerable. 

We see then that the increase in S,, on deuteration opposes, in its effect on delocalisation 
energy, the effect of the accompanying increaSe in S,,. With regard to magnitude, it is 
difficult to know whether the real effect approximates to the upper limit at all closely, or 
whether it is no more than a small fraction of it. 

In principle, the x-electronic effect of shortening 7gq would be opposed by an increase 
in compression energy, but this is negligible for a contraction of 0-0004 A. 

Charge Distribution.—From our work on toluene it was clear that the use of the terms 
“hyperconjugative stabilisation’ and “ hyperconjugative electron release” as if they 
were virtually synonymous is unjustified in the case of a neutral conjugated molecule. 
It is now interesting to see whether this differentiation must still be made in the case of 
isovalent hyperconjugation, where electron release to an electron-deficient atom would 
seem to be the principal factor. 


TABLE 6. 
w = 1-30; 5, = —0-45; S,, = 0-625; normalisation procedure (M). 
As, = 0-01 As, = 0 A8, = 0-01 
AS,, = 0-0025 ASy, = 0-0025 AS}, = 0 
ti a eC REE LS OR 8 +0-0027 —0-0006 +-0-0033 
eh ch sn cchldcnnaldibslebtabbiaietebonsidi —0-0015 —0-0001 —0-0014 
RRR ATRIA EEE —0-0006 +0-0007 —0-0013 
BR. Gist Snsatcesesnaveneininiesesmesbibents —0-0006 0-0000 —0-0006 
A(q, + 92) = —A(Gs + G4) «+--+ . +0-0012 —0-0007 +0-0019 


Using the original median values for AS,, and A8,, we show in Table 6 the deviations 
from the charges given in Table 1. We see then that superposition of the separate effects 


“ Hansen and Dennison, J. Chem. Phys., 1952, 20, 313. 
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of varying S,, and 8, yields the same charges on each of the atoms as does the combined 
variation. It is also evident that electron release from the methyl group as measured by 
A(q, + 92), is considerably more sensitive to a variation in the electropositivity than to 
variation in the overlap, although, with this particular choice of parameters, the effect 
of the two variations on the delocalisation energy is nearly equal (cf. Table 2). 

Similar trends, though quantitatively less pronounced, are obtained with normalisation 
procedure (C). 

Discussion.—We see that the delocalisation energy is oppositely affected by the increased 
effective electropositivity of the D, pseudoatom and the increased D,=C overlap. The 
uncertainty of the precise values of the bond length and angle differences and of the best 
parameters to use prevent an unambiguous conclusion as to the magnitude or even the 
direction of the net effect. If one may place more credence in the results obtained with 
more accurate normalisation procedure (C), there is a bias in favour of hyperconjugative 
destabilisation of the deuterated relative to the normal carbonium ion, a destabilisation 
that may or may not be sufficiently great to override the inductive stabilisation of the 
deuterated ion. 

The difference in charge distribution may become significant when we attempt to 
consider solvated ions. The solvation energy of the undeuterated ion should be greater, 
because, other things being equal, the greater electropositivity of D, tends to diffuse the 
charge more effectively, thus presumably reducing the energy of solvation. 

To the extent that C-C overlap must be taken into account—and we cannot say at 
present whether this is a significant factor or a very minor one—it will operate in the 
opposite direction. 

Finally, it should not be forgotten that the present treatment is very approximate. 
First, there are the usual limitations of the LCAO-MO method itself and the arbitrary 
element in the choice of parameters. Secondly, in order to arrive at an estimate of the 
configurational changes we have to regard the totally symmetric bending and stretching 
modes as completely independent, which cannot be true. Moreover, replacing a molecule 
by a rigid model can only be justified in terms of an approximation.® 

What can be concluded as regards solvolytic secondary isotope effects is that hyper- 
conjugative as well as inductive effects can be rationalised in terms of configurational 
differences, and that they are of the same order of magnitude as those found experimentally 
but are unfortunately quantitatively indeterminate. Further, since the primary assump- 
tion that takes the solvated carbonium ion as a model for the activated complex may be a 
good one in some conditions and a poor one in others, it is evident that the origin of 
secondary isotope effects in solvolysis is considerably more complex than has been realised 
up to now, and that it is inadvisable to draw conclusions about their nature from solvolytic 
experiments alone. 


We are much indebted to Dr. Max Wolfsberg for an illuminating discussion of some of the 
basic assumptions of our treatment. 


DEPARTMENT OF CHEMISTRY, TECHNION-ISRAEL INSTITUTE OF TECHNOLOGY, 
Harra, ISRAEL. [Received, July 2nd, 1959. 


18 Wolfsberg, Halevi, and Pauncz, unpublished work. 
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431. The Preparation and Isomerization of Some Basic Esters of 
OO’-Diethyl Hydrogen Phosphorothioate. 


By A. CALDERBANK and R. GHOsH. 


The preparation of S-2-diethylaminoethyl diethyl phosphorothiolate 
(Il; X= NEt,) and some of its acid addition salts have been briefly 
reported. Details are now given for the synthesis of this compound by a 
variety of methods. 2-Diethylaminoethyl diethyl phosphorothionate 
(I; X = NEt,) has also been characterised and evidence provided for the 
mechanism of its extremely ready isomerization to the corresponding thiolate 
(Il; X = NEt,). 


ALTHOUGH condensation of sodium 2-diethylaminoethoxide with diethyl phosphoro- 
chloridothionate would be expected to yield the thionate ester (I; X = NEt,), this product 
can only be obtained in any quantity if the reaction is controlled at low temperatures. 
If the reaction is effected above about 50° the product contains progressively more of the 
thiolate isomer (II; X = NEt,). This substance, which shows outstanding acaricidal 
and insecticidal activity against some species, has been given the common name “ amiton.”’ 


S 
| 
(I) (EtO),P*O*CHy°CH,"X (EtO),P*S*CHy*CH,*X (II) 


Although the thionate ester (I; X = NEt,) can be obtained by this method it can also 
be prepared by the reaction between S-2-bromoethyl diethyl phosphorothionate (I; 
X = Br) and diethylamine. The free base rapidly decomposes on storage to give a white 
solid, which has not been further investigated, as well as the thiolate (II; X = NEt,); 
heat converts it into the thiolate (II; X = NEt,). It is, however, stabilised by conversion 
into a salt from which the free base is conveniently obtained, as required, by treatment 
with an ion-exchange resin. The purest sample of thionate obtained showed only a weak 
absorption at 1265 cm.", characteristic of P=O stretching, measured on a sample of base 
freshly liberated from its hydrogen oxalate. ‘In contrast, the infrared spectrum of the 
corresponding thiolate exhibited a very strong band in this region. While the thiolate 
shows pronounced anticholinesterase activity on a preparation of locust nerve chord 
in vitro (I 50; 1 x 10m), the thionate hydrogen oxalate showed only about one-fiftieth 
of this activity. 

In addition to the evidence provided by the infrared spectrum the structure of the 
thiolate (II; X = NEt,) was determined by oxidative hydrolysis to bis-(2-diethylamino- 
ethyl) disulphide, and by a synthesis from sodium 2-diethylaminoethyl sulphide and 
diethyl phosphorochloridate. It was also readily obtained by condensation of 2-diethyl- 
aminoethyl chloride with sodium diethyl phosphorothioate and by reaction between 
2-diethylaminoethyl thiocyanate with sodium diethyl phosphite or triethyl phosphite. 

The thionate-to-thiolate isomerization (I—» II where X = NEt,) is reminiscent of 
the similar isomerization (I —» II where X == SEt),? though it occurs much more readily 
in the present instance. In the case of the ethylthio-compounds, Fukuto and Metcalf * 
postulated that the isomerization might occur via an ethylenesulphonium ion, More 
recently Fukuto and Stafford * have provided evidence in support of the similar inter- 
vention of an ethyleneiminium ion in the present instance. We have obtained further 
evidence supporting this mechanism on examining the isomerization of the unsymmetrically 
substituted phosphorothionate (III) which has given two isomeric thiolates (IV) and (V); 
this is readily explicable by rupture of the ethyleneiminium ion at a and b respectively. 

1 Ghosh and Newman, Chem. and Ind., 1955, 118. 

* Schrader, Angew. Chem., 1952, Monograph 62. 


* Fukuto and Metcalf, J. Amer. Chem. Soc., 1954, 76, 5103. 
* Fukuto and Stafford, ibid., 1957, 79, 6083. 
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Condensation of diethyl phosphorochloridothionate with sodium 2-dimethylamino-2- 
methylpropoxide in benzene at room temperature gave 2-dimethylamino-2-methylpropy| 
diethyl phosphorothionate (III), which, by rapid working, was isolated and purified as its 
picrate. The free base, obtained by treatment of the picrate with an ion-exchange resin, 
readily decomposed. When heated for two hours in ethanol, however, it was smoothly 


S 
|| JS VP Hace, T+ 
eee pets | | NA | oceniie 
oO ao N ‘b 
(III) 


Meg 
O oO 


| | 
(EtO),P*S*CH,*CMeg*NMe, +- (EtO),P*S*CMey*CHy*NMe, 
(IV) (V) 


isomerized to a mixture of the two thiolates (IV and V), separated by fractional crystal- 
lisation of their picrates. Although the infrared spectra of both esters showed strong 
bands in the 1250 cm.* region, attributable to P=O stretching, they differed significantly 
in other regions. That of (IV), corresponding to the less soluble picrate, had bands at 
766 and 744 cm. not present in that of (V), which had additional bands at 1121 and 
758 cm.*. 

(VI) (MegN*CMe,*CH,'S*), (MegN*CH,*CMe,"S*), (VII) 


Oxidative hydrolysis of the ester (IV) gave the disulphide (VI). Hydrogenolysis of 
both the thiolate (IV) and the disulphide (VI) by heating them with Raney nickel (W5) 
gave NN-dimethyl-t-butylamine identical with an authentic specimen obtained by 
methylation of t-butylamine with formic acid and formaldehyde. 

Since similar degradative reactions applied to the thiolate (V) gave no readily 
characterisable products, the structure of this isomer was established by synthesis from 
1-dimethylamino-2-methylpropane-2-thiol and diethyl phosphorochloridate. The thiol, 
which was obtained by reaction between 2,2-dimethylethylene sulphide and dimethylamine, 
gave, on oxidation with iodine, the disulphide (VII), isomeric with the disulphide (VI). 


EXPERIMENTAL 


S-2-Diethylaminoethyl Diethyl Phosphorothiolate——(A) 2-Diethylaminoethanethiol (20 g.) 
was added to a suspension of finely divided sodium (2-3 g.) in dry benzene (300 c.c.), and the 
mixture was warmed until all the sodium dissolved. Diethyl phosphorochloridate (17-25 g.) 
was then slowly added and the mixture refluxed for 6 hr. in an atmosphere of nitrogen. It was 
then cooled and treated with water, and the benzene solution was isolated and dried (Na,SO,). 
On removal of the solvent, the residue was distilled. S-2-Diethylaminoethyl diethyl phos- 
phorothiolate was obtained as an oil, b. p. 85-5°/0-05 mm., n,*! 1-4743 [Found: C, 44-3; H, 8-9; 
N, 5-1; P, 11-9%; M (cryoscopy in benzene), 272-1. Cj, 9H,sO,NSP requires C, 44-6; H, 8-9; 
N, 5-2; P, 11-5%; M 269]. The base forms salts readily, e.g., a hydrogen oxalate (from acetone), 
m. p. 98—99° (Found: N, 3-8; P, 8-6; S, 8-7. C,,H,,0,NSP requires N, 3-9; P, 8-6; S, 8-7%), 
toluene-p-sulphonate (from ether—acetone), m. p. 105—106° (Found: N, 3-3; P, 7-0; S, 146. 
C,,H3,0,NS,P requires N, 3-2; P, 7:0; S, 14:5%), dihydrogen citrate (from acetone), m. p. 
94—95° (Found: N, 3-5; P, 6-8; S, 6-6. C,,H3,0,.NSP requires N, 3-1; P, 6-7; S, 6-9%). 
The infrared spectrum of the base showed a strong band at 1262 cm."}, confirming its phosphoro- 
thiolate (P=O) structure. 

(B) Diethyl phosphite (20-7 g.) was added to finely divided sodium (3-45 g.) under benzene 
(300 c.c.) and the temperature of the mixture maintained at 40—50° until all the metal dissolved. 
2-Diethylaminoethyl thiocyanate (23-7 g.) was then added, and the reaction carried out at the 
same temperature as above for 1} hr. in nitrogen. The product was then worked up as in method 
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A: it was identified by its infrared spectrum (strong band at 1262 cm.) and hydrogen oxalate, 
m. p. and mixed m. p. 98—99°. 

2-Diethylaminoethyl thiocyanate required in the above experiment was prepared as follows: 
9-diethylaminoethyl chloride (18-8 g.) was added to potassium thiocyanate (13-5 g.) in acetone 
(160 c.c.) and stirred at the room temperature for 15 hr., a solid separating. The mixture was 
then filtered and the filtrate concentrated, treated with water, and extracted with ether. The 
ethereal extract was dried (Na,SO,) and after removal of ether distilled under reduced pressure. 
The thiocyanate had b. p. 117°/14 mm., n,** 1-4954 (Found: C, 53-0; H, 8-9. C,H,,N,S requires 
C, 53:16; H, 8-86%). 

(C) 2-Diethylaminoethyl thiocyanate (31-6 g.) was added dropwise to triethyl phosphite 
(33-2.g.) at 100°. The temperature rose to 107° and the addition of the thiocyanate was reguated 
to keep the temperature of the mixture at 107° while the temperature of the bath was 100°. 
The mixture was left at the room temperature overnight and then distilled under reduced 
pressure. The thiolate was characterised as described under (B). 

(D) Sodium ethoxide (from 4-6 g. of sodium) in ethyl alcghol (100 c.c.) was gradually added 
to 2-diethylaminoethyl chloride hydrochloride (34-4 g.) in ethyl alcohol (200 c.c.) at 0—5°. 
Then the mixture was added slowly to sodium diethyl phosphorothioate, which was prepared 
from sodium (4-6 g.), ethyl alcohol (100 c.c.), diethyl phosphite (27-6 g.), and sulphur (6-4 g.), and 
refluxed for 4 hr. It was then cooled, filtered, and concentrated. The residue was dissolved in 
benzene, and the solution was worked up and the product characterised as given under (B). 

The above reaction was also carried out successfully with ammonium instead of sodium 
diethyl phosphorothioate. 

(E) 2-Diethylaminoethanol (35-1 g.) was gradually added to finely divided sodium (4-6 g.) 
under benzene (300 c.c.), and the mixture heated on the steam-bath until all the metal dissolved. 
It was then cooled to 30° and diethyl phosphorochloridothionate (37-7 g.) gradually added. 
The mixture was refluxed for 6} hr., then cooled, and the thiolate isolated from the mixture 
and characterised as described under (B). 

2-Bromoethyl Diethyl Phosphorothionate.—Diethyl phosphorochloridothionate (47-0 g.) was 
added at 15° + 3° during 36 min. to a stirred mixture of ethylene bromohydrin (31-0 g.) and 
pyridine (19-8 g.). The mixture was stirred for 1 hr. and then left at the room temperature for 
18 hr. Dry ether was then added and the pyridine hydrochloride removed. On removal of 
ether, the residue was distilled. 2-Bromoethyl diethyl phosphorothionate had b. p. 84—94°/0-3— 
0-6 mm., ”,,** 1-4929 (Found: P, 11-3; Br, 28-4- C,H,,0,BrSP requires P, 11-2; Br, 28-9%). 
The infrared spectrum of this compound showed no band in the P=O region. 

2-Diethylaminoethyl Diethyl Phosphorothionate.—(i) Sliced sodium (1-15 g.) was added in 
portions to 2-diethylaminoethanol (33 c.c.), and the mixture heated at 80° until the sodium 
dissolved. The excess of alcohol was removed in vacuo and the residual sodium salt, in benzene 
(40 c.c.), was treated with diethyl phosphorochloridothionate (9-4 g.) at 20—25° during 45 min. 
After 5 hours’ stirring at room temperature the benzene solution was washed with water 
(30 c.c. x 3), dried (MgSO,), and filtered. A solution of oxalic acid (6-3 g.) in acetone (50 c.c.) 
was added to the benzene solution, and the resulting mixture evaporated im vacuo until 
separation of a crystalline oxalate started. Ether was then added and the oxalate (15 g.), 
m. p. 86—88°, was collected. Recrystallisation from acetone (30 c.c.) afforded plates (12-7 g.) 
of 2-diethylaminoethyl diethyl phosphorothionate hydrogen oxalate, m. p. 87—88° (Found: P, 8-6. 
C,,H,,O,NSP requires P, 8-6%). The free base (,* 1-4630) was unstable, rapidly darkening 
and forming a fine white precipitate. The infrared spectrum of the thionate base, liberated 
from the oxalate by means of Amberlite resin I.R.A.-400 and measured soon after preparation, 
showed only a weak band in the region of P=O absorption (1265cm."). Reaction of the thionate 
base with benzyl bromide gave N-benzyl-N-(2-diethoxyphosphinothioyloxyethyl)-NN-diethyl 
ammonium bromide (needles from acetone), m. p. 108° (decomp.) (Found: P, 6-9; Br, 18-2. 
C,,H;,0,NBrSP requires P, 7-0; Br, 18-2%). The infrared spectrum, determined on a mull in 
Nujol, showed no absorption in the region of 1250 cm."1. 

(ii) 2-Bromoethyl diethyl phosphorothionate (14-0 g.) was added to diethylamine (18 g.), 
stirred for 74 hr., and left overnight. The whole was poured into water and the mixture 
extracted with benzene. The benzene solution was washed with water and extracted with 
dilute hydrochloric acid. The aqueous acidic solution was then basified with ice-cold sodium 
hydroxide solution and extracted with benzene, and the product was isolated from the benzene 
solution after removal of solvent under reduced pressure below 40°. The base was converted into 
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an oxalate, m. p. and mixed m. p. 86—87°, 2-diethylaminoethyl diethyl phosphorothionate 
hydrogen oxalate. 

Isomerization of 2-Diethylaminoethyl Diethyl Phosphorothionate.—This ester (1-0 g., nl 
1-4630; liberated from the oxalate with Amberlite resin I.R.A.-400) was refluxed for 2 hr. ip 
ethanol (10 c.c.). The ethanol was then evaporated im vacuo, and the residual oil dissolved in 
ether (5 c.c.), filtered, and added to a solution of oxalic acid (0-5 g.) in acetone (10c.c.). The 
oxalate (1-25 g.), m. p. 98—99°, which separated (as glistening plates) was, after 0-5 hr., filtered 
off and identified (mixed m. p.) as S-2-diethylaminoethyl diethyl phosphotothiolate hydrogen 
oxalate. 

The thionate hydrogen oxalate salt was substantially unchanged after 6 hours’ refluxing in 
ethanol or benzene. 

Bis-(2-diethylaminoethyl) Disulphide Di(hydrogen Oxalate).—Bis-(2-diethylaminoethyl) di- 
sulphide (2 g.) was added to oxalic acid (2-5 g.) in acetone (20 c.c.); immediate precipitation 
occured. The solid was filtered off and recrystallised from ethanol, giving plates of bis-(2-dj- 
ethylaminoethyl) disulphide bis(hydrogen oxalate), m. p. 155° (Found: C, 43-2; H, 7-0; N, 6-2, 
C,,H,,0,N,S, requires C, 43-2; H, 7-2; N, 6-3%). 

Oxidative Hydrolysis of S-2-Diethylaminoethyl Diethyl Phosphorothiolate Hydrogen Oxalate.— 
The hydrogen oxalate salt (15 g.) was treated with 10N-sodium hydroxide (10 c.c.), followed 
by bleach liquor (50 c.c., containing ca. 33% of sodium hypochlorite) below 30°. After 10 min, 
the temperature of the mixture rose to 40° and then dropped slowly to the room temperature, 
After 1 hr. it was diluted with water (100 c.c.), filtered, and extracted with benzene. The 
benzene extract was washed with water, dried (Na,SO,), and concentrated, and the oily residue 
(7 g.) was collected. This oil (1 c.c.) was treated with oxalic acid (0-5 g.) in acetone (5 c.c.), and 
the precipitated solid recrystallised from ethanol. Bis-(2-diethylaminoethyl) disulphide 
bis(hydrogen oxalate) was obtained as plates, m. p. and mixed m. p. 155°. 

2-Dimethylamino-2-methylpropan-1-ol.—Prepared by methylation of 2-amino-2-methyl- 
propan-l-ol, as described by Rosnati,* this had b. p. 159—161°, n,* 1-4451, and crystallised 
slightly below 20°. It gave a hydrochloride, hygroscopic needles (from methanol-ether), m. p. 
252—253° (decomp.), and picrate, orange needles (from ethanol), m. p. 255° (decomp.) (Found: 
C, 41-8; H, 5-1; N, 16-1. C,,H,,O,N, requires C, 41-6; H, 5-2; N, 16-2%). 

NN-Dimethyl-t-butylamine —40% Aqueous formaldehyde (83 g.) was added with cooling 
to t-butylamine (36-5 g.) and water (25c.c.). 98—100% Formic acid (76 g.) was then added, and 
the mixture refluxed for 6 hr. Potassium hydroxide (112 g.) was added with cooling, and the 
oil separated, dried (KOH), and distilled, giving NN-dimethyl-t-butylamine (25 g.), b. p. 90—91°, 
n,,* 1-4035 (Found: N, 13-7. Calc. for C,H,,N: N, 13-8%) [picrate, yellow needles or plates 
(from methanol), m. p. 289° (decomp.) (Found: C, 43-7; H, 5-6; N, 16-6. C,,H,.0,N, requires 
C, 43-6; H, 5-5; N, 16-9%)). 

Reaction of 2-Dimethylamino-2-methylpropan-l-ol and Diethyl Phosphorochloridothionate. 
Separation of the Two Isomeric Thiolates—A mixture of powdered sodium (18-4 g.), 2-dimethyl- 
amino-2-methylpropan-1l-ol (104 g.), and benzene (750 c.c.) was refluxed until the sodium had 
all dissolved. After cooling, diethyl phosphorochloridothionate (151 g.) was added dropwise 
at 20—25°, during 45 min. The mixture was stirred at room temperature for 1 hr., refluxed 
for 8 hr., cooled, washed with water (2 x 100 c.c.), dried (MgSO,), and evaporated under 
reduced pressure. The residual oil was distilled and the fraction (130 g.), b. p. 101— 
112°/0-25 mm., »,** 1-4720, was collected (Found: P, 11-6; S, 12-3; N, 5-1. CygHO,;NSP 
requires P, 11-5; S, 11:9; N, 5:2%). 

Part (75 g.) of the product was added to a solution of picric acid (65 g.) in ethanol (1 1.), and 
the crystalline picrate (42 g.), m. p. 106—108°, which gradually separated was filtered off. 
Recrystallisation from ethanol afforded bright yellow plates of the picrate (A), m. p. 112—113° 
(Found: P, 6-1; S, 6-6; N, 11-0. C,,H,,O,)N,SP requires P, 6-2; S, 6-4; N, 112%). The 
mother-liquors from the first filtration were concentrated (to 250 c.c.) im vacuo and progressively 
diluted with ether to faint cloudiness during about 2 weeks. A further crop (7-2 g.) of a slightly 
impure picrate was thus obtained [m. p. 106—108° (previous softening), undepressed in 
admixture with (A)]. Evaporation in vacuo of the solvent from the mother-liquors of this 
crop left a clear golden syrup (80 g.) which solidified slowly when seeded. Part (2 g.) of this 
product was extracted with boiling ether (2 x 200 c.c.); golden plates of the isomeric picrate 


5 Org. Synth., Coll. Vol. III, p. 181. 
* Rosnati, Gazzetta, 1950, 80, 663. 
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(B) (0-7 g-), m. P- 63—64°, separated. The m. p. was not raised by further recrystallisation 
(Found: P, 6-3; S, 6-2; N, 11-0%). 

The pure thiolate bases were liberated from the respective picrates by using Amberlite 
resin I.R.A.-400, previously digested for 1 hr. with 2n-sodium hydroxide and then washed 
yntil alkali-free. The picrate, dissolved in acetone—water (1:3), was shaken with an excess 
of the resin (about five times the weight of picrate taken) until the yellow colour of the 
supernatant liquid disappeared and the resin assumed a deep red colour. The resin was filtered 
off and the filtrate, after saturation with salt, extracted several times with ether. After drying 
(Na,SO,), the ether was evaporated, and an almost quantitative yield of pure basic thiolate 
obtained. It was freed from traces of solvent by keeping it at 40—50°/0-07 mm. for 45 min. 
The thiolate base (A’) [from picrate (A), m. p. 112—113°] had m,,!* 1-4760 (Found: P, 11-0; 
N, 49%). The infrared spectrum (capillary layer) showed max. at 3510, 2985, 2817, 1466, 
1393, 1374, 1250s, 1166, 1099, 1047—1010s, 980—970s, 794, 766, and 744 cm.-!. The thiolate 
base (B’) [from picrate (B), m. p. 63—64°] had nm,” 1-4705 (Found: P, 11-4; N, 48%). The 
infrared spectrum (capillary layer) showed max. at 3510, 2985, 2817, 1466, 1399, 1374, 1250s, 
1166, 1121, 1099, 1047—1010s, 980—970s, 851, 794, and 758 cm.}. 

Distillation of the base B’ (6 g.) gave a colourless oil (3-6 g.), b. p. 87—90°/0-24 mm., m,,” 
1.4700 (Found: P, 11-5; N, 5-0%). The infrared spectrum was identical with that of the 
undistilled sample, and with picric acid it formed the picrate (B), m. p. 63—64°. No trace 
of the higher-melting, less soluble picrate (A) could be detected. 

2-Dimethylamino-2-methylpropyl Diethyl Phosphorothionate.—Powdered sodium (2-3 g.) was 
dissolved in 2-dimethylamino-2-methylpropan-l-ol (13-4 g.) and benzene (100 c.c.) and 
treated, at room temperature, with diethyl phosphorochloridothionate (18-9 g.) as previously 
described. After being stirred for I hr. at room temperature, the solution was washed with 
water (30c.c. x 2) and dried (MgSO,). Treatment of one-third of this benzene solution with a 
solution of picric acid (6-2 g.) in benzene (50 c.c.) yielded a crystalline picrate (9-0 g.), m. p. 
114—118°. Recrystallisation from ethanol (100 c.c.) afforded deep yellow needles of 2-di- 
methylamino-2-methylpropyl diethyl phosphorothionate picrate (7-9 g.), m. p. 118—119° (Found: 
P, 6:2; N, 10-8; S, 6-4%) [a mixed m. p. of this product with the thiolate picrate (A), m. p. 
112—113° showed a depression]. The free base was unstable. 

Isomerization of 2-Dimethylamino-2-methylpropyl Diethyl Phosphorothionate.—The thionate 
picrate (5 g.) was converted into the free base (2-0 g., 2, 1-4665) by Amberlite resin I.R.A.-400, 
as previously described. This was then refluxed for 2 hr. in absolute ethanol (10 c.c.), then 
cooled, and a solution of picric acid (2 g.) in ethanol (20 c.c.) added, giving a picrate (2-35 g.), 
m. p. 109—110°. This was undepressed in admixture with the thiolate picrate (A), m. p. 
112—113°. Concentrating the mother-liquors to 10—15 c.c. and diluting them with ether 
(90 c.c.) gave gradually a further amount (0-35 g.) of impure picrate, m. p. 105—108°. The 
mother-liquors were then evaporated im vacuo and the residual gum (ca. 1 g.) was extracted with 
boiling ether (50 c.c. x 3). The ether deposited plates (0-2 g.), m. p. 64—65° undepressed in 
admixture with the isomeric picrate (B). 

Oxidative Hydrolysis of the Thiolate Estey (A’).—The thiolate ester (A’) (n,,"* 1-4760, 10 g.), 
dissolved in aqueous ethanol (50 c.c., 1: 1), was'treated with 40% aqueous sodium hydroxide 
(30c.c.). Stirring gave an emulsion and the temperature rose during 30 min. to 35°. The tem- 
perature was kept for a further 0-5 hr. at 35—-40° and iodine (5 g.) in ethanol (20 c.c.) was then 
added as rapidly as the colour was discharged. The mixture was stirred for a further hr. at this 
temperature, cooled, diluted with alkali as above (25 c.c.), and extracted with ether (25 c.c. x 4). 
After drying, the ether was evaporated, leaving basic material dissolved in ethanol. This 
solution gave a picrate (11-9 g.), m. p. 220—-224° (decomp. and preliminary shrinking), which 
was sparingly soluble in the common organic solvents. Two recrystallisations from large 
volumes of Cellosolve gave mustard-coloured needles of a basic disulphide dipicrate (C), m. p. 
252° (decomp.) [Found: C, 39-5; H, 4-7; N, 15-4; S, 8-5. (C,,H,,0,N,S), requires C, 40-0; 
H, 4-7; N, 15-5; S, 8-9%]. 

This picrate (C) (5 g.) was decomposed on digestion with warm 2N-sodium hydroxide, and 
the free base was extracted into light petroleum (b. p. 40—60°; 30c.c. x 4). The petroleum 
solution was washed once with water, dried (Na,SO,), and evaporated, leaving the disulphide 
(1-0 g.). This product, in ethanol (60 c.c.), was refluxed for 0-5 hr. with Raney nickel § (12 c.c. 
of settled suspension). After cooling, the suspension was centrifuged and decanted through 
Hyflo Super-cel. The clear filtrate was treated with picric acid (1-2 g.), and the precipitated 
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picrate (1-0 g.), m. p. 280° (decomp.), collected. Recrystallisation from Cellosolve (60 c.c.) 
afforded yellow needles (0-5 g.), m. p. 282—283° (decomp.), undepressed on admixture with 
NN-dimethyl-t-butylamine picrate. 

Degradation of the Thiolate Ester (A’) with Raney Nickel.—The thiolate ester (A’), n,¥s 
1-4760 (5 g.), in ethanol (250 c.c.) was refluxed for 2 hr. with Raney nickel (80 c.c. of settleq 
suspension). The nickel was then removed and the clear solution, which smelled strongly of 
an aliphatic amine, treated with a slight excess of picric acid. Crystalline NN-dimethy]l-. 
butylamine picrate (1-4 g.), m. p. 280° (decomp.), separated almost immediately and was 
recrystallised from methanol (200 c.c.) [yield 0-6 g.; m. p. and mixed m. p. 286° (decomp,)} 
(Found: C, 43-7; H, 5-5; N, 16-8%). 

1-Dimethylamino-2-methylpropane-2-thiol.—2,2-Diethylethylene sulphide (9 gg.) and 
anhydrous dimethylamine (5 g.) were heated at 100° for 2—3 hr. in a sealed tube. Distillation 
of the product gave 1-dimethylamino-2-methylpropane-2-thiol (9-0 g., 60%), b. p. 75—78°/95 
mm., %,'* 1-4538 [picrate, yellow flocculent needles (from ethanol), m. p. 157—158° (decomp, 
(Found: C, 39-8; H, 5-0; N, 15-7; S, 9-1. C,,H,,0,N,S requires C, 39-7; H, 5-0; N, 1555; 
S, 8:9%)]. 

Bis-(2-dimethylamino-1,1-dimethylethyl) Disulphide.—1-Dimethylamino-2-methylpropane-2- 
thiol (1-0 g.) in ethanol (10 c.c.) was treated with ethanolic iodine until a faint yellow colour 
persisted. Bis-(2-dimethylamino-1,1-dimethylethyl) disulphide dihydriodide (1-9 g.), m. p, 
186—189° (decomp.), which separated, was collected and recrystallised from ethanol (100 c.c.) 
as needles (1-6 g.), m. p. 193—194° (decomp.) [Found: C, 27-9; H, 5-8; I, 48-3. (C,H,,NS,HI), 
requires C, 27-7; H, 5-8; I, 48-8%]. The dihydriodide (0-5 g.) was converted into a dipicrate 
(0-6 g.), yellow needles, m. p. 174—176° (Found: C, 39-9; H, 4:8; S, 9-1%). This dipicrate 
was different from the disulphide dipicrate (C), viz., bis-(2-dimethylamino-2-methy])propyl 
disulphide dipicrate, m. p. 252° (decomp.), obtained by oxidative hydrolysis of the thiolate 
ester (A’). 

S-(2-Dimethylamino-1,1-dimethylethyl) Diethyl Phosphorothiolate —1 -Dimethylamino -2- 
methylpropane-2-thiol (7-2 g.), powdered sodium (1-15 g.), and benzene (50 c.c.) were refluxed 
until the sodium dissolved, then cooled. Diethyl phosphorochloridate (8-6 g.) in benzene 
(10 c.c.) was added, at room temperature, during 15 min. The mixture was stirred for 2 hr., 
washed with water, dried (MgSO,), and evaporated in vacuo to an oil (11 g.). Part (5 g.) of this 
was distilled, giving S-(2-dimethylamino-1,1-dimethylethyl) diethyl phosphorothiolate (1-5 g.), b. p. 
88—91°/0-2 mm., ”,1* 1-4695 (Found: P, 11-3; N, 49%). The infrared spectrum of this sample 
was identical with that of the thiolate ester (B’). The undistilled oil (1-0 g.) was treated with 
picric acid (0-9 g.) in ethanol (20 c.c.) and, after filtration from a little disulphide dipicrate, 
S-(2-dimethylamino-1,1-dimethylethy]l) diethyl phosphorothiolate picrate (0-4 g.), m. p. 68—69°, 
was obtained as golden plates (from ether). This picrate was undepressed in admixture with 
the picrate (B). 


Thanks are offered to Mr. M. St. C. Flett for the determination of infrared spectra, to Dr. 
H. S. Hopf for measurement of anticholinesterase activity, and to Dr. N. Greenhalgh and Messrs. 
FE, G, Bell and W. D. Mather for assistance with the experimental work. 
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a ; , , a Mie 
with 432. <Synthetical Studies Relating to Colchicine. Part II. Diethyl 
. 1,2-Benzocyclohepta-| ,3-diene-4-acetate-3-8-propionate and its 3’,4’,5’- 
n ° 
+ttled Trimethoxy-analogue. 
the By T. A. Crass and K. ScHOFIELD. 
/ Was 3’,4’,5’-Trimethoxy-1,2-benzocyclohepta-1,3-diene was converted by per- 
mp.)] benzoic acid into a glycol monobenzoate which, when distilled, gave benzoic 
acid and 3’,4’,5’-trimethoxy-1,2-benzocyclohept-l-en-4-one. With pyrrol- 
and idine the ketone formed an enamine which reacted with ethyl acrylate 
ation to give ethyl §-(3’,4’,5’-trimethoxy-4-oxo-1,2-benzocyclohept-1-en-3-yl) prop- 
8° /95 ionate. This keto-ester, and the analogue lacking methoxyl groups,’ were - 
mp.) converted by application of the Reformatsky reaction into the diesters 
15:5; named in the title. 
ne-2- RECENTLY we described a convenient preparation of the ketone (I; R = H), and thence 
olour of the keto-ester (I; R = [CH,],°CO,Et).1 We now report the extension of these experi- 
. p. ments to the trimethoxylated compounds (II; R = H and [CH,],°CO,Et), and the use of 
C.C,) these intermediates in synthesising the diesters named in the Title. 
HI), 3’ ,4’,5’-Trimethoxy-1,2-benzocyclohept-l-en-4-one (II; R = H) has been obtained in 
patent three ways.2. Of these the route from purpurogallin tetramethyl ether ® seemed the most 
— likely to be adaptable for the preparation of considerable amounts of the ketone. The 
— reduction of purpurogallin tetramethyl ether with lithium aluminium hydride, and the - 
: formation of the red solution of the cation (III) from the reduction mixture proceeded as 
)-2- described, but in our hands the reduction of the cation by zinc dust gave none of the 
uxed 
 hr., 
b. p R MeO R MeO 
mple (I) (Il) - (III) 
with 
rate, MeO MeO 
-69°, 
with — es OBz 
MeO Oo MeO OH 
(IV) (V) 
| Dr. ‘ : 
ssrs. desired ketone. The solid product was probably the same as the minor product described 
by the Swiss authors.” Other workers * have found the reaction to be capricious, and 
success may well depend on the quality of the zinc dust used. We were discouraged from 
using Rapoport and Campion’s original synthesis ** of the ketone by our finding that the . 
d.] necessary 3,4,5-trimethoxybenzaldehyde was formed in only poor and variable yield by 


Rosenmund reduction of 3,4,5-trimethoxybenzoyl chloride. 

At this stage we considered the possibility of preparing the ketone (II; R = H) by the 
method used to obtained its prototype (I; R =H). The essential starting material was 
the isomeric ketone (IV). A reliable, if tedious, route to this isomer has been described 
by Koo £ and this we used successfully. Comments on minor points regarding this prepar- 
ation will be found in the Experimental section. Reduction of the ketone (IV) with lithium 
aluminium hydride gave the crystalline alcohol (rather than the oily product obtained by 


1 Part I, Crabb and Schofield, J., 1958, 4276. 

* (a) Rapoport and Campion, J. Amer. Chem. Soc., 1951, '78, 2239; (b) Eschenmoser and Rennhard, 
Helv. Chim. Acta, 1953, 36, 290; (c) Walker, J. Amer. Chem. Soc., 1955, 77, 6699. 
* Buchanan and Sutherland, /J., 1957, 2334. 
* Koo, J. Amer. Chem. Soc., 1953, '75, 720. 
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Gardner, Brandon, and Haynes °), which was readily dehydrated to 3’,4’,5’-trimethoxy-1,2. 
benzocyclohepta-1,3-diene. With perbenzoic acid in chloroform the latter did not provide 
an epoxide, but rather what was probably a glycol monobenzoate (V; or the isomer with 
hydroxyl and ester groups transposed), for this product gave, upon distillation, first 
benzoic acid and then the required 3’,4’,5’-trimethoxy-1,2-benzocyclohept-1-en-4-one (II; 
R = H) in good yield. This sequence of reactions provides a reliable, if laborious, route 
to the ketone (II; R = H), and it has been used to prepare the ketone in 50 g. batches. 

The pyrrolidine enamine from the ketone (II; R = H) reacted readily with acrylo- 
nitrile, providing the keto-nitrile (II; R = [CH,],-CN). Attempts to convert this into 
the keto-ester by ethanolic sulphuric acid gave only tars. However, reaction of the 
enamine with ethyl acrylate gave the keto-ester (II; R = [CH,],°CO,Et) in good yield, 
The analogous compound (I; R = [CH,],°CO,Et), previously prepared ! by ethanolysis of 
the nitrile, was also obtained directly by use of ethyl acrylate. 

Our approach to a compound containing the tricyclic colchicine skeleton envisaged the 
construction of compounds (VI) in which (m = 2 or 3) (or their saturated counterparts). 
In the case (m = 3), ring c might result from Dieckmann cyclisation, and in the case 
( = 2) by acyloin cyclisation. The compounds (I and II; R = [CH,],°CO,Et) have 
been used as sources of intermediates of the latter type. 

Several reactions were examined in the search for a means of appending the acetic acid 
side-chain at the site of the ketone group in (I and II; R = [CH,],"CO,Et). The Wittig 
reaction ® with ethoxycarbonylmethylenetriphenylphosphorane left the ester (I; R= 
(CH,],°CO,Et) unchanged. Similarly this ester (I; R = [CH,],°CO,Et) failed to react 
with ethyl cyanoacetate in presence of piperidine or potassium ethoxide. When the keto- 
esters were treated in benzene solution with ethyl cyanoacetate and ammonium acetate- 
acetic acid’ products having the probable structures (VII; R_ =H or OMe, R’ = H) 


8 
R C «3 CH, CO, Et aes es COE Oo 
Ro [CHy] ," COnEe 


(VI) (VII) (VIL) ae 


resulted. Other workers have reported similar experiences in these reactions.’ Dev, 
after a survey of catalysts and conditions suitable for condensations of this kind, recom- 
mended the use with keto-esters of piperidine and benzylamine. In the presence of these 
bases the ester (I; R = [CH,],°CO,Et) did not react with ethyl cyanoacetate, but use of 
benzylamine converted the analogue (II; R = (CH,],CO,Et) into an amide (VII; R= 
OMe, R’ = CH,Ph). Under a large variety of further conditions useful products could 
not be obtained from ethyl cyanoacetate or cyanoacetic acid and either of the keto- 
esters. 

These failures threw us back on the Reformatsky reaction. A possible complication 
was that of attack by the reagent on the ethoxycarbonyl group of the keto-ester,® and for 
this reason we examined the method of Grob and Brenneisen.!° In this the organometallic 
reagent is prepared separately before introduction of the ketone. Under these conditions 
the keto-ester (I; R = [CH,],°CO,Et) gave a 17% yield (allowance being made for 
recovered starting material) of the diester (VI; R = H, » = 2), dehydration of the alcohol 


® Gardner, Brandon, and Haynes, J. Amer. Chem. Soc., 1957, 79, 6334. 

* Wittig and Schollkopf, Chem. Ber., 1954, 87, 1318. 

7 Cope, Hofmann, Wyckoff, and Hardenbergh, J. Amer. Chem. Soc., 1941, 68, 3452; Cragoe, Robb, 
and Sprague, J. Org. Chem., 1950, 15, 38. 

§ Pfau and Plattner, Helv. Chim. Acta, 1940, 28, 768; Mukharji, J. Indian Chem. Soc., 1947, 24, 
91; Dev, ibid., 1953, 30, 443. 
* Organic Reactions, Vol. I, p. 4. 
10 Grob and Brenneisen, Helv. Chim. Acta, 1958, 41, 1184. 
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initially formed occurring during distillation. The ultraviolet absorption spectrum of the 
diester showed it to consist predominantly of the endocyclic double-bond compound, but 
crude preparations may have contained small quantities of the exocyclic isomer and of the 
lactone (VIII). Small and variable amounts of the lactone could sometimes be isolated. 
Attempts to raise the yield of the diester by carrying out the Reformatsky reaction in 
boiling xylene gave a different, unidentified product (see Experimental section), which also 
resulted from application of conventional Reformatsky conditions and was certainly a 
mixture. The diester (V; R = H, » = 2) was obtained in slightly better yield (26%) by 
reaction of the ester (I; R = [CH,],°CO,Et) with ethoxyethynylmagnesium bromide." 
The somewhat higher intensity of the ultraviolet absorption shown by this product, com- 
pared with material from the Reformatsky reaction, suggested that the former was 
exclusively the endocyclic isomer. 

In view of these results, it was pleasantly surprising to find that the Reformatsky 
reaction, in Grob and Brenneisen’s modification,” converted the keto-ester (II; R= 
(CH,],°CO,Et) into the diester (V; R = OMe, m = 2) in 57% yield. Again the double 
bond was in the endocyclic position. ‘ 

We are attempting the cyclisation of the diesters described above, and the synthesis 
of their higher homologues. 

It is convenient to report here another sequence of reactions attempted with 1,2-benzo- 
cyclohept-l-en-4-one. We described earlier’ the conversion of this ketone in- 
to an aldehyde (I; R= CHO).. This compound, with propane-1,3-dithiol ditoluene- 
p-sulphonate,” gave the dithioketal (IX). Attempts to nitrosate this compound failed; 
it did not react with pentyl nitrite-sodium ethoxide or sodium nitrite—acetic acid, and 
pentyl nitrite-hydrogen chloride merely liberated sulphur. 


EXPERIMENTAL 


Reduction of Purpurogallin Tetramethyl Ether.—To a suspension of purpurogallin tetra- 
methyl ether (7-5 g.) in absolute ether (100 ml.) was added dropwise during 20 min. a suspension 
of lithium aluminium hydride (1-3 g.) in ether (150 ml.). The mixture was stirred at 0° for 3 hr. 
and then for 30 min. at room temperature. Ice-water was then added, followed by 25% 
sulphuric acid (200 ml.). The ether solution was extracted with 25% sulphuric acid 
(3 x 50 ml.), and the combined acid solutions were washed with ether. During 1 hr. zinc dust 
was added portionwise, with stirring, to 25% sulphuric acid (100 ml.) maintained at 40° in a 
3-necked flask. Simultaneously the deep red sulphuric acid solution from the first part of the 
preparation was added dropwise. ‘The mixture was set aside for 15 min. at room temperature 
and then filtered from undissolved zinc. The filtrate was extracted thoroughly with ether. 
Removal of the ether gave a viscous brown oil (3-5 g.), which deposited crystals (2 g.) on tritur- 
ation with ether-light petroleum (b. p. 40—60°). These separated from ether, then having m. p. 
175—177° (Found: C, 67-5; H, 6-4; CH,O, 45-1%), Amax 315 my in 95% ethanol, and strong 
infrared bands (in carbon tetrachloride) at 3028, 2972, 2867, 1636, 1481, 1452, 1394, 1345, 1166, 
1131, 1095, and 923 cm.*. 

3’,4’,5’-Trimethoxy-1,2-benzocyclohept-1-en-3-one.—The following observations relate to some 
of the steps in Koo’s preparation of this ketone.‘ 3,4,5-Trimethoxybenzoyl chloride was 
obtained from the acid by the action of phosphorus pentachloride.* The average yield of 
15 preparations was 55%. In distillations of quantities greater than 100 g., sudden 
decomposition often occurred with evolution of hydrogen chloride and formation of a black 
pitch. This occurred only very rarely with smaller quantities. 

To obtain moderate-to-good yields of ethyl 8-(3,4,5-trimethoxybenzoyl)acetoacetate strict 
adherence to Koo’s procedure 4 was essential, with the use of freshly prepared absolute ethanol 
and freshly distilled acid chloride. In nine experiments on the 100—200 g. scale the average 
yield was 65%, (Koo claimed 90%). * 

For converting the acetoacetate into ethyl 3,4,5-trimethoxybenzoylacetate it was essential 
to grind the former very finely and to shake the reaction mixture very vigorously (yield, 86%). 

Raphael, ‘‘ Acetylenic Compounds in Organic Synthesis,” Butterworths, London, 1955, p. 82. 


12 Woodward, Patchett, Barton, Ives, and Kelly, J., 1957, 1131. 
%8 Perkin and Weizmann, /., 1906, 1649. 
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3’,4’,5’-Trimethoxy-1,2-benzocyclohept-1-en-3-ol.—The ketone (15 g.) in ether (500 ml.) was 
added during 1} hr. to a stirred mixture of lithium aluminium hydride (7 g.) in ether (500 m1). 
After being boiled for 1 hr. the mixture was decomposed with water and dilute sulphuric acid, 
The usual methods gave the alcohol (13 g.), which formed needles, m. p. 170° (Found: C, 66-9: 
H, 7-2. CygH oO, requires C, 66-7; H, 8-0%), from ether. 

3’,4’,5’-Trimethoxy-1,2-benzocyclohepta-1,3-diene.—Dehydration of the alcohol ® gave an oil, 
b. p. 120°/0-3 mm., in 68% yield. 

3’,4’,5’-Trimethoxy-1,2-benzocyclohept-1-en-4-one.—The foregoing diene (10 g.), in chloroform 
(50 ml.), was treated with perbenzoic acid (7 g.) in chloroform (250 ml.) at O—5°. The reaction 
was complete in 2 hr.; then the solution was washed with N-sodium hydroxide and with water, 
and dried (Na,SO,)._ Concentration gave a viscous oil [strong peaks at 3530 (OH) and 1716 cm 
(ester)], which on distillation gave benzoic acid and the ketone (7 g.), b. p. 150°/0-1 mm. [a 
liquid film gave strong peaks at 2966, 2855, 1706 (C=O), 1598, 1494, 1120, and 990 cm.~1], which 
during cold weather crystallised and had m. p. 46—47°. The 2,4-dinitrophenylhydrazone 
formed silky yellow needles, m. p. 177—178° (Found: C, 55-4; H, 5-4. Calc. for C.9H,,0,N,: 
C, 55:8; H, 5-2%), from methanol (reported,? m. p. 177—178°). 

3-(2-Cyanoethyl)-3’,4’,5’-trimethoxy-1,2-benzocyclohept-1-en-4-one.—The ketone (2 g.) was 
boiled under reflux with pyrrolidine (0-8 g.) in benzene (20 ml.), in an apparatus provided witha 
water-separator. The mixture was boiled for 2 hr. and the benzene was then removed under 
reduced pressure. The crude enamine was dissolved in dioxan (20 ml.) and boiled with acrylo- 
nitrile (2 g.) for 2days. Water was added to the cooled mixture which was then kept overnight, 
before being extracted with chloroform. Removal of the chloroform, followed by distillation 
of the crude residue (2-2 g.), gave starting ketone (0-7 g.) and an oil (1 g.), b. p. 150°/0-1 mm. 
On trituration with ether-light petroleum this gave the required keto-nitrile (0-6 g., 24%) as 
platelets, m. p. 92—93° (Found: C, 66-9; H, 7-2. C,,H,,0O,N requires C, 67-3; H, 7-0%), 
from ether. 

Ethyl 8-(3’,4’,5’-Trimethoxy-4-ox0-1,2-benzocyclohept-1-en-3-yl)propionate.—The pyrrolidine- 
enamine from 3’,4’,5’-trimethoxy-1,2-benzocyclohept-l-en-4-one (10 g.) was boiled for 48 hr. 
with ethyl acrylate (15 g.) in dioxan (100 ml.). Water was added to the cooled solution, and 
the mixture was left. Working up as described above gave the desired keto-ester (9-5 g., 68%), 
b. p. 175°/0-1 mm., »,”° 1-5262 (Found: C, 65-6; H, 7-2. CygH,.O, requires C, 65-1; H, 7-5%), 
Amax, (in 95% ethanol) at 280 my (log ¢ 3-17), strong infrared bands (liquid film) 1736 (ester) and 
1710 cm. (C=O). The 2,4-dinitrophenylhydrazone crystallised as yellow needles, m. p. 127° 
(Found: C, 57-7; H, 5-3. C,,;HggO .N, requires C, 56-6; H, 5-7%), from methanol. 

Ethyl 8-(4-Oxo-1,2-benzocyclohept-1-en-3-yl)propionate.—The pyrrolidine-enamine from 1,2- 
benzocyclohept-1-en-4-one (20 g.) ! was boiled with ethyl acrylate (30 g.) in dioxan (200 ml.) for 
60 hr. The mixture was shaken with water (200 ml.) and kept at room temperature overnight. 
Extraction with ether, followed by distillation, gave the keto-ester (15 g.), identical with the 
compound previously described, and starting ketone (6 g.). 

The Lactams (VI1).—(a) Ethyl §-(4-oxo-1,2-benzocyclohept-l-en-3-yl)propionate (5-2 g.), 
ethyl cyanoacetate (6 g.), ammonium acetate (0-3 g.), acetic acid (4 ml.), and benzene (20 ml.) 
were boiled under reflux for 20 hr. in an apparatus fitted with a water-separator. Water was 
then added, the mixture was extracted with ether, and the extract was dried (Na,SO,). 
Evaporation gave the lactam (0-34 g.) (VII; R = R’ = H) which formed needles, m. p. 190° 
(Found: C, 78-6; H, 7-5; N, 7-0. C,,H,;ON requires C, 78-8; H, 7-1; N, 6-6%), from ethanol 
[Amax, 286 my (log ¢ 4-4) in 95% ethanol; va, 1680s and 1650s cm."]. The remaining material 
from the experiment was the starting ester. 

(b) A similar experiment using the trimethoxy-keto-ester gave the lactam (VII; R = OMe, 
R’ = H), which separated from ethanol as needles, m. p. 194—195° (Found: C, 67-1; H, 6-9; 
N, 4:8. C,,H,,O,N requires C, 67-3; H, 7-0; N, 4:6%), Amax 287 my (log ¢ 4-6) in 95% ethanol. 

(c) The trimethoxy-keto-ester (2 g.), ethyl cyanoacetate (1-3 g.), benzene (20 ml.), benzyl- 
amine (0-5 ml.), and acetic acid (0-5 ml.) were heated under reflux for 2 hr. with use of a water- 
separator. The solution was washed with hydrochloric acid and water, and then dried 
(Na,SO,). Distillation gave a viscous oil (0-9 g.), b. p. 190—210°/0-3 mm. From ethanol it 
gave needles of the benzyl lactam, m. p. 149° (Found: C, 73-5; H, 7-0; N, 3-5. C,,H,,O,N 
requires C, 74:0; H, 6-7; N, 35%), Amax, 285 my (log ¢ 4:31) in 95% ethanol, v4, 1670s and 
1620s cm.*}. 

Diethyl 1,2-Benzocyclohepta-1,3-diene-4-acetate-3-B-propionate.—(a) Ethyl bromoacetate (3-4 
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g.) in 1:1 ether—benzene (5 ml.) was added dropwise to finely divided zinc (1 g.) stirred in 
benzene (20 ml.). After two-thirds of the bromo-ester had been added, zinc (0-5 g.) was added 
followed by the same amount when all the ester had been admitted. The mixture was heated 
under reflux for 2 hr., cooled to 20°, and treated dropwise with the keto-ester (2-6 g.). Boiling 
was carried on for 3 hr. more. The mixture was poured on ice and dilute sulphuric acid, and 
extracted with ether. Distillation of the washed and dried extract gave starting material 
(1-2 g.) and a viscous oil (0-2 g.), b. p. 180—185°/0-1 mm. The latter, when triturated with 
ether, deposited the lactone (VIII) (50 mg.), which formed needles (from ether), m. p. 108° 
(Found: C, 71-8; H, 7-3; OEt, 14-4. C,,H,.O, requires C, 71-5; H, 7-3; OEt, 149%), Amax. 
263 my. (log ¢ 2-51) in 95% ethanol, vax, 1732s cm. in carbon tetrachloride. Redistillation of 
the residue from the lactone gave the diester, b. p. 180—185°/0-1 mm., m,,"° 1-5390 (Found: C, 
71-7; H, 7:3. CygH,,0, requires C, 72-7; H, 7-9%), Amax, 258 my (log ¢ 3-68) in 95% ethanol, 
Vmax. 1734s cm.~? with a subsidiary band at 1714 cm.* (liquid film). 

Increasing the reaction time did not affect the yield of diester. In five preparations on 
7-8 g. batches of the keto-ester the average recovery of keto-ester was 5 g. and the average yield 
of diester was 0-6 g. (6% conversion, 17% yield), 

(b) Activated zinc (4 g.), keto-ester (4 g.), ethyl bromoacetate (2-8 g.), benzene (25 ml.), and 
a crystal of iodine were boiled for 3 hr. Three additions of zinc (3 x 2 g.) and ethyl bromo- 
acetate (3 x 2 g.) were made at hourly intervals and, after the final addition, boiling was 
continued for a further 3 hr. Working up as before gave the diester (0-5 g.), b. p. 180— 
184°/0-5 mm. No keto-ester was recovered but an oil (2-6 g.), b. p. 152°/0-1 mm., m,?" 1-5620 
(Found: C, 80-1; H, 8-1%), was obtained. The oil, which was also formed when the reaction 
was carried out as in (a) but in xylene, showed Amax, 231—240 my in 95% ethanol, and strong 
bands at 1726, 1707, and 1671 cm.1. With 2,4-dinitrophenylhydrazine the oil (0-4 g.) gave a 
dark-red product (0-4 g.; m. p. 75—88°). The ethanol-soluble portion of this product separated 
from that solvent as yellow-orange needles (0-2 g.), m. p. 188° (Found: C, 63-6; H, 5:3; N, 
142%). The ethanol-insoluble portion gave dark-red crystals (0-06 g.), m. p. 190° (Found: C, 
63-5; H, 4-1%), from chloroform-ethanol. Neither of these derivatives showed ester bands in 
the infrared spectrum (Nujol mull). 

(c) Ethoxyacetylene (1-3 g.) in ether (10 ml.) was added to ethylmagnesium bromide [from 
magnesium (0-4 g.)] in dry ether (20 ml.), and the mixture was boiled for 2} hr. After the 
mixture had been cooled, the keto-ester (4 g.) in ether (10 ml.) was added during 30 min. Boil- 
ing was continued for 2 hr., during which the mixture became almost solid. It was cooled to 
0°, decomposed with aqueous ammonium chloride, and extracted with ether. The extract 
(200 ml.) was shaken with 10% sulphuric acid (100 ml.) for 10 min. Distillation of the washed 
and dried ether layer gave unchanged keto-ester (2:8 g.) and the diester (0-4 g.), b. p. 
192°/0-5 mm., ,"8 1-5452 (Found : C, 72-5; H, 7-7%), Amax, 258 my (log ¢ 3-74) in 95% ethanol. 

The diester (0-2 g.) was boiled for 3 hr. with potassium hydroxide (1 g.) in 1: 1 ethanol— 
water (10 ml.). Acidification with dilute hydrochloric acid and ether-extraction gave the 
diacid which formed needles (from ether), m. p. 220° (decomp.) (Found: C, 68-3; H, 
67. C,g.H,,0,,4H,O requires C, 68-1; H, 6-7%), Amax, 260 my (log ¢ 4-04) in 95% ethanol. 

Similar hydrolysis of the diester from the Reformatsky reaction gave a waxy oil (0-15 g.). 
Trituration with ether-light petroleum (b. p. 40—60°) at 0° gave a solid (0-06 g.) which formed 
needles, m. p. 84° (Found: C, 65-9; H, 7-0. C,H, 90; requires C, 65-7; H, 6-9%), from ether. 
This compound was probably the hydroxy-diacid corresponding to the lactone described above. 
The residual oil showed 4x, 260 my (log ¢ 3-52) in 95% ethanol. 

Diethyl 3’,4’,5’ - Trimethoxy - 1,2-benzocyclohepta - 1,3-diene -4-acetate- 38 -propionate.—Ethyl 
bromoacetate (4 g.), zinc (3 g.), benzene (20 ml.), and a crystal of iodine were boiled and stirred, 
and three additions of ethyl bromoacetate (3 x 1 g.) and zinc (3 x 1 g.) were made at hourly 
intervals. Boiling was continued for 2 hr. more, and the keto-ester (9 g.) in benzene (10 ml.) 
was added dropwise. After 5 hr. more of boiling, the usual working up gave an oil which 
underwent dehydration (as shown by rise in pressure) on distillation, leaving the diester 
(6-2 g.), b. p. 220°/0-3 mm., ,1” 1-5455 (Found: C, 66-3; H, 7-3. C,3H,,O, requires C, 65-7; 
H, 7:7%), Amax. 272 my (log e 3°75) iri 95% ethanol, vmax 1728s cm.-}. 

The Dithio-ketal (1X).—The formyl compound (I; R = CHO) (0-5 g.), propane-1,3-dithiol 
ditoluene-p-sulphonate (1-6 g.), anhydrous potassium acetate (2-3 g.), and absolute ethanol 
(32 ml.) were boiled for 7 hr. and then kept at room temperature overnight. Ethanol was 
removed under reduced pressure and the residue was dissolved in water and extracted with 
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ether. Removal of the ether gave an oil (1-2 g.) which was passed, in benzene solution, over 
alumina. Removal of the benzene gave the dithio-ketal (0-4 g.) which formed platelets, m, p. 
96—97-5° (Found: C, 64-4; H, 6-2. C,,H,,OS, requires C, 63-6; H, 6-1%), from ethanol. 


We are indebted to the Department of Scientific and Industrial Research for a maintenance 
grant, and to The Chemical Society for a grant from the Research Fund. 


WASHINGTON SINGER LABORATORIES, 
PRINCE OF WALES Roap, EXETER. (Received, July 23rd 1959.] 





133. Some Reactions of Anhydrous Perchloric Acid and 
Anhydrous Nitric Acid. 


By B. J. HatHaway and A. E. UNDERHILL. 


The reactions of anhydrous perchloric acid and anhydrous nitric acid with 
some anhydrous transition-metal chlorides have been examined. Perchloric 
acid with ferrous or ferric chloride gives ferric perchlorate dihydrate, while 
nitric acid has been shown to be more reactive, giving a series of hydrated 
transition-metal nitrates. The formation of the hydrated salts in 
these reactions has been explained by assuming the presence of the 
following equilibria in the anhydrous acids: 2HClO, == Cl,0, + H,O; 
2HNO, == N,O,; + H,O. Anhydrous perchloric acid has been shown to 
react with anhydrous metal nitrates thus: MNO, + 3HClO,—» MCIO, + 
NO,°ClO, + H,O°ClO,. This reaction goes to completion with potassium 
nitrate, but is only 80—90% complete with transition-metal nitrates. As 
above, the transition-metal ions abstract water ‘from the perchloric acid to 
yield the partially hydrated perchlorates and not the anhydrous salts. 


ANHYDROUS perchloric acid is a potential reagent for the preparation of transition-metal 
perchlorates by the reaction: 


MX, + #HClO,—» M(CIO.),+ "HX. ..... @ 


and we have investigated some reactions in which X is chloride or nitrate. 


A. THE REACTION oF ANHYDROUS PERCHLORIC ACID WITH SOME ANHYDROUS 
TRANSITION-METAL CHLORIDES. 


Apparatus.—This consisted of a B.24 ground-glass joint connected to a solid carbon dioxide 
trap, followed by a U-tube containing solid potassium hydroxide, a liquid-air trap, and a 
vacuum-pump. 

Transition-metal Chlorides.—An excess (4 ml.) of anhydrous perchloric acid, cooled to —80°, 
was pipetted on to ~1 g. of the anhydrous transition-metal chloride contained in a B.24 ground- 
glass tube cooled in solid carbon dioxide. The tube was then quickly attached to the apparatus 
described above. The joint was sealed at the top half of the ground-glass surface, with the 
minimum quantity of silicone grease which was consistent with a vacuum-tight joint. The 
reaction mixture, at atmospheric pressure, was allowed to warm slowly to room temperature as 
the solid carbon dioxide surrounding the tube volatilised. If no reaction had occurred at room 
temperature the tube containing the reaction mixture was warmed slowly to 60° in a water- 
bath, but no higher, as above this temperature perchloric acid slowly decomposes. 

Results.—Ferrous and ferric chloride reacted with anhydrous perchloric acid to yield ferric 
perchlorate dihydrate. Chromous, chromic, manganous, cobaltous, nickelous, and cupric 
chloride did not react. 

Ferrous chloride. No reaction occurred at —80°, but as the mixture warmed to room 
temperature the initially colourless acid became dark brown and the colourless ferrous chloride 
was converted into red-brown crystals. During this process the mixture gave off a colourless 
gas, presumably hydrogen chloride. The reaction mixture was set aside for 12 hr., then cooled 
in solid carbon dioxide, and the apparatus was evacuated. The excess of perchloric acid was 
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removed by allowing the temperature of the tube to rise slowly to room temperature under a 
yacuum and then warming it to 60° in a water-bath. Analysis of the red-brown crystals showed 
them to be ferric perchlorate dihydrate [Found: Fe, 14-12; ClO,, 74-9; H,O, 9-5. Calc. for 
Fe(ClO,)3,2H,O: Fe, 143; ClOy, 76:5; H,O, 9-23%]. No evidence was obtained of any 
chloride remaining in the solid product. 

Ferric chloride. Freshly sublimed ferric chloride was used and transfers were carried out 
inadry-box. No reaction occurred at — 80°, but on warming to room temperature the initially 
colourless perchloric acid became dark brown. The mixture was kept for 4—5 days at room 
temperature; if shorter reaction times were used significant quantities of chloride ion were 
found in the product. The mixture was then cooled in solid carbon dioxide the apparatus was 
evacuated, and excess of perchloric acid was removed as above. The product was red-brown; 
it was not so crystalline as that obtained from the reaction with ferrous chloride, but analysis 
showed it to be ferric perchlorate dihydrate (Found: Fe, 14-3; ClO,, 75-0; H,O, 10-75%). 


Discussion.—The above reactions raise three points of interest: (1) Why do only 
ferrous and ferric chloride react with anhydrous perchloric acid? (2) Why is ferrous 
chloride oxidised to the ferric state? (3) Why does anhydrous perchloric acid afford the 
dihydrate and not anhydrous ferric perchlorate ? 

Because of the unusual features associated with these three points the reactions of the 
above transition-metal chlorides were examined with anhydrous nitric acid to see if the 
two acid systems were similar. 


Reaction of Anhydrous Transition Metal Chlorides with Anhydrous Nitric Acid.—An excess 
(4 ml.) of anhydrous nitric acid was pipetted on to ~1 g. of the anhydrous transition-metal 
chloride at 0° and the mixture allowed to warm slowly to room temperature; reaction then 
occurred, as indicated by the evolution of hydrogen chloride. The mixture was left overnight, 
then cooled to — 80°, and the excess of nitric acid was removed under a vacuum, as the temper- 
ature of the mixture was allowed to rise slowly to room temperature. In the case of manganese, 
cobalt, nickel, and copper chlorides the product was a crystalline, free-flowing powder; with 
chromium and iron chlorides the product was soluble in the excess of nitric acid which on 
evaporation left a viscous gum. The gum required 2—3 days under a vacuum at room temper- 
ature, or a shorter period at 60°, for solidification. 

The results of these experiments are given in Table 1. 


TABLE l. 
Rate of initial Colour of Found (%) * 
Reactant reaction product Metal NO, H,O NO, Formulation 
CrCl, Nil — — -—- — -- -= 
CrCl, Steady Violet-grey 19-0 66-3 10-5 - Cr(NOs)3,2H,O 
18-9 67-8 13-1 _ 
MnCl, Rapid Pale pink 27-8 62-8 10-3 ~ Mn(NO,),,2H,O 
27-9 62-9 10-2 -- 
FeCl, Rapid Red-brown 20-2 71-4 5-8 20{ Fe(NO,),,H,O 
0-17N,0, 
FeCl, Rapid Red-brown 19-95 66-5 — - Fe(NO,);,2H,O 
20-1 66-9 - 
CoCl, Rapid Maroon 26-8 56-1 17-3 Co(NO,);,2H,O 
26-9 56-7 17-4 -- 
NiCl, Rapid Leaf-green 26-0 56-9 16-4 _— Ni(NO,),,2H,O 
26-8 56-5 16-7 — 
CuCl, Slow Blue t¢ 28-17 55-3 -— - Cu(NO,),,2H,O 
Green f 31-6 61-8 - - Cu(NO,),,0-74H,O 
Cu(NO,), Ni Medium blue 29-85 57-0 — — Cu(NO,),,1-67H,O 


* Analysis: the upper figures are the experimental results and the lower figures are the theoretical 
for the formulations given in the last column. 

+ Cupric chloride gave a mechanical mixture of blue and green crystals, which were separated by 
hand for analysis. 

t The product of the ferrous chlgride reaction contained a small amount of combined dinitrogen 
tetroxide and ferrous ion, but no chloride ion. 


Discussion (contd.).—The results show that anhydrous nitric acid is much more reactive 
than anhydrous perchloric acid towards the chlorides examined; thus, while nitric acid 
reacted with all of them except chromous chloride, perchloric acid reacted only with 
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ferrous and ferric chloride. This may be determined by the solubility of the transition. 
metal chlorides in the anhydrous acids. In nitric acid reactions the supernatant liquid 
was always intensely coloured, indicating a significant amount of transition-metal ion jn 
solution. Replacement of the chloride ion by the nitrate ion probably occurs in solution 
and this explains why the reactions in nitric acid go to completion; this would be helped 
by preferential removal of the hydrogen chloride liberated, as it is more volatile than nitric 
acid. In the reaction of ferrous and ferric chloride with perchloric acid the supernatant 
liquid was dark brown, suggesting a significant solubility of these compounds in this 
acid. Where no reaction with perchloric acid occurred, the acid remained colourless, 
indicating a negligible solubility. 

As with perchloric acid the products of reaction of anhydrous nitric acid are all 
hydrated; in general, the mono- or di-hydrate is obtained, whereas from aqueous media a 
hexahydrate is normally isolated at room temperature. The lower hydrates of these 
transition-metal nitrates can be obtained by careful dehydration of the hexahydrates, but 
the product is usually amorphous. The above reactions, therefore, may be considered 
as useful routes for the preparation of the crystalline lower hydrates. 

The reaction of anhydrous copper nitrate with anhydrous nitric acid was carried out to 
ascertain whether the hydrate was formed during the reaction of the chloride with the 
nitric acid, or whether the attraction of the copper ion itself is strong enough to abstract 
water from the anhydrous acid. Since a hydrate is formed in this reaction, it shows that 
it is the attraction of the transition-metal ion for water which determines the formation of 
the hydrate as opposed to the anhydrous salt. 

The abstraction of water from these acids suggests that both acids are capable of 
dissociating in such a way as to give rise to free water. In the case of anhydrous nitric 
acid Dunning and Nutt! have suggested that the following equilibria are present in the 
pure acid: 


MMO~mEO+EO is ss wow 
eS Oe 
HNO, +H,O=®H,Ot+NO,..... @) 


Cryoscopic methods ? have shown the presence of 0-5°/, of water in the anhydrous acid at 
—40°. The removal of this water by co-ordination to a transition-metal ion will move 
the equilibrium of equation (2) to the right-hand side, with the corresponding formation 
of more free dinitrogen pentoxide; this may ionise more extensively, according to 
equation (3), or alternatively the temporary high concentration of dinitrogen pentoxide 
may result in decomposition according to equation (5): 


i 6 OS Oy cevidina + hint so 


Evidence suggesting this mode of decomposition is obtained from the observation of 
nitrogen dioxide in the tube above the reaction mixture during our experiments. 

Anhydrous perchloric acid is known to be an equilibrium mixture of the acid, dichlorine 
heptoxide, and water: * 


9HCIO,w==Cl,0,+H,O ....... @ 


This dissociation has been shown to occur to an extent of 50% even in the freshly distilled 
acid.‘ If such a large amount of water can be present in the pure acid it is not surprising 
that the products of reaction of ferrous and ferric chloride with this acid are the hydrated, 
and not the anhydrous, salts. 

According to the above equilibrium both the anhydrous acids contain significant 

1 Dunning and Nutt, Trans. Faraday Soc., 1951, 47, 15. 

* Goddard, Hughes, and Ingold, J., 1950, 2552. 

% Sidgwick, ‘‘ The Chemical Elements and Their Compounds,” Clarendon Press, Oxford, 1950, Vol. 


II, p. 1230. 
4 van Wyk, Z. anorg. Chem., 1902, $2, 115; 1909, 48, 1. 
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quantities of reactive oxides, dichlorine heptoxide in the case of perchloric acid and 
dinitrogen pentoxide in the case of nitric acid. Both of these oxides are strong oxidising 
agents, SO the oxidation of ferrous iron to ferric iron is to be expected in these systems. 
The failure, in the nitric acid system, to oxidise elements such as manganese, cobalt, and 
nickel to the known, but less stable, tervalent state may also be associated with the presence 
of free water in the system, in the presence of which these tervalent ions are known to be 
unstable. 


B. THE REACTION OF ANHYDROUS PERCHLORIC ACID WITH ANHYDROUS 
METAL NITRATES. 


Anhydrous Copper Nitrate-—An excess (5 ml.) of anhydrous perchloric acid, cooled to — 80°, 
was pipetted on to ~2 g. of amorphous anhydrous copper nitrate, contained in a B.24 tube 
cooled in solid carbon dioxide. The tube was then quickly attached to the apparatus described 
in the previous section. No visible reaction occurred at —80°, but as the tube was 
warmed reaction occurred, below 0°. This was indicated by swelling of the copper nitrate 
powder to twice its volume. The mixture was left at room temperature overnight, but no 
further reaction occurred. The mixture was then cooled to —80°, the apparatus evacuated, 
and the excess perchloric acid removed as the temperature was allowed to rise to room temper- 
ature; the apparatus was evacuated for 24 hr. at this temperature for complete removal of the 
perchloric acid. At this stage the product showed an increase of 400% on the original weight of 
copper nitrate taken. When this product under a vacuum was heated slowly to 100° in a 
water-bath its weight decreased to ~250% of the original. This was accompanied by formation 
of a small amount of colourless crystalline sublimate of nitronium perchlorate (Found: ClQ,, 
66:5; NO,, 30-7%; equiv., 72-4. Calc. for NO,°ClO,: ClO,, 68-4; NO,, 31-6%; equiv., 72-8). 
Prolonged heating of the product under a vacuum at 110° was required before constant weight 
was obtained. The product was pale blue and did not fume in air; this indicated the absence 
of significant quantities of nitronium perchlorate. A typical analysis gave Cu 24-7, ClO, 64-2, 
NO, 8-2% (total 97-2) [Calc. for Cu(ClO,),: Cu, 24-15; ClO,4, 75-85%]. The product was 
mainly soluble in water, but a small amount of a white insoluble material remained, which may 
account for the total analysis not adding up to 100%, although the ratio of perchlorate plus 
nitrate to copper was 2-006. The amount of nitrate is surprisingly high. The above analysis 
corresponds to a mixed salt Cu(ClO,),.gg(NOs3)9.34. Reaction of this product with a further 
quantity of perchloric acid gave a material having the analysis Cu 23-8, ClO, 66-2, NO, 5-0 
(total 95-0%), corresponding to an empirical formula Cu(ClO,);-73(NOs)9-22, Which shows only a 
slight decrease in the nitrate content. This indicates that preparation of anhydrous copper 
perchlorate by repeated reaction with perchloric acid is impracticable. 

Ii the mixed copper perchlorate nitrate powder was heated to 140° very little loss in weight 
occurred as thermal decomposition at this temperature was very slight, but the initially very 
pale blue powder became a pastel-green and appeared to be more crystalline. Heating this 
material to 200° under a vacuum resulted in decomposition to a leaf-green basic perchlorate 
with only a small amount (5%) of sublimation (in contrast to the 80% efficiency of sublimation 
of the copper perchlorate 5 obtained by the reaction of copper oxide with nitrosyl perchlorate). 

Potassium Nitrate.—No visible reaction occurred between potassium nitrate and anhydrous 
perchloric acid at — 80°, or at room temperature, but after 24 hr. in a vacuum at 100° a colour- 
less non-fuming product was obtained. Analysis showed it to be mainly potassium perchlorate 
(Found: ClO,, 70-6; NO,, 2-5. Calc. for KClO,: ClO,, 71:8%). The high perchlorate and low 
nitrate figures indicate that the reaction has gone almost to completion with a single application 
of perchloric acid. 

Manganese Nitrate.—-No visible reaction occurred between anhydrous manganese nitrate 
and anhydrous perchloric acid at —80°, or as the mixture was brought to room temperature, 
but a white powder was obtained after removal of the excess of perchloric acid by evacuation 
for 24 hr. at 110°. This product still fumed in air but prolonged heating in a vacuum did not 
completely eliminate it, and in addition it caused partial thermal decomposition to a black basic 
salt. Analysis of this partially decomposed product showed it to be mainly manganese 
perchlorate [Found: ClO,, 59-0; NO,, 13-5; Mn, 24-4; total 96-9. Calc. for Mn(ClO,),: Mn, 


5 Hathaway, Proc. Chem. Soc., 1957, 19. 
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21-6; ClO,, 78-4%]. The high nitrate figure shows that only about 75% of the nitrate has been 
converted into perchlorate, which is significantly less than the 85% conversion with copper 
nitrate. The low perchlorate figure and high manganese figure occur through thermaj 
decomposition of the initial perchlorate formed to a basic perchlorate. 


Discussion.—These results show that anhydrous perchloric acid will react with 
anhydrous nitrates to yield the corresponding perchlorate, but only in the case of a simple 
ionic nitrate, such as potassium nitrate, is reaction complete. With nitrates, such as 
copper and manganese, which have some degree of covalent character, the reaction is only 
80—90% complete. The initial reaction may be represented: 


KNO, + HCIO,—» KCIO,+ HNO, . ... . (1) 


The nitric acid liberated in this reaction is present in excess of perchloric acid; in this 
medium Goddard, Hughes, and Ingold? have shown that it reacts according to the 
equation: 

HNO, + 2HClO, = H,0*ClO,- + NO,*ClO,- . . . . (8) 


Therefore the complete reaction of perchloric acid with the above nitrates should be 
represented: 
KNO, + 3HCIO, —» KCIO, + H,0-ClO, + NO,ClO, . . (10) 
Cu(NO,), + 6HCIO, —» Cu(ClO,), + 2H,O-ClO, + 2NO,°ClIO, . (11) 


Both nitronium and hydroxonium perchlorate are colourless solids at room 
temperature, so that in the copper nitrate reaction there should be a theoretical increase 
in weight, after reaction, of 422%. Experimental increases in weight of up to 400°% have 
been obtained for this reaction, but it is difficult to be certain that all the excess of 
perchloric acid has been removed (both perchloric acid and nitronium perchlorate fume 
in air so that it is impossible to check for complete removal of the former by fuming of the 
product). In addition, loss of hydroxonium perchlorate occurs at temperatures only 
slightly above room temperature; therefore raising the temperature to ensure complete 
removal of the perchloric acid results in some loss of hydroxonium perchlorate. This 
difficulty, combined with the uncertainty of a complete reaction, makes it understandable 
that the theoretical increase in weight of 422% was not attained in practice. 

As the temperature of the product was raised to 100°, while under a vacuum, more 
extensive decomposition of hydroxonium perchlorate occurred. The nitronium perchlorate 
was much more stable, but thermal decomposition was significant at 110°, although 24 hr. 
under vacuum was required for its complete removal. The isolation of a small quantity 
of nitronium perchlorate, as a crystalline sublimate at 100°, was the only evidence obtained 
that the nitric acid liberated according to equation (8) was converted into a mixture of 
nitronium and hydroxonium perchlorate. No analytical evidence of the formation of 
hydroxonium perchlorate has been obtained, but the isolation of nitronium perchlorate 
requires its formation according to equation (8). Isolation of a crystalline sublimate of 
nitronium perchlorate is the first indication that it can be sublimed and, therefore, that 
it can possibly exist in the vapour phase as a distinct molecule with some degree of covalent 
bonding between the nitronium ion and the perchlorate ion. Alternatively a Referee has 
pointed out that the sublimation may be explained by a dissociation process such as 
2NO,°C1O, —» N,O,; + C1,0,. 

The use of a temperature of 110° for the removal of the nitronium perchlorate was a 
compromise between the removal of the latter as quickly as possible and working at as low 
a temperature as possible to prevent thermal decomposition of the product to a basic salt, 
which occurred above 120° and the formation of which was indicated by insolubility of 
the product in water. 

The product of the reaction between anhydrous copper nitrate and anhydrous perchloric 
acid has been shown to be a mixed copper perchlorate nitrate, which contains only a small 
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amount of nitrate, but in all cases the analytical figures were 3—5% low on 100%. This 
factor by itself does not justify considering the product other than as an anhydrous copper 
salt, but when combined with the observation that the product could be sublimed only with 
a very low efficiency it suggests that the product was not an anhydrous salt, but a hydrated 
one. If it is hydrated, heating under a vacuum at 100° would result in decomposition to 
a basic salt, with only a slight amount of sublimation. 
The infrared spectra of the above copper perchlorate nitrate was measured and strong 
aks were found at 1154, 1025, and 930 cm.+, which are associated with a covalently 
ponded perchlorate ion,® but in addition strong adsorption was obtained at 1622 cm.", 
which corresponds very closely with the O-H stretching frequency of 1628 cm. 
of hydrated copper perchlorate. 

These three lines of evidence suggest strongly that the product obtained is not the 
anhydrous salt but a partially hydrated material. This shows that copper perchlorate 
is able to abstract water from anhydrous perchloric acid in the same way as ferric 
perchlorate does, as described in section A of this paper. 

Conclusions.—From the results of sections A and B of this paper it is concluded that 
anhydrous perchloric and nitric acid react with various transition-metal salts as though 
they are equilibrium mixtures of the free acid, the acid anhydride, and water: 


2HCIO, == Cl,0, + H,O 
2HNO, == N,0; + H,O 


Owing to the strong affinity of transition-metal ions for water, that liberated in the above 
reactions can be removed as the hydrated salt. For this reason neither anhydrous 
perchloric acid nor anhydrous nitric acid can be used as reagents for the preparation of 
anhydrous transition-metal perchlorates or nitrates. 


EXPERIMENTAL 


Anhydrous perchloric acid was prepared by Smith’s method,’ except that all ground-glass 
joints were sealed with a minimum quantity of silicone grease instead of 72% aqueous perchloric 
acid; use of the latter resulted in very low yields of perchloric acid as the joints failed to hold a 
vacuum. The preparation was always carried out on a small scale, producing 4—5 ml. of the 
acid per run; preparation and manipulation of the anhydrous acid were carried out behind 
blast-screens. 

A frequent occurrence during the work described in this paper was the necessity to destroy 
excess of perchloric acid contaminated with oxides of chlorine. This was at first carried out by 
pouring the liquid into an excess of water, as perchloric acid is a strong acid, but as this involved 
the liquid passing over the greased joint at the mouth of the tube, there were frequent explosions. 
To avoid this, water was added dropwise to the liquid, at —80°; this procedure was safe so 
long as the water was added slowly. 

Anhydrous nitric acid was prepared by low-temperature distillation, under reduced pressure, 
of a 3: 1 mixture of concentrated sulphuric acid and 70% nitric acid. The purity of the acid 
was checked by analysis. 

The anhydrous transition-metal chlorides were obtained by standard procedures.® 

Anhydrous manganese nitrate was prepared® by treating manganese with dinitrogen 
tetroxide and ethyl acetate for 24 hr. Excess of dinitrogen tetroxide was added to the resultant 
viscous solution, and the manganese nitrate—dinitrogen tetroxide addition compound, which 
was precipitated, was filtered off. The addition compound was decomposed by heating it 
under a vacuum for 24 hr. at 90°; this left the anhydrous manganese nitrate as an off-white 
powder. 

Analysis for metal ions was carried out by standard methods; ? nitrate was estimated by a 

* Hathaway, unpublished work. * 

7 Smith, J. Amer. Chem. Soc., 1953, 75, 184. 

8 Inorg. Synth., Vols. I—V. 

* Addison and Hathaway, unpublished work. 
lh = Text Book of Quantitative Inorganic Analysis,” Longmans, Green and Co., London, 

n., . 
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micro-Kjeldahl technique, nitrite by addition of excess of potassium permanganate and back- 
titration with standard ferrous ammonium sulphate, and combined nitrate and perchlorate 
gravimetrically by nitron reagent. 


The authors are indebted to the Department of Scientific and Industrial Research for a 
Maintenance Grant (to A. E. U.). 


Tue CHEMISTRY DEPARTMENT, THE UNIVERSITY, HULL. [Received, August 10th, 1959.} 





134. Biosynthetic Pathways in Daldinia concentrica. 
By D. C. ALLport and J. D. Bu’Lock. 


Various strains of D. concentrica have been studied in laboratory cultures 
and a series of aromatic metabolites has been isolated, including benzene 
derivatives with a C, or C, side-chain, such as the chromanone (V) (shown to be 
derived from acetate or a related compound), and mono- and di-methy] ethers 
of 1,8-dihydroxynaphthalene. Non-enzymic oxidation of 1,8-dihydroxy- 
naphthalene has also been investigated. The combined evidence suggests 
that in the fungus the C,, benzene derivatives and 1,8-dihydroxynaphthalene 
are alternative metabolites of a common acetate-derived precursor, and 
that alternative metabolic fates of the 1,8-dihydroxynaphthalene are 
methylation and oxidation, by way of the binaphthyl (I) to polymeric 
quinones and the perylenequinone (II), as previously described. 


As already described, the Ascomycete Daldinia concentrica, parasitic upon ash trees, pro- 
duces in its sporophores a chromogen 4,5,4’,5’-tetrahydroxy-1,1’-binaphthyl (I), which is 
oxidised in situ to 3,10-dihydroxyperylene-4,9-quinone (II) and to black polymeric pig- 
ments firmly bound to the cell-wall substance. The sporophores with which that work 
was carried out were collected in the field; such sporophores are not produced by laboratory 
cultures of the fungus, which were our next object of study. In culture, D. concentrica is 
a somewhat variable species, the differences being partly sexual and partly genetic. Thus 
a series of 25—30 single-spore isolates grown on malt-agar plates produced mycelium 
varying from black or greenish-black through various grey shades to a patchy grey and 
white. The majority were heavily pigmented, produced black conidia freely, and blackened 
the agar medium, but a few pale strains did not form conidia or blacken the medium so 
intensely, and some observations on these strains are noted subsequently. 

Our main work on D. concentrica in culture was carried out with four strains from the 
collection of the Forest Products Research Laboratory; these had been subjected to 


HO OH HO °O 


oO OD ore 
w+ Eee B ? a 


HO OH HO (lV) R=H 
(1) (11) 


repeated sub-culturing and no longer produced conidia or pigment. One of these, strain 
26C, forms a white mycelium on malt-agar, with some black pigment on ageing. Crude 
ethanol extracts of fresh cultures showed a distinctive spectrum, reminiscent of the 
chromogen (I) but not identical with it, and when strain 26C was grown on a larger scale 
the material responsible for this spectrum was readily isolated from the mycelium and 
1 Allport and Bu’Lock, J., 1958, 4090. 
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from the medium. It proved to be neutral and was resolved into 1,8-dimethoxynaphth- 
alene (III) and smaller quantities of the monomethyl ether (IV) (also neutral because 
of hydrogen-bonding). 

Another strain, 26A,, superficially resembles 26C but gives different chemical tests 
and even on ageing forms only a brownish pigment. Extracts from these cultures gave a 
strong ferric chloride reaction, and when the strain was grown on a larger scale the medium 
contained a mixture of phenols. A small fraction was removed from ether extracts by 
sodium hydrogen carbonate solution; the main component was then most easily isolated 
by steam-distillation. Further purification gave a solid, CygH, 03, m. p. 30—33°, forming 
amono-oxime and mono-(2,4-dinitrophenylhydrazone). The chromophore of the substance 
(ultraviolet absorption, Table 1) was identified as that of a dihydroxybenzoyl derivative, 


TABLE 1. Ultraviolet absorption spectra (my; log « in parentheses). 


Amax. in ethanol Amax. in alkali 
(VII) 225 (4:10) 270 (4-04) 342 (3-47) 241-5 (4:10) 285 (3-93) 390 (3-70) 
(VI) 222-5 (4-10) 270 (4-00) 342 (3-45) 241-5 (4:11) 285 (3-93) 387 (3-67) 
(V) 270 (3-97) 347 (3-49) 242 (4-06) 280 (3-89) 380 (3-50) 
(IX) 227 (4:72) 305 (3-84) 320 (3-84) 334 (3-91) Not measured 
(IV) 298 (3-86) 315-5 (3-82) 330 (3-83) Spectrum unchanged 


(III) 227 (4-79) 298 (3-93) 310 (3-80) 
316 (3-90) 325 (3-67) 330 (3-93) }Spectrum unchanged 
(VIII) 225 (4-31) 233* 252 (4-09) 325 (4-19) 236 (4-32) 258 (4-10) 298 (3-28) 370 (3-60) 


* Inflection 


but unlike 2,6-dihydroxyacetophenone (the most readily available model) the compound 
titrated only as a very weak acid; its infrared spectrum showed a hydrogen-bonded 
carbonyl band with no distinct hydroxyl-group absorption. Fused with potassium 
hydroxide, under increasingly vigorous conditions, the compound gave successively 
2,6-dihydroxyacetophenone, y-resorcylic acid, and resorcinol; heating it with 15% aqueous 
potassium hydroxide gave 2,6-dihydroxyacetophenone in good yield. The compound 
gave positive Gibbs and Zimmerman tests and under modified Kuhn—Roth conditions 
gave acetic acid as the only volatile acid. It was therefore formulated as 5-hydroxy-2- 
methylchromanone (V). This was synthesised by the route shown; the natural and the 
synthetic product showed identical spectroscopic properties and formed the same 2,4-di- 
nitrophenylhydrazone. The natural product is optically inactive. 


OH HO 2 HO ° 
B= 0. & OO. 


Reagents: (i) (Me*CH=CH*CO),O-AICI5. (ii) p-CgHyMe*SO,Cl. (iii) Raney Ni. 


The involatile residue from the steam-distillation of the chromanone showed a similar 
ultraviolet absorption spectrum, and by chromatography was resolved into its main 
components, 2,6-dihydroxybutyrophenone (VI) and 2,6-dihydroxyacetophenone (VII) 
(identified in each case by comparison with authentic materials). 


OH 


OH HO 9 
CO-CH,*CH,°CH; COMe ] 
OH OH Me 
1) 


(VI) (VII) (VIII) 


When, after three weeks on the original (glucose-salts-maize steep) medium, mycelial 
mats of 26A, were supplied with fresh 4% aqueous glucose, small amounts of the 
naphthalenes (III) and (IV) were produced in addition to compounds (V), (VI), and 
(VII). Similarly the chromanone (V) and butyrophenone (VI) were found in small 
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amounts with naphthalene derivatives (III) and (IV) in cultures of 26C. Thus the 
differences between the two strains are quantitative rather than qualitative. 

From one batch of replacement cultures of strain 26A,, when the steam-involatile 
fraction containing (VI) and (VII) was worked up, a small yield of a third substance was 
obtained. The amount available was insufficient for complete characterisation and the 
material, m. p. 73—76°, was contaminated with compounds (VI) and (VII). However 
the ultraviolet absorption spectrum and the principal features of the infrared spectrum 
were those of 5-hydroxy-2-methylchromone (VIII) and this tentative identification was 
confirmed by paper chromatography. 

Some chromones comparable to (VIII) are known as natural products, but chromanones 
such as (V) have not previously been recorded. In D. concentrica the three compounds 
(VIII), (V), and (VI) might represent successive stages of reduction, the effective side- 
chains being acetoacetyl, @-hydroxybutyryl (or crotonyl), and butyryl respectively, a 
sequence similar to that in fatty acid synthesis. The optical inactivity of the chromanone 
(V), even when isolated by mild procedures of solvent extraction and chromatography, 
suggests that it is formed from, or in equilibrium with, an open-chain precursor. 

The compounds (V)—(VIII) are all of a type which can formally be built up by linear 
condensations of four or five ‘‘ acetate-derived ”’ C, units, and this hypothesis was tested 


TABLE 2. Degradation of labelled 5-hydroxy-2-methylchromanone. 


Mol. wt. x No. of Mol. wt. x No. of 
counts/min. ‘“‘ active” counts/min. ‘“‘ active” 
Compound (corr.) Cc Compound (corr.) Cc 
(V) as 2,4-dinitrophenyl- BaCO, from Cis, of (V) 2-11 x 10° 0-01 
BYGTABOMS — ccceccccesee 1-46 x 10® 5-00 | ae 8:95 x 105 3-07 
BaCO, from Cy, of (V) 2-74 x 105 0-94 BaCO, from bromopicrin 
na Me of (V) 3-16 x 10° 0-01 reaction 2-94 x 105 1-01 
(VII) from (V) ............ 1:19 x 10° 4-09 BaCO, from bromopicrin 1-41 x 10° 0-005 
BaCO, from Cy)of (V) 2-87 x 105 0-99 


in the case of the Cj, compound (V). Preformed mycelium of 26A, was supplied with 4% 
aqueous glucose containing [1-™C]acetate; after 12 days the chromanone (V) was isolated 
and found to have incorporated about 9% of the total “C administered. When the 
compound was degraded by the route shown, through 2,6-dihydroxyacetophenone and 
resorcinol, the radioactivity was found to be associated solely with the alternate carbon 
atoms of the molecule, as expected and as shown in the scheme (cf. also Table 2). The 
degree of labelling was uniform within the limits of error. 

The carbon skeleton of the chromanone (V) is clearly equivalent to that of the naphthal- 
ene (III), and our observations in fact suggest that the benzene and the naphthalene 
derivatives are alternative metabolites of a common precursor. Thus cultures such as 
26A, appear to be relatively deficient in the enzymes required for complete cyclisation 
of the C,, chain, which would explain why they do not readily produce the black pigments 
derived from the binaphthyl (I). On the other hand strain 26C, also non-pigmented, 
possesses the enzymes necessary for the synthesis of the naphthalene ring in (III) and 
(IV); in this case the failure to produce pigment seems to be due to deficiency in an oxidase 
enzyme. Thus we found that malt-agar cultures of 26C are without visible action on 
added 1,8-dihydroxynaphthalene (IX), whereas pigmented strains all convert this into 
black pigment. On the other hand, cultures of 26A,, not producing detectable amounts 
of naphthalenes, are nevertheless capable of oxidising the added phenol (IX). 

The differences between various types of culture can apparently be summarised as 
follows. In the “normal” or “ wild-type”’ (conidial) strains naphthalenes are synthesised 
but are fairly rapidly removed by oxidation to pigment. In strains such as 26A, the 
synthesis of the naphthalene system is relatively slow, though it may proceed in certain 
conditions (replacement cultures) giving (III) and (IV) and pigment, whilst the bulk of the 
material which would otherwise appear as naphthalenes is liberated as the benzene 
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derivatives (V)—(VIII). In strains such as 26C naphthalenes are synthesised more 
rapidly than they are oxidised, and the surplus appears as (III) and (IV). This general 
picture was confirmed in the series of single-spore isolates: in the non-conidial strains, 


HO 1@) HO N-NH-C,H;(NO)), 


* * a ° 
CH;*CO,Na ae * * —— * «* 5-00C 
(v) ” 2 
- es 
HO CH;-CO,H 
* * 
CH;;CO,H ~<— ‘ »'* . 
y on (CH;),CO + Li,CO, 


. * * y { 
(CH;),CO + Li,CO, 4-09C * 
y y CH,I BaCO, 
* 
. Pe 1 0:94C 
CHI BaCO, BaCO; 
i 0-99C 0-01c 
BacO, OH 
* _ 
0-01C 3-07C 
y 
OH 
O,N NO, + 
nee — BaCO; + CBr,;NO, —~ BaCO;. 
1-01C -005C 
on 0-005 


production of the benzene derivatives was greatest when the formation of pigment was 
least. 

Though 1,8-dihydroxynaphthalene (IX) has not itself been detected in D. concentrica, 
the isolation of its mono- and di-methyl ether from cultures unable to metabolise it 
oxidatively strongly suggests that it is a metabolic intermediate and that in the pigmented 
cultures, and in the wild sporophores, it is oxidised enzymically by way of the binaphthyl 
(I) to the pigments described in our earlier paper. Such coupling reactions can sometimes 
be effected non-enzymically; in any case a study of the oxidation of compound (IX) 
seemed of some intrinsic interest since, whilst this diol cannot yield a simple quinone, it 
was observed to autoxidise rather readily. 

Paper chromatography and absorption spectra were used to characterise the products. 
Oxidation of the diol (IX) with neutral ferricyanide was thus found to give a range of 
substances, the simplest being the binaphthyl (I), which was always accompanied by 
material of similar properties but apparently of higher molecular weight. The extent 
of polymerisation seemed to depend upon the stage at which the product was precipitated 
r HO - OH 


a “9 


a (1) =. . 
(IX) I oe 


n 
HO OH J (X) 








‘ 


from the methanol—-water mixtures used as solvent; as the proportion of methanol was 
increased, and precipitation delayed, the consumption of ferricyanide increased, the yield 
of binaphthyl (I) fell, and the yield of products with a lower Ry increased. In hot aqueous 
solutions, or with higher concentration of methanol, or in alkaline solution, or on prolonged 
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storage, the consumption of ferricyanide rose even further and the products were black 
polymers. 

There are thus three types of product, viz., the binaphthyl (I), the less oxidised poly. 
mers, and the more oxidised polymers. The less oxidised polymers are produced initially 
as grey or light green precipitates, with an infrared spectrum very like those of (I) and 
(IX); these seem to owe most of their colour to slight quinhydrone formation since they 
are largely soJuble in methanol or ether, leaving a small residue of dark insoluble materia], 
The solutions show an ultraviolet absorption spectrum like that of (I); this shows that 
the polymerisation can only involve «-positions of the naphthalene ring since $-substituted 
naphthalenes show quite different spectra.2 The less oxidised polymers thus have 
structures resembling (X), in which coplanarity of the naphthalene units will be severely 
hindered, so that the system has the same effective chromophore for » >1. The more 
highly oxidised polymers are dark green or black, insoluble in methanol or concentrated 
sulphuric acid, but readily reduced by dithionite to products resembling the less oxidised 
polymers. In this they resemble the cell-bound pigment of the D. concentrica sporophores 
described previously. 

It may be asked, in view of this picture of the oxidation process and the theory that it 
is effectively reproduced in D. concentrica sporophores, why the binaphthyl (I) should be 
present in the sporophores at all, since these are so heavily pigmented that its further 
oxidation can obviously occur. The most probable explanation is that as the cells develop, 
the prevailing oxidation potential is eventually maintained at such a level that, whilst 
oxidation of (IX) to (I) can proceed, further oxidation of the product is inhibited. This 
effect may well be produced by the accumulated pigment itself, since this will contain a 
reservoir of reversibly reducible quinonoid units, the individual redox potentials of which 
will not be identical (because of steric effects and varying degrees of conjugation). Such 
polymers give flat curves in oxidation-reduction titrations, i.e., they exert a “ redox 
poising ” effect; in the present system the final potential might well be intermediate 
between those for the oxidations of (IX) and (I).3 


Glucose ——» C, precursor «——CH,°CO,H 


C, precursor ——» (VII) 
Benzene 
derivatives 
Cy» precursor ——» (VIII), (V), (VI) 
Deficient in _ au tf 
young 26A, 
(+) 1} 
(IX) ——+» (III), (IV) Naphthalenes 
(not isolated) f 
Oxidase, deficient | 
in young 26C “jC” vr y 
° Binaphthyl 
a derivative 
(II) Polymers Perylenequinones, 
etc. 


Metabolic pathways in D. concentrica. 


Our studies with D. concentrica, wild and in culture, can be combined to give a picture 
of the secondary metabolism of this species which is summarised in the scheme. At least 


2 Cf. Daglish, J. Amer. Chem. Soc., 1950, 72, 4859. 
® Figge, ‘‘ Biology of Melanomas,” New York, Acad. Sci., 1948, p. 405; Bu’Lock, Chem. and Ind., 
1952, p. 739; Cassidy, Ezrin, and Updegraff, J. Amer. Chem. Soc., 1953, 75, 1615. 
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two of the reactions in this scheme are subject to characteristic enzyme deficiencies, the 
feature which has made possible the reconstruction shown; it should be noted that in this 
case, unlike the well-known uses of blocked mutant micro-organisms, the deficiencies are 
relative and not absolute. 

D. concentrica is one of the few examples of a system in which both partial and 
complete aromatisation of an “‘ acetate-derived ”’ structure has been observed. However 
we would not infer that the chromanone (V) or the chromone (VIII) is itself a 
precursor of the naphthalene (IX); similarly the C, compound (VII) is not a precursor 
of the Cy, compounds. That exogenous (VII) is taken up but is not a precursor of (V) was 
shown experimentally; of the “C supplied as (VII), less than 1% was incorporated into (V). 
Thus the intermediates in the aromatisation processes remain undetected; however, our 
observations do show that not only the benzenoid compounds (V)—(VIII), but also the 
naphthalenes (III) and (IV), the binaphthyl (I) and the perylene (II), all ultimately have 
a common origin in “ acetate,’”’ a fact not necessarily implied by their structural features 
alone. 

It is commonly held that the great variety of compounds which can be isolated from 
laboratory cultures of micro-organisms are pathological by-products with little or no 
relevance to the metabolism of the same organisms growing in their “ natural” habitat. 
This assertion can seldom be tested experimentally, particularly with the very numerous 
Imperfect Fungi of which the mature reproductive forms have not been identified. 
However, in the case of D. concentrica, the non-conidial strains of which would be classified 
as Imperfecti if their origin was not known, there is a very close and significant relation 
between the metabolites from laboratory cultures and the constituents of the naturally 
grown fruit-bodies; the various forms studied, ranging from highly defective vegetative 
strains through conidial strains to the fully sexual “ wild” state, display varying aspects 
of the same metabolic process. 


EXPERIMENTAL 


Extraction of Cultures of D. concentrica Strain 26C.—In a typical procedure, the fungus was 
grown on 750 ml. of glucose-salts—corn-steep medium ‘ for 2 weeks. The mycelium (20 g.) 
was then separated from the glass wool used as a support, and dried at 30°. The dried mycelium 
was powdered and extracted exhaustively (Soxhlet) with light petroleum (b. p. 40—60°) 
followed by ether. The petroleum extract was evaporated and the residue distilled in steam. 
The distillate was extracted with ether, and the ether extract evaporated to a mixture of oil 
and crystals (0-05 g.). This was triturated with light petroleum and recrystallised repeatedly 
from ether and ethanol—water, to give 1,8-dimethoxynaphthalene (III), m. p. and mixed m. p. 
158—161° (for ultraviolet absorption see Table 1). The infrared absorption was identical with 
that of synthetic material prepared by the method of Buu-Hoi and Lavit.5 

The ether extract from the mycelium was washed with aqueous sodium hydroxide and 
water and evaporated, giving an oil (0-8 g.) which partly crystallised; the crystals were 
separated and recrystallised, giving a further quantity of the diether (III) (0-01 g.). The 
residual oil, of characteristic fruity odour, contained traces of the ether (III) together with an 
ester or lactone (C=O band at 1740 and 1770 cm.1, OH bands at 3400—3600; Anax ca. 270 my). 

The culture-medium (4 1.) was extracted with ether, and the extract worked up as for the 
ether extract from the mycelium; the process afforded the diether (III) (0-03 g.) and more 
of the unidentified oil (ca. 0-25 g.). The oil remaining on evaporation of the mother-liquors was 
sublimed at 20 mm./100°. The sublimate was identified by paper chromatography as 8-methoxy- 
l-naphthol (IV). The alkaline washings were acidified and extracted with ether; evaporation 
of the extract and steam-distillation gave the chromanone (V) (see below) (0-04 g.). In the 
non-volatile residues from the steAm-distillation, the butyrophenone (VI) (see below) was 
identified by paper chromatography. Other unidentified phenols were also present. 

Extraction of D. concentrica Strain 26A,.—The cultures were prepared as above; in a 





* Robbins, Kavanagh, and Hervey, Proc. Nat. Acad. Sci., U.S.A., 1947, 38, 171. 
* Buu-Hoi and Lavit, J., 1956, 2412. 
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typical procedure the culture medium (15 1.) was separated, filtered, and extracted with ether 
(3 x 1 1.); the combined extracts were washed with aqueous sodium hydrogen carbonate. 
The ether was then evaporated and the residue steam-distilled; the distillate was extracted 
with ether, and the extracts were evaporated, giving 5-hydroxy-2-methylchromanone (V) (ca, 
1-0 g.), obtained after purification by counter-current distribution between 1 : 1 ethanol—water 
and n-hexane as pale yellow needles, m. p. 30—33° (ultraviolet absorption, Table 1; C=o 
absorption band at 1630, 1650 cm.*, no sharp OH band) [oxime, m. p. 158-5—159-5° (uncorr,) 
(Found: C, 62-5; H, 5-6; N, 7-0. C,9H,,O,N requires C, 62-2; H, 5-7; N, 7:2%); 2,4-dj- 
nitrophenylhydrazone, dark red needles, m. p. 243° (corr.) (Found: C, 53-5; H, 4-1; N, 15:3: 
OMe, 0. C,.H,,O,N, requires C, 53-6; H, 3-9; N, 15-6%)]. 

The residue after steam-distillation was extracted with ether, and the ether evaporated, 
The resulting brown oil (1-9 g.) was passed in benzene through a short column made up froma 
previously boiled slurry of “ Florisil” (Floridin Co., U.S.A.) in benzene. The eluate was 
evaporated, taken up in 1: 3 benzene-light petroleum (b. p. 60—80°), and put on to a similar 
column. Elution with this solvent mixture gave a fraction A and was followed by elution with 
a 1:1 mixture giving a fraction B. 

Fraction A gave a partly-crystalline residue which was purified by repeated recrystallisation 
from benzene-light petroleum and methanol—water, affording 2,6-dihydroxybutyrophenone 
(VI) as yellow needles, m. p. and mixed m. p. 116-5—118° (Found: C, 66-7; H, 6-9. Cale. for 
Cy9H,,0,: C, 66-5; H, 6-7%) (absorption, Table 1; C=O band at 1630 cm.4, OH band to 3250 
cm.1). Fraction B gave a partly crystalline residue which after trituration with light petroleum 
gave 2,6-dihydroxyacetophenone (VII) as yellow needles, m. p. and mixed m. p. 154—158° 
(absorption, Table 1; C=O absorption band at 1630 cm.1, OH band to 3280 cm.). Authentic 
specimens of the ketones (VI) and (VII), prepared by the methods of Russell, Frye, and 
Maudlin,* were spectroscopically identical with the natural products and gave no depression 
of the m. p. ; 

When the culture medium in 14-day cultures of D. concentrica 26A, was replaced by fresh 
4% aqueous glucose, and the cultures were incubated for a further 14 days, extraction and 
working up by essentially the above procedure gave the same products, together with 1,8-di- 
methoxynaphthalene (III), obtained from that part of the steam-volatile material which was 
not extracted from ether by aqueous 10% sodium hydroxide, and 8-methoxy-1l-naphthol (IV), 
obtained as an alkali-insoluble constituent of the residues from steam-distillation and 
characterised after sublimation by paper chromatography. 

In one set of similar cultures, chromatography of the fraction containing the ketones (VI) 
and (VII) afforded a third substance, obtained as yellow needles, m. p. 72—76°, whose ultra- 
violet and infrared spectra were very similar to those of 5-hydroxy-2-methylchromone (VIII). 
Paper chromatography showed the material to contain some of the ketones (VI) and (VII) 
together with (VIII); compound (VIII) was differentiated from (V), which has the same.Rp 
value, by its colour reactions on the paper. 

Characterisation of the Chromanone (V).—The chromanone gave a grey-green colour with 
ferric chloride in ethanol, a positive Gibbs test’ with 2,6-dichlorobenzoquinone N-chloro- 
imide, and a positive Zimmermann test * with m-dinitrobenzene. On electrometric titration 
the compound behaved like o-hydroxy- and unlike 2,6-dihydroxy-acetophenone. Oxidation 
under modified Kuhn—Roth conditions ® gave acetic acid as the only detectable volatile acid. 
The compound was heated with 50% aqueous potassium hydroxide in ignition tubes for periods 
of time varying from 5—10 min., the residues then acidified, extracted with ether, and examined 
by paper chromatography with 0-5n-hydrochloric acid as eluant; successive products were 
identified as 2,6-dihydroxyacetophenone, y-resorcylic acid, and resorcinol. 

Synthesis of the Chromanone (V).—To a solution of anhydrous aluminium chloride (10-2 g.) 
and dry phloroglucinol (5-4 g.) in redistilled nitrobenzene (75 ml.), crotonic anhydride (5-0 g.) 
and further aluminium chloride (15 g.) were added with shaking in } hr.; after being kept at 
room temperature for 2 days, the whole was poured into iced dilute hydrochloric acid. The 
nitrobenzene was separated and the aqueous phase extracted twice with ether; the nitro- 
benzene and ether extracts were combined and solvents removed in steam, after which the hot 


Russell, Frye, and Maudlin, J]. Amer. Chem. Soc., 1940, 62, 1441. 
Gibbs, J. Biol. Chem., 1927, 72, 649. 

Zimmermann, Z. physiol. Chem., 1935, 238, 257. 

Bickel, Schmid, and Karrer, Helv. Chim. Acta, 1955, 38, 664. 


eevee 








~- 7 fF «©. &©» ©» & 





eum 
158° 
antic 

and 
sion 


fresh 
and 
8-di- 


IV), 
and 


(V1) 
Itra- 
III). 
VII) 
i Ry 


with 
loro- 
tion 
tion 
cid. 
‘iods 
ined 
were 


2 g.) 
0 g.) 
rt at 
The 
itro- 


hot 








[1960] Biosynthetic Pathways in Daldinia concentrica. 661 


aqueous liquor was decanted from a brown oil and upon cooling deposited brown crystals. 
When twice sublimed at 170°/15 mm. these gave 5,7-dihydroxy-2-methylchromanone, m. p. 
176—177° (spectrum, Table 1) (Found: C, 61-9; H, 5-4. Cy 9H, 90, requires C, 61-8; H, 5-2%). 

This product (1-0 g.) was heated with toluene-p-sulphonyl chloride (1-0 g.) in dry pyridine 
(5 ml.) for 1 hr., cooled, and poured into water; the product was recrystallised from ethanol— 
water and ethyl acetate—light petroleum, to give 5-hydroxy-2-methyl-7-toluene-p-sulphonyloxy- 
chromanone, m. p. 118—119° (Found: C, 58-5; H, 4-6. C,,H,,0,S requires C, 58-6; H, 4-6%). 
This derivative (150 mg.) in ethanol (10 ml.) was heated under reflux with freshly prepared 
Raney nickel (ca. 1-2 g.) for 3 hr., after which the ethanol was decanted and the nickel dissolved 
in hot concentrated hydrochloric acid. The solution was diluted and extracted thrice with 
ether, and the ether and ethanol solutions were combined, evaporated, and steam-distilled, to 
give crude 5-hydroxy-2-methylchromanone (V) as an oil which was converted into the 2,4-di- 
nitrophenylhydrazone, m. p. and mixed m. p. 243°. 

Synthesis of 5-Hydroxy-2-methylchromone.—The only published synthesis of this com- 
pound,’® by the action of sodium carbonate on 3-acetyl-5-hydroxy-2-methylchromone, is not 
convenient. We obtained the compound as follows. To granular sodium (1-6 g.) was added, 
in 45 min., a suspension of the ketone (VII) (3-0 g.) in dry ethyl acetate (10 ml.) under nitrogen, 
with cooling; the mixture was heated at 100° for 45 min., then water was added, and the mixture 
acidified with acetic acid. The precipitated solid was extracted into ether, recovered, steam- 
distilled and recrystallised from aqueous ethanol, giving 5-hydroxy-2-methylchromone, m. p. 
89—90° (lit.,2° 92°) (absorption Table 1; vz,x, 1620, 1653 cm.~4), giving a purple colour with 
ferric chloride in ethanol. 

Radioactive Assay.—Specimens were counted with an end-window counter as infinitely thick 
samples (1 cm.* cross-section), or as “‘ infinitely thin ” films (corrected for self-absorption). The 
statistical error of counting, corrected for background and lost counts, was always <3%. 
The results in Table 2 are given as the products of the molecular weight and the counts/min., 
corrected as necessary for the experimental dilutions. 

Incorporation of [1-4C]Acetate.—Strain 26A, was grown for 19 days on the full medium, 
which was then replaced by 4% aqueous glucose; after a further 4 days, sterile sodium 
[l-4C]acetate (total 320 uc) was added to 4 flasks, and 12 days later the aqueous medium (5 1. 
including washings) was withdrawn and extracted with ether (1 x 11. and 4 x 500 ml.). The 
combined ether extracts were evaporated to 500 ml., washed twice with aqueous sodium 
hydrogen carbonate, and evaporated and the residue was distilled with steam. The chromanone 
(V) was isolated from the distillate by ether-extraction and purified by countercurrent distribu- 
tion (n-hexane-aqueous ethanol); the yield was estimated spectroscopically (134 mg.). The 
product was then diluted 1:3 with pure material. 

The diluted chromanone (107 mg.) was converted into the 2,4-dinitrophenylhydrazone, 
which was purified by chromatography in chloroform on bentonite—kieselguhr and recrystaliised 
to constant activity. A portion of the product (50 mg.) was diluted with pure inactive material 
(368 mg.) and again recrystallised to constant activity. When counted as a “ thin film,” the 
observed activity was 148 counts per min. per mg., corresponding to ca. 9% incorporation of 
added acetate into the chromanone (V). 

The diluted 2,4-dinitrophenylhydrazone was oxidised (Kuhn-—Roth), giving acetic acid 
which was degraded by standard methods.™ 

Degradation of Labelled Chromanone (V) by Alkali.—The chromanone (100 mg.) was heated 
under reflux under nitrogen with 15% aqueous potassium hydroxide (10 ml.) for 2 hr., cooled, 
acidified with dilute hydrochloric acid, and extracted with ether; the extract was washed with 
aqueous sodium hydrogen carbonate and water, dried (MgSO,), and evaporated, giving the 
acetophenone (VII) as a brown residue, purified by sublimation at 120—130°/15 mm. (yield 
90%), trituration with light petroleum, and recrystallisation from water and chloroform to 
constant m. p. (154:5—155-5°) and activity. A portion (78 mg.) was diluted with pure inactive 
synthetic material (861 mg.) and again recrystallised to constant activity. The C atoms of 
the side-chain were isolated by Kuhn—Roth oxidation." 

The diluted ketone (VII) (300 mg.) was heated under nitrogen with potassium hydroxide 
(2 g.) and water (0-6 ml.) in a nickel crucible, for 5 min. at 160°, raised during 15 min. to 280°, 
and for 70 min. at 280°; the almost colourless melt was dissolved in dilute sulphuric acid. 


10 Limaye and Kelkar, Rasayanam, 1936, 1, 24; Chem. Abs., 1937, $1, 2213. 
4 Birch, Massy-Westropp, Rickards, and Smith, J., 1958, 360. 


662 Biosynthetic Pathways in Daldinia concentrica. 


The solution was extracted with ether (10 x 25 ml.) and the combined extracts dried ang 
evaporated; the crude resorcinol was purified by sublimation at 110°/15 mm. (yield 90%) ang 
recrystallised to constant m. p. (108-5—110°) and activity. 

Degradation of Resorcinol._—The resorcinol (137 mg.) was dissolved in concentrated sulphuric 
acid (3 ml.) at 0°, and nitric acid (0-45 ml.; d‘1-42) followed by nitric acid (0-3 ml.; d 1-50) were 
added dropwise with stirring. After 5 min., iced water (5 ml.) was poured in and after 15 min, 
at 0° the precipitate was collected, dissolved in methanol-chloroform (charcoal), and recrystallised 
from chloroform, giving styphnic acid of constant m. p. (174—175°) and activity (yield 76%). 
This was degraded to barium carbonate (from C9) + Ca + Cy) and Cg) + Crs) + Cys), separately) 
by the methods described for the bromopicrin degradation of 2,4,6-trinitrophloroglucinol by 
Birch e¢ al. 

Incorporation of Labelled 2,6-Dihydroxyacetophenone.—When the undiluted labelled ketone 
(VII), obtained as above, was incubated (45 mg.) with preformed D. concentrica 26A, mycelium 
on 4% aqueous glucose for 14 days, and the chromanone (V) isolated as already described, the 
product gave a thin-film count corresponding to an incorporation of <1%. Because of the 
low activity no degradation was attempted. 

Ferricyanide Oxidation of Naphthalene-1,8-diol (IX).—In a typical experiment, aqueous 
potassium ferricyanide (0-166 g. in 8-0 ml.) was added in one lot to the phenol (0-021 g.) in 
methanol (2-0 ml.), and the mixture kept under nitrogen in the dark for 15 min. The green 
precipitate was then filtered off and washed well with cold water. The filtrate and washings 
were combined and the ferricyanide was titrated under nitrogen.'* The precipitate was taken 
up in methanol or ether, its ultraviolet absorption determined, and examined by paper chromato- 
graphy on strips or discs with saturated butanol—aqueous ammonia or 15% aqueous acetic acid; 
the chromatograms were viewed under ultraviolet light and sprayed with diazotised p-nitro- 
aniline. With a relatively dilute solution of the phenol (0-01 mg./ml.), 2—2-2 mol. of ferri- 
cyanide were consumed, the product being a black precipitate in which no binaphthyl (I) was 
detectable; with a stronger solution (15 mg./ml., in 7% aqueous methanol) only 1-35—1-4 mol. 
of ferricyanide were consumed, and the product, a green precipitate, contained detectable 
amounts of binaphthyl (I). The results of similar experiments are summarised on p. 657. 


Ry values Colour with Ry values Colour with 
A B Cc D_ p-NO,°C,H,’N,* A B Cc D »p-NO,C,H,'N,* 
Resorcinol 0-74 0-68 0-79 Brown (IX) 0-51 0-30 0-69 Purple 
Resorcylic 0-66 0-55 0-82 Brown (IV) 0-49 0-59 Grey-purple 
acid (V) 0-73 Deep red 
(VII) 0-68 0-57 0-83 0-80 Lemon-yellow (VIII) 0-68 Pale pink 
(VI) 0-64 0-49 0-81 Lemon yellow (I) 0-26 Grey-purple 
A, 15% aqueous acetic acid; B, 0-5n-hydrochloric acid; C, butan-1l-ol saturated with 6N-ammonia; 
D, 6N-ammonia saturated with butan-1l-ol. 


Paper Chromatography.—The Ry values recorded for various compounds above, and their 
colour reactions with diazotised ~-nitroaniline followed by 20% aqueous sodium carbonate,” 
are summarised in the annexed Table. 


We are grateful for the Forest Products Laboratory, Princes Risborough, for cultures and to 
Miss M. Hay for the microbiological work. 


Tue UNIVERSITY, MANCHESTER. [Received, August 14th, 1959.} 


12 Vogel, ‘‘ Textbook of Quantitative Inorganic Analysis,’’ London, 1947, p. 435. 
13 Swayne, Biochem. J., 1953, 58, 202. 
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135. Conjugated Cyclic Hydrocarbons and Their Heterocyclic Analogues. 
Part III. The Addition of Benzyne and 1-Bromoacenaphthylene to 
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Benzyne, generated in situ and acting as a dienophile, adds to indeno- 


all [2,l-a]perinaphthene (II) but not to perylene or azulene. 1-Bromoace- 
sinol by naphthylene also adds to the hydrocarbon (II). 

In their studies on the function of benzyne as a dienophile in the Diels-Alder reaction 
| Ketone Wittig and his co-workers showed that benzyne (I), generated in tetrahydrofuran by the 
ay interaction of magnesium and parted th ck. or of n-butyl- -lithium and fluoro- 
pan re benzene,? adds to anthracene transannularly to form triptycene in 10—30% yield. This 

is the only reported case of benzyne adding to an aromatic hydrocarbon, although many 
1queous similar reactions have been reported involving addition to incompletely conjugated 
1 g.) in hydrocarbons (cyclopentadiene* and 1,3- Or dmearver pane *) or to heterocyclic nuclei 
e green (furan,? 1,3-diphenylisobenzofuran,® 1-methylpyrrole,* and 2-methylisoindole °). 
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,oo 2 In an earlier paper ® it was shown that indeno[2,l-a]perinaphthene (II) is a highly 
nate, reactive diene in the Diels-Alder reaction, addition taking place at positions 1 and 12. 
When maleic anhydride was the dienophile and a non-oxidising solvent (xylene) was used, 
_ the primary adduct was isolated in almost quantitative yield. In a mildly oxidising 
andto — medium (nitrobenzene) aromatisation accompanied addition. 
It has now been found that benzyne adds rapidly to indeno[2,1-a]perinaphthene (II) 
959. ] ' when the hydrocarbon and an excess of o-bromofluorobenzene and magnesium are boiled 


together briefly in tetrahydrofuran. Dehydrogenation follows addition, for the product 
' was the fully aromatic benzo[a]indeno[1,2,3-cd]pyrene (IV). This may be the result of a 
| purely thermal elimination of hydrogen from the nearly aromatic primary adduct (III); 
alternatively, two hydrogen atoms may be removed by the excess of benzyne serving as 
a hydrogen acceptor, and giving benzene. The latter possibility appears attractive in 
view of the low temperature of the reaction. 
1 Part II, Kirby and Reid, J., 1960, in the press. 
2 Wittig and Ludwig, Angew. Chem., 1956, 68, 40. 
® Wittig and Benz, Angew. Chem., 1959, 71, 166. 
‘ Wittig, Suomen Kem., 1956, 29, 283. 


5 Wittig, Stilz, and Knauss, Angew. Chem., 1958, 70, 166. 
* Aitken and Reid, J., 1956, 3487. 
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The absorption spectrum (see Figure) of benzo[a]indeno[1,2,3-cd]pyrene resembles jn 
its general structure that of indeno[2,1-a]perinaphthene (II) and indeno[1,2,3-cd]pyrene$ 
(V). Strikingly, benzo{a]Jindeno[1,2,3-cd]}pyrene and indeno[1,2,3-cd]pyrene absorb, band 
group for band group, at shorter wavelengths then indeno/2,1-a]perinaphthene although 
they possess, respectively, four and two more x-electrons and greater molecular areas, 

Perylene (VI), although known ? to react at positions 1 and 12 with maleic anhydride 
in boiling nitrobenzene, failed to react with benzyne under the conditions described above, 
Attempts under the same conditions to add benzyne to azulene at positions 1 and 8 (the 
positions of greatest x-electron excess and deficiency, respectively §), were also unsuccessful: 
the disparity between the 1,2-bond length of benzyne and the distance between positions 
1 and 8 of azulene may be at least partly responsible for this. 


Absorption spectra of (A) benzo[a}indeno[1,2,3-cd]pyrene (IV) and (B) indeno[2,1-a)perinaphthene (II) 
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Acenaphthylene has been used successfully, under somewhat forcing conditions, as a 
dienophile in the synthesis of tetrahydrofluoranthenes.® It is now found that 1-bromo- 
acenaphthylene (VII) adds rapidly to indeno[2,1-a]perinaphthene (II) in boiling nitro- 
benzene: aromatisation of the primary adduct occurred and the hydrocarbon (VIII) was 
formed directly. The crude product contained 3% of bromine, which was eliminated by 
Raney nickel alloy and potassium hydroxide in boiling aqueous pyridine. Two possible 
explanations are suggested to account for this: migration of bromine into an aromatic 
ring takes place in the dissociable primary adduct; !° alternatively, bromine atoms formed 
by the thermal or oxidising action of the solvent on hydrogen bromide eliminated from 
the primary adduct may attack the fully aromatic product. 


EXPERIMENTAL 


M. p.s were determined on a Kofler-type heating-stage. Absorption spectra were measured 
with a Unicam S.P. 500 instrument. Chromatographic purifications were effected on activated 
alumina. 

Tetrahydrofuran was purified by boiling over sodium wire until it no longer imparted a 

7 Clar, Ber., 1932, 65, 846. 

® Brown, Trans. Faraday Soc., 1948, 44, 984. 


* Bergmaiun, Nature, 1948, 161, 889; Kloetzel and Mertel, J. Amer. Chem. Soc., 1950, 72, 4786. 
10 Clar and Zander, J., 1957, 4615. 
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colour to the fresh metal surface, and then distilled. It was redistilled over lithium aluminium 
hydride (1 g./1.) immediately before use. 

Light petroleum was of boiling range 40—60°. 

Addition of Benzyne to Indeno[2,1-a)perinaphthene.—Indeno[2, 1-a]perinaphthene * (126 mg.), 
o-bromofluorobenzene * (2 ml.; b. p. 158°), and magnesium (230 mg.) in tetrahydrofuran 
(10 ml.) were boiled under dry nitrogen for 15 min., then poured into an excess of dilute sulphuric 
acid, and extracted with ether (2 x 250 ml.). The extracts were washed free from acid before 
drying (K,CO,) and evaporation, finally at reduced pressure. The residual oil was eluted with 
benzene after adsorption from benzene (10 ml.) on an alumina column (16 x 3-2 cm.). The 
eluates, on concentration, deposited benzo[a]indeno[1,2,3-cd]pyrene (IV) which crystallised from 
xylene as orange-red needles (24 mg., 15%), m. p. 262—264° [Found: C, 95-7; H, 4.4%; M 
(Rast), 355. C.,H,, requires C, 95-7; H, 43%; M, 326], giving a violet colour with concen- 
trated sulphuric acid. 

Addition of 1-Bromoacenaphthylene to Indeno[2,1-a]perinaphthene.—Indeno[2,l-a]peri- 
naphthene (126 mg.), 1-bromoacenaphthylene * (260 mg.; b. p. 120—122°/0-4 mm.), and 
nitrobenzene (10 ml.) were boiled for 5 min. On cooling, the solution deposited the adduct 
(90 mg.) as golden-yellow needles. The product, recrystallised from nitrobenzene and then 
from nitrobenzene—xylene (1:1), contained 2-1% of bromine which was reduced to 1:8% by 
fractional sublimation at 0-1 mm. but could not thus be completely eliminated. Raney nickel 
alloy (4 g.) was added portionwise in 40 min. to the impure hydrocarbon (40 mg.) and potassium 
hydroxide (4 g.) in boiling water (10 ml.) and pyridine (100 ml.). The still boiling solution was 
filtered from metallic residues which were washed with boiling pyridine (2 x 10 ml.); the 
filtrates were concentrated to 30 ml. before dilution in water (60 ml.). The precipitated yellow 
solid was filtered off, washed with water and methanol, and dried at 100°. From nitrobenzene 
(5 ml.) it gave acenaphthyleno[1,2-alindeno[1,2,3-cd]pyrene (VIII) (22 mg.), orange needles, 
m. p. >350° (Found: C, 96-2; H, 3-9. C,,H,, requires C, 96-0; H, 4-0%). 


Thanks are expressed to Mr. M. Zochowski for valuable assistance in the laboratory. 


DEPARTMENT OF CHEMISTRY, THE UNIVERSITY, 
St. ANDREWS, SCOTLAND. [Received, August 20th, 1959.] 


11 Bergmann, Engel, and Sandor, Z. phys. Chem., 1930, 10, 120. 
12 Blumenthal, Ber., 1874, 7, 1094. 


136. Sulphur Chloride Pentafluoride: Preparation and Some 
Properties. 


By H. L. Roperts and N. H. Ray. 


A new compound, sulphur chloride pentafluoride, has been obtained by 
fluorination of sulphur dichloride. It is a colourless gas, b. p. —21°, which 
is stable to acids but rapidly hydrolysed by alkalis. 


SULPHUR readily forms a hexafluoride, but with chlorine its valency never exceeds two. 
Sharpe ! has suggested that this may be due to the greater energy of S-F bonds and the 
lower dissociation energy of the fluorine molecule which more than compensate for the 
additional energy required to raise a sulphur atom from the ground state to a 3s!13f°3d? 
valency state required by sulphur hexafluoride. Craig and Magnusson ? considered the 
same problem in terms of the influence of chlorine and fluorine atoms on the 3d-orbitals 
of sulphur and concluded that for effective use of these orbitals in bond formation the atoms 
attached to sulphur should be small and strongly electronegative. They also suggested 
that the presence of four or five fluerine atoms might give sufficient stabilisation to enable 
compounds such as SF,Cl, and SF;Cl to exist. 

A possible experimental approach is to study the reaction of sulphur dichloride with 

1 Sharpe, Quart. Rev., 1957, 11, 49. 


? Craig and Magnusson, /J., 1956, 4895. 
Z 
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fluorine; this has been done, and the compound sulphur chloride pentafluoride has been 
isolated from the products of this reaction.’ 

At room temperature sulphur chloride pentafluoride is a colourless gas with a character. 
istic and unpleasant odour; it condenses to a liquid of b. p. —21° which solidifies at —g4°. 
It is stable up to 250° in a glass or nickel vessel, but decomposes at 200° in the presence of 
metals such as copper and mercury which react with chlorine: 


2SF,Cl ——p> SF, + SFy + Cl, 
It is stable to acids, but it is slowly hydrolysed by water and rapidly by alkalies: 
8OH~ + SF,Cl ——t SO,?- + CI“ + 5F- + 4H,O 


It is thus more reactive than either sulphur hexafluoride or disulphur decafluoride. 

The infrared absorption spectrum of sulphur chloride pentafluoride shows three main 
bands, at 905, 854, and 706 cm.+; as would be expected these are similar to the S-f 
stretching modes of disulphur decafluoride * which occur at 940, 827, and 682 cm.7, 


EXPERIMENTAL 


Microanalyses are by Dr. A. F. Colson and the infrared absorption spectroscopy by Mr, 
L. H. Cross. 

Preparation of Sulphur Chloride Pentafluoride.—The reaction vessel was a 2-ft. length of 
copper tube of } in. bore, formed into a loose helix and immersed in a cooling-bath. About 6in. 
from one end a branch of similar tubing was welded in, the junction being below the surface 
of the cooling-bath; a thermocouple was also fastened to the tube at this point. Fluorine from 
an electrolytic cell was passed over sodium fluoride to remove hydrogen fluoride, diluted with 
an equal volume of nitrogen, and passed into the reaction tube at the end nearer the branch. 
A second stream of nitrogen was saturated with sulphur dichloride vapour at 30° and passed 
into the reaction tube through the side-branch. The products were condensed in a series of 
liquid-air traps connected to the other end of the reaction tube. 

Experiments were carried out over a range of temperature from — 30° to +40° with different 
ratios of fluorine to sulphur dichloride; the best yield of sulphur chloride pentafluoride was 
obtained with the reaction tube at —10° and a molar ratio F,:SCl, between 3 and 4. Ina 
typical run under these conditions fluorine (31-5 g., 0-83 mole) and sulphur dichloride (21-8 g,, 
0-21 mole) were passed into the reaction tube during 6 hr. Nitrogen was then swept through 
the apparatus and the traps until the excess of fluorine was removed, and the contents of the 
traps were allowed to volatilise into a gas-holder, leaving a small residue of sulphur mono- 
chloride and sulphur dichloride. The gaseous products were washed first with a saturated 
solution of ferrous sulphate in 2N-sulphuric acid to remove chlorine and to hydrolyse sulphur 
tetrafluoride, and then with a saturated solution of sodium dichromate in 6N-sulphuric acid to 
remove sulphur dioxide resulting from the hydrolysis of sulphur tetrafluoride. The residual 
gas was dried with anhydrous magnesium perchlorate and separated by gas chromatography 
at room temperature on a 1 in. diameter column packed with ‘‘ Chromosorb ”’ (Johns Manville 
Co., Ltd.) containing 40% w/w “ Florube ” grease type A (Imperial Chemical Industries Limited). 
The first fraction eluted from the column was sulphur hexafluoride; the second fraction (1-7 g.), 
with a retention time 3-0 times that of the first, was sulphur chloride pentafluoride (Found: 
S, 20-3; Cl, 22-2; F, 57-7%; M, 163. SF,Cl requires S, 19-7; Cl, 21-9; F, 58-4%; M, 162:5). 

The vapour pressure was measured with a mercury manometer connected to a bulb immersed 
in a cooling-bath, the temperature of which was measured with a previously calibrated alcohol 
thermometer. The results can be summarised in the form [vapour pressure (mm.) at T° k]: logy 
pb = —1005/T + 6-87. The b. p. was found by extrapolation to be —21°; the latent heat of 
vaporisation, calculated from the slope, is 4560 cal. per mole, and the Trouton constant is 18-2. 

The m. p. of a number of different samples of the compound was measured with a calibrated 
alcohol thermometer and found to be —64° + 1°. 

The infrared absorption spectrum was observed in a 10-cm. cell with rock-salt windows and 
a Grubb—Parsons double-beam infrared spectrometer. The spectrum showed bands at 1754vw, 


3 B.P. Appln. 31,320/1958. 
* Dodd, Woodward, and Roberts, Trans. Faraday Soc., 1957, 58, 1545. 
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1698w, 1656vw, 1610w, 153lw, 1513w, 1455vw, 1305vw, 1282vw, 1253w, 1212vw, 1204vw, 
1168vw, 1157vw, 1138vw, 1103vw, 1045vw, 990vw, 975vw, 960vw, 905vs, 860, 854, 849vs, 
07, 801, 795m, 712, 706, 696s cm.*}. 

Chemical properties. A bulb containing liquid sulphur chloride pentafluoride was broken 
under an excess of aqueous sodium hydroxide. The resulting solution was found to contain 
sulphate, chloride, and fluoride in the ratio 1: 0-95: 5-1. 

A sample of sulphur chloride pentafluoride was heated to 250° in a stainless-steel pressure 
vessel for 24 hr. On cooling, the sample was recovered. A second sample was heated to 200° 
in a copper vessel for 1 hr.; on cooling the residual gas was analysed by gas chromato- 
graphy and infrared spectroscopy and found to be a mixture of sulphur hexafluoride, sulphur 
tetrafluoride, and chlorine. 

IMPERIAL CHEMICAL INDUSTRIES LIMITED, 


ALKALI DivIsION RESEARCH DEPARTMENT, 
WINNINGTON, NORTHWICH, CHESHIRE. [Received, August 26th, 1959.] 





137. Further Experiments with Ethylene Derivatives of Boric 
Acid. 


By J. A. Brau, W. GERRARD, and M. F. LAppeErt. 


Compounds [-CH,*O],BX, where X = SR, NR,, O-CO’R, or O-B[O-CH,’],, 
Y'Y2B-0-CH,°CH,"O-BY*Y! where all the Y’s are Cl or NR,, or Y! = Y? = 
Y? = Cl and Y* = OR, have been prepared and characterised; selected 
chemical properties are described. 


TuIs paper supplements our earlier one? on the interaction of ethylene glycol and boron 
trichloride and on the chemistry of related organic boron compounds. Previously ! the 
preparations and selected properties of compounds (I) (X= Cl, OH, OR, OPh, or 
0-CH,°CH,-OH) and (II) (each pair YY? and Y*-Y* = O-CH,°CH,°0, or all Y’s = OR 
or OPh) were described and this study is now extended to further similar compounds (see 
summary). ; 

The new compounds of type (I) were prepared from ethylene chloroboronate (1; X = 
Cl) and the appropriate active-hydrogen compound. All the reactions except that with 
butane-1-thiol were fast and almost quantitative. 

Although trialkyl borates and their trithio-analogues are well established,? S-n-butyl 
ethylene monothioborate (I; X= SBu®) is the first aliphatic mixed thioborate. 
Ethylene boric anhydride (I; X = O-B[O°CHg],) is of interest because it is the bicyclic 
ester of the as yet unknown diboric acid, (HO),B*O-B(OH),. The acyl ethylene borates 
(I; X = OAc, O-CO-CHCI,, or O-CO-CF;) are the first compounds of this type. Analogous 
acyclic compounds, Bu"O-B(OAc), and (Bu"O),B-OAc, although not isolated, were 
postulated ® as intermediates in the reactions of the n-butoxyboron chlorides with acetic 
acid to give acetic anhydride, tri-n-butyl borate, and tetra-acetyl diborate, [(AcO),B),0. 
That acetyl ethylene borate evolved acetic anhydride when heated suggests a similar 
disproportionation scheme, and one expected for a mixed acid anhydride. The other 
monocyclic compounds (I) had considerable thermal stability, thus further illustrating 
the proposition ! that compounds (RO),B+Z are substantially more stable when the two 
groups R are joined than when they are not; the acyl ethylene borates are additionally 
stabilised by chelation (cf. III), this being demonstrated spectroscopically * (see also ref. 5). 

Reaction of boron trichloride,and ethylene glycol was shown previously! to give 

! Blau, Gerrard, and Lappert, J., 1957, 4116. 

* Lappert, Chem. Rev., 1956, 56, 959. 

’ Gerrard, Lappert, and Shafferman, J., 1958, 3648. 


‘ Blau, Gerrard, Lappert, Mountfield, and Pyszora, J., 1959, 380. 
5 Duncanson, Gerrard, Lappert, Pyszora, and Shafferman, J., 1958, 3652. 
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various products (I; X = Cl, or O-CH,°CH,°OH; or II, each pair Y1-Y? and Y?-y4~ 
O-CH,°CH,°O) depending on the relative proportions of the reactants, and it is now shown 
that with excess of boron trichloride, ethylene bisdichloroborinate (II; all Y’s = Cl) is 
obtained. Previous reference (see ref. 2) to acyclic organic diboron compounds has beep 


Hy—-O~\. ~, J CHy—-O7~“r - "dae 
BX YP O*CH,*CH,"O BL CR 
i ——" ye \ys ] H-O” No 0 


(I) (IT) (IIT) 


restricted to compounds having the B-B, B-O-B, or B-C-C-B link, and to other com. 
pounds of type II (all Y’s = OR or OPh,' or R®). The bisdichloroborinate is likely to 
prove a valuable intermediate because of the ease of replacement of its chlorine atoms, 
Thus reaction with ethylene glycol (2 mol.) or butan-l-ol (4 mol.) respectively gave 
hydrogen chloride and the known? di(borates) (II; Y!-Y? and Y*-Y* = O-CH,°CH,0 
or all Y’s = OBu®*), whilst with diethylamine (8 mol.) there was obtained the bisdiamino. 
borinate (II; all Y’s = NEt,) and ethylammonium chloride (4 mol.). Reaction with 
butan-1-ol (1 mol.) gave n-butyl 2-dichloroboro-oxyethylene chloroboronate (II; Yt = Y? = 

Y? = Cl, Y* = OBu"), which contains both dichloroborinate and chloroboronate groups, 

The bisdichloroborinate could not be distilled, since it disproportionated: 
Cl,B-O-CH,°CH,"O°BCl, —» (I; X = Cl) + BCl,. That the bisdichloroborinate is a 
discrete compound and not a mixture was evident from the physical properties and from 
the replacement reactions and because it formed a 1 : 2 complex with pyridine. 

n-Butyl 2-dichloroboro-oxyethylene chloroboronate also disproportionated when heated: 
Cl,B-O-CH,°CH,°O-BCl-OBu" —» (I; X = Cl) + Bu"O0-BC),. 

Although there was no perceptible reaction between gaseous hydrogen bromide and 
ethylene di(borates), there was complete dealkylation with liquid hydrogen bromide at 
room temperature and under pressure (a similar concentration effect for dealkylations has 
been noted with other boron esters’). From the tetra-n-butyl di(borate) there were 
obtained n-butyl bromide, ethylene dibromide, and boric acid (partly dehydrated), whilst 
triethylene diborate gave ethylene dibromide and boric acid. The main purpose of these 
experiments was to obtain ethylene di(boric acid) (II; all Y’s = OH), but in this we were 
not successful. 

The present results may be compared with those obtained in catechol—boron trichloride 
systems.® 

EXPERIMENTAL 

Preparations and Procedures.—Ethylene hydrogen borate, ethylene chloroboronate, tetra-n- 
butyl ethylene di(borate), and triethylene di(borate) were prepared as outlined in our earlier 
paper. Analytical procedures have been described previously.»* Gas chromatography was 
used for both qualitative and quantitative analysis of volatile products. In some cases identity 
of reaction products was confirmed by comparison of infrared spectra with those of authentic 
specimens, 

Reactions of Ethylene Chloroboronate with Compounds having Active Hydrogen.—(a) Butane-l- 
thiol. As preliminary experiments showed that evolution of hydrogen chloride from a mixture 
of the chloroboronate and the thiol was slow, rather forcing conditions were used. A mixture 
of the chloroboronate (9-30 g., 1 mol.) and the thiol (16-4 g., 2-1 mol.) was heated (25 hr.) under 
reflux; hydrogen chloride (1-60 g., 50%) was absorbed in alkali. Two layers had been formed; 
the upper (18-4 g.) afforded a small forerun and then S-n-butyl ethylene monothioborate (7-50 g., 
54%), b. p. 26°/0-002 mm., m,,”* 1-4872 (Found: C, 44-5; H, 8-0; S, 19-4; B, 6-7. C,H,,0,SB 
requires C, 45-0; H, 8-2; S, 20-0; B, 68%). Butane-1-thiol (10-2 g.), n,”° 1-4430 (gave the 
2,4-dinitrophenyl sulphide, m. p. 67°), was collected as a condensate. 

(b) Diethylamine (see also ref. 9). The chloroboronate (8-30 g., 1 mol.) in methylene 


® Letsinger and Skoog, J. Amer. Chem. Soc., 1954, 76, 4174. 

7 Abel, Gerrard, and Lappert, J., 1957, 3833; Lappert, J., 1958, 3256. 
8 Gerrard, Lappert, and Mountfield, J., 1959, 1529. 

® Conklin and Morris, B.P. 790,090/1958. 
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dichloride (15 c.c.) was slowly added to the amine (11-40 g., 2 mol.) at —80°. Diethyl- 
ammonium chloride (8-20 g., 96%) was filtered off and from the filtrate there was obtained 
ethylene diethylaminoboronate (5-50 g., 50%), b. p. 36°/0-4 mm., m,?° 1-4284 (Found: N, 9-6; 
B, 7°5. C,H,,O,NB requires N, 9-8; B, 7-6%). 

(c) Carboxylic acids. Glacial acetic acid (2-48 g., 1 mol.) was slowly added to ethylene 
chloroboronate (4-40 g., 1 mol.) in methylene dichloride (10 c.c.) at 15°. Removal of volatile 
matter at 15°/0-04 mm. (2 hr.) left acetyl ethylene borate (5-10 g., 95%), m. p. ~77° (sealed tube) 
(Found: OAc, 43-5; B, 8:3. C,H,O,B requires OAc, 45-4; B, 8-3%). 

Similarly monochloroacetic acid (5-00 g.) gave chloroacetyl ethylene borate (8-50 g., 98%) 
(Found : C, 28-4; H, 3-9; O-CO-CH,Cl, 55-0; B, 6-4. C,H,O,CIB requires C, 29-2; H, 3-7; 
0-CO'CH,Cl, 56-8; B, 6-6%), and trifluoroacetic acid (4-60 g.) gave ethylene trifluoroacetyl borate 
(7-30 g., 99%), Mp 1-3500 (Found: C, 25-4; H, 2-9; O-CO-CF;, 58-4; B, 5-6. C,H,O,F;B 
requires C, 26-1; H, 2-2; O-CO-CF;, 61-5; B, 5-9%), which decomposed on distillation. 

When acetyl ethylene borate (4-53 g.) was heated at 100°/0-5 mm. for 9-5 hr., acetic anhydride 
(0-77 g.; identified by gas chromatography and its infrared spectrum), b. p. 136°, was condensed 
at —80° and there was a glassy solid residue (3-72 g.) (Found: OAc, 34-0; B, 88%). These 
results are consistent with: 6[CH,°O],B*-OAc —» Ac,O + [(AcO),B],0 + 2([{CH,°O],B-O-CH,), ; 
but separation of the solid was not achieved. 

(d) Ethylene hydrogen borate. The chloroboronate (9-50 g., 1 mol.) in methylene dichloride 
(20 c.c.) was added to the acid (7-85 g., 1 mol.) at 10°. Hydrogen chloride (3-40 g., calc.: 
3-26 g.) was trapped in potassium hydroxide, and removal of volatile matter was completed 
at 50°/0-5 mm. Di-O-ethyleneboric anhydride (13-73 g., 98%) (Found: B, 13-1. Calc. for 
C,H,0;B,: B, 13-7%) was obtained as a white, gelatinous solid. Attempts to recrystallise 
it did not improve purity. 

Preparation of Derivatives of Y,B*O*CH,°CH,*O'BY,. Ethylene glycol (1-70 g., 1 mol.) was 
added to boron trichloride (6-45 g., 2 mols.) at —80°. The mixture was warmed to 20° and 
liberated hydrogen chloride (1-90 g., 95%) was trapped in alkali. The residual liquid was 
ethylene bisdichloroborinate, n,*® 1-4392 (Found: Cl, 63-8; B, 9-7. C,H,O,CI,B, requires 
Cl, 63-6; Br, 9-7%). 

Ethylene bisdichloroborinate (5-60 g., 1 mol.) in methylene dichloride (15 c.c.) was added to 
diethylamine (14-63 g., 8 mols.) at —10°. The precipitated diethylammonium chloride (10-60 g., 
97%) was filtered off and the filtrate afforded ethylene bisdiethylaminoborinate (7-40 g., 80%), 
b. p. 67°/0-3 mm., ,*1 14348 (Found: N, 15;2; B, 5-7. C,sH,,O,N,B, requires N, 15-1; 
B, 59%). 

Addition of butan-1l-ol (1-00 g., 1 mol.) to the bisdichloroborinate (3-00 g., 1 mol.) at —80° 
afforded hydrogen chloride (0-49 g., 100%) and (after removal of volatile matter at 18°/16 mm., 
n-butyl 2-dichloroboro-oxyethylene chloroboronate (3-42 g., 97%), n,*° 1-4339 (Found: Cl, 39-8; B, 
8:3. C,H,,0,C1,B, requires Cl, 40-7; B, 8-3%). 

Reactions of Ethylene Bisdichloroborinate.—There was little apparent reaction when butan-1-ol 
(6-90 g., 4 mol.) was added to the bisdichloroborinate (5-20 g., 1 mol.) at —80° but at 15° a 
vigorous reaction ensued and hydrogen chloride was liberated. The residue, when three times 
distilled, afforded tetra-n-butyl ethylene di(borate) (6-9 g., 79%) (Found: C, 57-8; H, 10-8; 
B, 5-8. Calc. for C,,HyO,B,: C, 57-8; H, 10-8; B, 5-8%) (infrared spectrum), b. p. 57°/0-1 
mm., »?° 1-4199. 

Ethylene glycol (1-42 g., 2 mol.) in methylene dichloride (30 c.c.) was added to the bisdi- 
chloroborinate (2-60 g., 1 mol.). Removal of volatile matter at 16°/0-01 mm. afforded tri- 
ethylene di(borate) (2-35 g., 100%) (Found: B, 10-1. Calc. for C,H,,0,B,: B, 10-7%) (infrared), 
m. p. 160°. 

The bisdichloroborinate (4-60 g.) was heated under reflux at 110° for 2 hr. and there was 
only slight dissociation as evident from analysis (Found: Cl, 58-5; B, 11-0%). Further 
heating at 130°/5 mm. afforded boron trichloride (1-70 g., 70%) as a condensate {(—80°); the 
trichloride was characterised as the pyridine complex (Found: Cl, 53-1; C;H,N, 41-3; B, 5-4. 
Calc. for C;H,NCI,B: Cl, 54-2; C,;H,;N, 40-3; B, 5-5%) (infrared). The pyrolysis residue 
(2-80 g.), »,?° 1-4500, was crude ethylene chloroboronate (Found: Cl, 43-7; B, 9-9%) and was 
purified by twice distilling it (Found: Cl, 34:1; B, 10-4. Calc. for C,H,O,CIB: Cl, 33-4; 
B, 10-2%). 

The bisdichloroborinate (2-50 g., 1 mol.) in methylene dichloride (10 c.c.) was added to 
1% Gerrard and Lappert, J., 1951, 1020. 
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pyridine (1-77 g., 2 mol.) in the same solvent (15 c.c.) at —80° The white solid pyridine 
complex (4-27 g., 100%) [Found: Cl, 37-7; C,;H;N, 41-7; B, 5-9. C,H,0,C1,B,,2C,H.N 
requires Cl, 37-2; C;H,;N, 41-5; B, 5-7%] was filtered off. 

Disproportionation of n-Butyl 2-Dichl oroboro-oxyethylene Chloroboronate.—Distillation of this 
chloroboronate (2-90 g.) afforded n-butyl dichloroborinate (1-60 g., 93%) (Found: Cl, 44-3. 
B, 7-2. Calc. for CgH,OCI1,B: Cl, 45-8; B, 7-0%) (infrared), 7,?° 1-4160, as a condensate 
(—80°), and ethylene chloroboronate (1-10 g., 93%), b. p. 62°/0-9 mm., ,*° 1-4628 (Found: 
Cl, 32-4; B, 10-5%) (infrared). 

Dealkylations.—Liquid hydrogen bromide (9-16 g.) and tetra-n-butyl ethylene di(borate) 
(2-80 g.) were stored in a sealed tube at 20° for 112 hr. Condensation at 15°/10 mm. afforded 
(at —80°) a mixture (5-09 g.; ,*° 1-4385) of n-butyl bromide and ethylene dibromide (gas 
chromatography) and a residual solid (3-67 g.), which when heated gave more ethylene dibromide 
(0-23 g.), b. p. 26°/9 mm., m,,*° 1-4902 (gas chromatography), a condensate (— 80°) of n-butyl 
bromide (2-41 g.), ,,?° 1-4362 (gas chromatography), and a mixture (0-70 g.) of boric acid and 
boric oxide (Found: B, 22-8%). 

Similarly from liquid hydrogen bromide (9-60 g.) and triethylene di(borate) (1-00 g.) at 18° 
(76 hr.), there were obtained ethylene dibromide (2-80 g., 100%), b. p. 125°, and boric acid 
(0-63 g. Calc.: 0-613 g.) (Found: B, 16-9. Calc. for H,O,B: B, 17-5%). 

THE NORTHERN POLYTECHNIC, 

Hottoway Roap, Lonpon, N.7. [Received, May 5th, 1959.] 


138. The Preparation of Some $-Diketones from Copper Complexes 
and Nitrobenzoyl Chlorides. 


By W. J. Barry. , 


The copper complexes of pentane-2,4-dione and 1-phenyl- and 1-p-meth- 
oxyphenyl-butane-1,3-dione with nitrobenzoyl chlorides in chloroform give 
triketones which can be de-acetylated to 8-diketones; the ethyl acetoacetate 
copper complex yields #-diketo-esters. For some of these compounds this is 
the most convenient method of preparation. 


For substitution at the methylene group of £-diketones the sodio-derivatives are generally 
used, the copper complexes having received little attention although reported yields have 
been good. Only Michael and Carson 2 have studied the reaction of acid chlorides and the 
copper complexes. It is now clear that the method is simple and gives good yields of pure 
products. 

The pentane-2,4-dione copper complex (I; R! = R? = Me) (0-5 mol.) when shaken 
with m- or p-nitrobenzoyl chloride (1 mol.) in chloroform for 12—24 hr. gives the triketone 
(II; R?! = R? = Me) which on treatment with aqueous ammonia ® and then acidification 
gives the @-diketone (III; R' = Me) in good overall yield, though they are difficult to 


[R&*CO*CH*CO*R2]Cug.5 + Ar*COC] ——ge RI*CO*CH(COAr)*COR? (Il) 
(1) ——> R'CO*CH,COAr (il) 


obtain pure by the usual methods * whilst boron trifluoride is needed as catalyst to acylate 
the nitroacetophenones.® 1-0-Nitrophenylbutane-1,3-dione could not be prepared in this 
way; the unstable triketone gave only tars on hydrolysis. 

The 1-phenylbutane-1,3-dione copper complex similarly gave the triketones (II; R!= 
Ph, R? = Me, Ar = 1-m- or 1-f-NO,°C,H,), but only the p-compound was purifiable. 
The grouping CH(CO), caused strong infrared absorption between 1639 and 1530 cm.*, in 


1 Vaillant, Compt. rend., 1894, 119, 647; Barry, Finar, and Simmonds, /., 1956, 4974; Morgan, 
Drew, and Barker, J., 1922, 121, 2456. 

2 Michael and Carson, J. Amer. Chem. Soc., 1936, 58, 353. 

3 Cf. Claisen, Annalen, 1893, 277, 203. 
4 Simmonds, Thesis, London, 1957. 
5 Walker and Hauser, ]. Amer. Chem. Soc., 1946, 68, 2742. 
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keeping with the suggestion by Birch e¢ al.6 that this may be characteristic of such com- 
pounds. There was also considerable hydroxyl absorption from 3650 to 3330 cm.", and 
a carbonyl peak at 1653 cm... The crude triketones, however, were de-acetylated nearly 
quantitatively by 30% ethanolic sulphuric acid? to the diones (III) which were charac- 
terized by conversion into 5-m-nitrophenyl-1,3-diphenylpyrazole § and /-nitrodiphenyl- 
isoxazole ® respectively. Again no satisfactory product was obtained with o-nitrobenzoyl 
chloride. 

1-p-Nitrophenylbutane-1,3-dione copper complex did not condense with #-nitrobenzoyl 
chloride even in boiling nitrobenzene, but 1-p-methoxyphenylbutane-1,3-dione copper 
complex gave the triketone (III; R= -MeO-C,H,, Ar = p-NO,°C,H,). The ethyl 
acetoacetate copper complex gave excellent yields of acyl derivatives with o-, m-, and 
p-nitrobenzoyl chloride; here 1 mol. of each reactant was used, the greater acidity of the 
diketo-nitro-ester leading to the copper complex of the ethyl nitrobenzoylacetoacetate. 


EXPERIMENTAL 


Preparations from Pentane-2,4-dione Copper Complex.—The complex (1 mol.) in dry chloro- 
form (10% solution) was shaken with the appropriate nitrobenzoyl chloride in chloroform 
(10% solution) at room temperature for 12—24 hr. The precipitated cupric chloride was 
shaken with 3Nn-sulphuric acid until the extract was colourless. The chloroform layer was 
dried (Na,SO,) and evaporated under reduced pressure. The residue was heated for 10— 
15 min. with 3N-ammonia, then acidification with 3n-hydrochloric acid gave l-m- (92%), m. p. 
115—116° (from methanol), and ]-p-nitrophenylbutane-1,3-dione (82%), m. p. 112—114° 
(from methanol), the identities being confirmed by mixed m. p.s. 

Preparations from 1-Phenylbutane-1,3-dione Copper Complex.—A similar procedure afforded 
a greenish solution containing precipitated cupric chloride and a little triketone copper com- 
plex, not in solution. Treatment with 5n-hydrochloric acid and evaporation of the chloroform 
layer gave 2-acetyl-1-m-nitrophenyl-3-phenylpropane-1,3-dione, spontaneously deacetylated in 
air and therefore not purifiable, and 2-acetyl-1-p-nitrophenyl-3-phenylpropane-1,3-dione (52%), 
m. p. 121—122° (from ethanol) (Found: C, 65-8; H, 4:1; N, 4:4. (C,,H,,;0;N requires C, 65-6; 
H, 42; N, 45%). 2-Acetyl-1-p-methoxyphenyl-3-p-nitrophenylpropane-1,3-dione (55%), 
obtained similarly, also underwent spontaneous decomposition. 

Hydrolysis of the Triketones.—The triketonés were heated with excess of 30% ethanolic 
sulphuric acid for 10—15 min. at 100°, reaction being complete when the odour of ethyl acetate 
had disappeared. Cooling gave 1-m-nitrophenyl-3-phenylpropane-1,3-dione, m. p. 135—136° 
(identified by conversion with phenylhydrazine in acetic acid into 5-m-nitrophenyl-1,3-diphenyl- 
pyrazole, m. p. 131—132°), 1-p-nitrophenyl-3-phenylpropane-1,3-dione, m. p. 159—160° 
(identified by conversion with hydroxylamine into the p-nitrodiphenylisoxazole, m. p. 220— 
221°), and 1-p-methoxyphenyl-3-p-nitrophenylpropane-1,3-dione, m. p. 180° (from benzene) 
(Found: C, 64-5; H, 4:1; N, 4:5. C,,H,,0;N requires C, 64-2; H, 4:3; N, 4-7%), which was 
strongly fluorescent. The yields from these hydrolyses were nearly quantitative. 

Preparations from Ethyl Acetoacetate Copper Complex.—Ethyl acetoacetate copper complex 
(1 mol.) and the nitrobenzoyl chloride (1 mol.) gave the diketo-ester as the copper complex. 
Ethyl 2-p-nitrobenzoylacetoacetate copper complex was insoluble in the chloroform and was 
filtered off, washed with water to remove cupric chloride, and then with ethanol and ether. 
Shaking the solid with ether and 3Nn-sulphuric acid, and evaporating the dried ether layer, gave 
ethyl p-nitrobenzoylacetoacetate (72%), m. p. 49—50° (from methanol) (identified by mixed 
m. p. and comparison of its infrared spectrum with that of an authentic specimen). The o- and 
the m-complex, being soluble in the chloroform, were decomposed by shaking the reaction 
mixture with 3n-sulphuric acid until the aqueous layers were colourless. The chloroform layer, 
containing a mixture of ethyl nitrobenzoylacetoacetate and ethyl acetoacetate, was shaken 
with cupric acetate solution (pH 2), and the copper complex of the nitro-ester was filtered off, 
washed free from ethyl acetoacetate with ethanol and ether, and decomposed in the usual way. 


* Birch, J., 1951, 3026; Birch and Elliott, Austral. J. Chem., 1956, 9, 95; Birch and English, /., 
1957, 3805. 
7 Cf. Hassall, J., 1948, 51. 
8 Bodforss, Ber., 1916, 49, 2804. 
® Wieland, Ber., 1904, 37, 1151. 
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Evaporation of the ether layer gave ethyl m-nitrobenzoylacetoacetate (72%), m. p. 73—75° 
(from methanol) (converted by boiling 5% phosphoric acid in 6 hr. into 1-m-nitrophenylbutane. 
1,3-dione (infrared spectrum identical with that of an authentic specimen), and ethyl o-nitro. 
benzoylacetoacetate (72%), an oil, converted by phenylhydrazine in acetic acid into ethyl 3. 
methyl-1,5-diphenylpyrazole-4-carboxylate, m. p. and mixed m. p. 146°. 


The author thanks Mr. Pyszora of the National College of Rubber Technology for the 
spectroscopic data. 
THE NORTHERN PoLyTEcHNIC, Hottoway, Lonpon, N.7. [Received, July 14th, 1959.) 


139. Heterocyclic Fluorine Compounds. Part IV.* Mono- 
fluoroindazoles. 


By I. K. BarBen and H. Suscuitzky. 

5-, 6-, and 7-Fluoroindazole (I; R = H) have been prepared by a Balz- 
Schiemann reaction of the corresponding aminoindazoles. Their ethyl 6- 
carboxylates (I; R = CO,Et) have also been obtained by cyclising the 
requisite N-nitroso-N-o-tolylbenzamide in dry benzene. Attempts to 


prepare the 4-fluoro-isomer by a route different from that described else- 
where failed. 


ALL the Bz-mononitroindazoles required in our work were made by diazotisation of the 
respective nitro-o-toluidines in acetic acid.1 3-Nitro-o-toluidine (NH, = 1), the starting 
material for 4-nitroindazole, was prepared by reduction of 2,4,6-trinitrotoluene at position 4, 
followed by deamination with hypophosphorous acid and mono-reduction of the resulting 
2,6-dinitrotoluene with ammonium sulphide. 

Reduction of nitroindazoles with iron and water containing a little hydrochloric acid? 
generally gave aminoindazoles in good yield, although it led to some decomposition in the 
case of the 4- and the 7-amino-compound (cf. Davies %). While 5-, 6-, and 7-fluoroindazole 
were readily obtained from these amines by a Balz—Schiemann reaction, 4-aminoindazole 
behaved abnormally on diazotisation, possibly because of its structural resemblance to 
m-phenylenediamine. 


a QD is) i?) Or or Ay 
(I) (Il) (IIT) ns (V (VI) 


From crude indazole-7-diazonium borofluoride, which nai to be prepared in hydroboro- 
fluoric acid at —10°, a small quantity of a brown, water-insoluble solid was separated. 
It was thought to be a triazole in view of the formal resemblance between 7-aminoindazole 
and o-phenylenediamine. Attempts to purify it, however, failed. 

4-Fluoroindazole was synthesised as follows: 3,5-dinitro-p-toluic acid (II; R = R' = 
NO,, R” = H) was reduced to a mixture of 3-amino-5-nitro-p-toluic acid and the diamine 
which were separable by fractional crystallisation of their ethyl esters. A Balz—-Schiemann 
reaction on the nitro-ester (II; R’ = NH,, R = NO,, R” = Et) followed by hydrolysis 
and decarboxylation gave 2-fluoro-6-nitrotoluene (III; R = NO,). From it N-(3-fluoro-o- 
tolyl)benzamide was obtained (identical with a sample prepared by another method ) 


* Part III, Tetrahedron, 1959, 6, 315. 


1 Porter and Petersen, Org. Synth., Coll. Vol. III, p. 660. 

2 Petitcolas and Sureau, Bull. Soc. chim. France, 1950, 3959. 
® Davies, J., 1955, 2412. 

* Suschitzky, J., 1955, 4026. 
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which was cyclised via its nitroso-compound in benzene to 4-fluoroindazole. Decarboxyl- 
ation, by the usual methods, of 4-fluoroindazole-6-carboxylic acid (I; R = CO,H) obtained 
from ethyl 3-fluoro-5-nitro-f-toluate (II; R = F, R’ = NO,, R” = Et) as another route 
to 4-fluoroindazole was unsuccessful. 

In a second preparation of 5-fluoroindazole the nitration products of m-fluorotoluene 
were reduced and benzoylated. From the isomeric mixture of benzoyl compounds N-(4- 
fluoro-o-tolyl)benzamide was readily separable because of its insolubility in ethanol. 
Cyclisation of its -nitroso-compound yielded a mixture of 5-fluoroindazole and a fluorine- 
free substance which is under investigation. 

6-Fluoroindazole was obtained in a similar way from N-(5-fluoro-o-tolyl)benzamide. 

The preparation of 7-fluoroindazole involved nitration of 4-acetamido-2-nitrotoluene * 
(IV; R=R’'=H). Nitration with fuming nitric acid gave a 2 : 1 mixture of 4-acetamido- 
2,3- and 4-acetamido-2,5-dinitrotoluene. Dilution of the nitric acid reduced the proportion 
of the unwanted 2,5-dinitro-compound; nitric acid of sp. gr. 1-485 yielded 4-acetamido- 
2,3-dinitrotoluene as the sole product (Table 1). Interconversion of the isomeric com- 
pounds by migration of a nitro-group as recently described by Pausacker 5 was thought to 
be one of the reasons for this unusual result. However, migration could not be induced in 
these compounds under the conditions of nitration; only in sulphuric acid at 110° did 
2,3- give 2,5-dinitro-p-toluidine. The presence of nitrous acid had a marked effect on the 
nitration (see Table). 

TABLE 1. WNitration of 4-acetamido-2-nttrotoluene. 


Composition (%) : ¢ 
Sp. gr. of HNO, Yield (%) 2,3-Dinitro-p-toluidine 2,5-Dinitro-p-toluidine Starting material (%) 


1-500 86 70 30 — 
1-485 60 100 _— — 
1-475 19 100 _ _— 
1-460 _— _ _ 100 
1-500” 33-5 33-5 — 66-5 
1-485? — _ _— 100 

* After hydrolysis. Free from nitrous acid. 


The position of entry of the nitro-group in the nitration of 4-acetamido-2-nitrotoluene 
must also be determined by the resultant electronic tendencies of the substituents, 1.e., 
a +E group (NHAc) situated meta to a —M group (NO,). Such a situation has already 
been previously observed to favour nitration at a hindered position.® 

The dinitro-compound (V; R = NO,), whose structure follows from formation of the 
phenanthrazine (VI), was readily reduced with stannous chloride to the amine’ (V; R = 
NH,). A Balz-Schiemann reaction with the nitro-amine (V; R = NH,) led to deamin- 
ation. In view of this failure a recent method of introducing fluorine into aromatic com- 
pounds reported by Bergmann, Berkovic, and Ikan ® in which a solution of a diazonium 
borofluoride in acetone is treated with copper powder or cuprous chloride was applied to 
2-nitro-m-toluidine (V; R= NH,). Again this gave deaminated products and we have 
shown elsewhere ® that Bergmann’s modification of the Balz—Schiemann reaction, although 
it generally fails to introduce fluorine, has preparative value as a deamination method. 

5- and 6-Fluoroindazole proved ineffective on the Walker carcinoma 256 at a single dose 
of 25 mg. in oil per 200 g. rat. 


EXPERIMENTAL 

Diazonium borofluorides were decomposed in dry nitrogen.?® Ultraviolet measurements (in 
methanol) were made with a Unicam S.P. 500 instrument and are quoted as Agax in my, with 
10%e in parentheses. 
5 Pausacker and Scroggie, J., 1955, 1897. 
* Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,”’ Bell and Sons, London, 1953, p. 268. 
* Burton and Kenner, J., 1921, 119, 1047. 
* Bergmann, Berkovic, and Ikan, ]. Amer. Chem. Soc., 1956, 78, 6037. 
® Barben and Suschitzky, Chem. and Ind., 1957, 1039. 
” Suschitzky, J., 1953, 3042. 
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Nitroindazoles.—Diazotisation of the requisite nitro-o-toluidine in acetic acid according to 
the method used for 5-nitroindazole ! was satisfactory. 

Aminoindazoles.—The nitroindazoles were reduced with iron suspended in boiling water 
containing a little hydrochloric acid.2, Some decompositions occurred in the case of the 4- and 
the 7-amino-compound. M. p.s agreed with the values in the literature.* 

Monofluoroindazoles.—Method A. The aminoindazole (1 mol.) in hydrochloric acid (3-4 
mols.) was diazotised below 0°. Addition of aqueous sodium borofluoride (1-2 mols.) 
precipitated the diazonium borofluoride which was washed with 10% aqueous sodium boro. 
fluoride solution and ether, dried, diluted with sand, and then decomposed. The monofluoro- 
indazole was driven off by steam and extracted from the distillate with ether. 7-Amino- 
indazole had to be diazotised in 42% hydroborofluoric acid at —10°. Its diazonium compound 
contained a fluorine-free, solid impurity. The compounds thus prepared are listed in Table 2, 
Indazole-5-, -6-, and -7-diazonium borofluoride melted at 124—125°, 125—126°, 133—135°, 
respectively, all with decomp. 

Ultraviolet absorptions of the fluoroindazoles were: 

4-Fluoroindazole: 214(8-07), 247(3-99), 283(4-00), 294(2-92). 

5-Fluoroindazole: 214(6-18), 248(5-0), 252(5-06), 291(4-8), 298(4-66), 300(3-83), 305(4-01). 

6-Fluoroindazole: 213(9-14), 261(4-63), 279(4-72), 290(3-97). 

7-Fluoroindazole: 212(6-8), 246(4-23), 283(3-73), 295(2-94). 

Method B. A suspension of the N-fluorotolylbenzamide in acetic anhydride and acetic acid 
was nitrosated at 0—5° with nitrous fumes (generated by Bachmann’s method "*) for lhr. The 
nitroso-compound precipitated when the deep-green mixture was poured on ice, was collected, 
washed free from acid (ice-water), dried, and dissolved in benzene (sodium-dried). This mixture 
was set aside for 2 days and yielded the indazole on extraction with hydrochloric acid followed 
by basification of the acid extract. 

Ethyl 4-fluoroindazole-6-carboxylate was obtained from the liquid nitroso-compound as 
needles (from water), m. p. 137° (Found: C, 57-9; H, 4-6. C,)H,O,N,F requires C, 57-7; H, 
4:35%). Hydrolysis by 2N-sodium hydroxide gave the acid which, purified as its ammonium 
salt and recrystallised from nitromethane, had m. p. 306—310° (decomp.) dependent on the rate 
of heating (Found: equiv., 198. C,H,O,N,F,H,O requires equiv., 198). 

5-Fluoroindazole. Cyclisation of N-(4-fluoro-o-tolyl)-N-nitrosobenzamide, m. p. 62—63° 
(decomp.) (Found: C, 64:9; H, 4:5; N, 10-9. C,,H,,O,N,F requires C, 65-1; H, 4:5; N, 
10-85%), gave 5-fluoroindazole, m. p. and mixed m. p. 121° with a sample prepared by method A. 


TABLE 2. Substituted indazoles. 


Found (% Required (%) Yield * 
Subst. M. p. H N Formula Cc H N (%) 
foe 121° 61-8 3-9 20-5 19 
<p 126 te ~_ 20-6 } C,H;N,F 615 3-7 20-5 { 9 
Pe  cobeneves 120 61-7 3-7 20-4 27 


* Yields are based on diazonium borofluorides. 


6-Fluoroindazole. The nitroso-compound obtained from N-(5-fluoro-o-tolyl)benzamide had 
m. p. 59° (decomp.) and cyclised readily to 6-fluoroindazole (62%), m. p. and mixed m. p. 125— 
126°. Its dry silver salt (prepared from aqueous solutions of the indazole and silver nitrate) 
with an excess of methyl iodide at room temperature afforded an oil which readily formed 
6-fluoro-2-methylindazole picrate as yellow needles, m. p. 166° (Found: C, 44:5; H, 258. 
C,4HyO,N,F requires C, 44-3; H, 2-7%). 

3,5-Dinitro-p-toluic Acid.—This was made by addition of nitric acid (80 ml.; d 1-51) toa 
stirred solution of p-toluic acid (50 g.) in sulphuric acid (200 ml.; d 1-84) at 15—25° during 
1-5hr. After being heated on a water-bath for 2-5 hr., the mixture was poured on ice. 3,5-Di- 
nitro-p-toluic acid (75 g., 86%) crystallised from ethyl acetate-light petroleum (b. p. 60—80°) 
as prismatic needles, m. p. 157°. Briickner 1 records m. p. 157—158°. Its amide was obtained 
as needles, m. p. 187° (Found: C, 42-6; H, 3-1. C,H,O,;N, requires C, 42-7; H, 3-1%). Its 
ethyl ester, prepared with ethanol and sulphuric acid, had m. p. 72—73° (Found: C, 47-6; H, 
3°5. Cy9H,.O,N, requires C, 47-25; H, 4:0%). 
11 Bachman, ‘‘ Organic Reactions,’’ Wiley, 1944, Vol. II, 249. 
12 Briickner, Ber., 1875, 8, 1678. 
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3-Amino-5-nitro-p-toluic Acid.—Reduction of a boiling ethanolic solution of 3,5-dinitro-p- 
toluic acid with 8% aqueous ammonium sulphide (226 ml.) was complete in 2-5 hr. Filtration 
and acidification of the filtrate to pH 4 precipitated 3-amino-5-nitro-p-toluic acid as yellow 
needles (purified via its ammonium salt), m. p. 213°. Claus and Beysen report m. p. 214°. 
Its acetyl derivative crystallised as needles, m. p. 242° (Found: C, 50-4; H, 4:2. C,H O;N, 
requires C, 50-4; H, 42%). The ethyl estey had m. p. 145° (Found: C, 53-8; H, 5-6. 
CypH204N2 requires C, 53-7; H, 5-4%). From the crude ester a small quantity of ethyl 3,5-di- 
amino-p-toluate was separable by fractional crystallisation from benzene as blunt needles, m. p. 
145—147° (Found: N, 14-2. C,)9H,,O,N, requires N, 14.4%). This compounds was prepared 
unambiguously by reduction of an ethanolic solution of the dinitro-ester with Raney nickel and 
hydrogen at atmospheric pressure. 

3-Fluoro-5-nitro-p-toluic Acid.—The 3-amino-5-nitro-ester (15 g.) yielded a diazonium boro- 
fluoride (16-2 g., 75%), m. p. 128° (decomp.), which on dry decomposition gave pale-yellow 
needles of ethyl 3-fluoro-5-nitro-p-toluate (50%), m. p. 50°, purified by sublimation at 90°/30 mm. 
(Found: C, 52-9; H, 4-9. C,9H,9O,NF requires C, 52-9; H, 4-9%), hydrolysis of which yielded 
a acid, m. p. 160°, as needles (Found: C, 48-5; H, 3:3. C,H,O,NF requires C, 48-25; H, 

ord Fluere-o-telyionsmatde.—8-Vieinnt-olten-ptntite acid (0-5 g.) was decarboxylated in 
quinoline with a trace of copper bronze under reflux in 1-5 hr. Pouring the mixture into dilute 
hydrochloric acid followed by steam-distillation gave 2-fluoro-6-nitrotoluene (0-25 g.), which 
on reduction by stannous chloride and benzoylation gave the benzamide, m. p. and mixed 
m. p. 157—158° with a sample prepared by another method.‘ 

Ethyl 3-Benzamido-5-fluoro-p-toluate.—By shaking an ethanolic solution of the fluoronitro- 
ester with Raney nickel under hydrogen an amino-estey was obtained as needles, m. p. 64° 
(Found: C, 61-2; H, 6-4. C,,H,,O,NF requires C, 60-9; H, 6-1%), which on benzoylation gave 
this benzamido-ester, m. p. 137°, as needles (Found: C, 67-5; H, 5-5. (C,,H,,0,;NF requires 
C, 67-8; H, 5-35%). 

N-(4-Fluoro-o-tolyl)benzamide.—The mixture of products obtained on nitration of m-fluoro- 
toluene }4 was reduced with iron and ammonium chloride solution and then benzoylated. The 
benzamide, m. p. 166° (lit.,14 m. p. 166°), separated as the least soluble isomer from hot ethanol. 
The isomeric mixture of benzoates in the mother-liquor could not be separated by fractional 
crystallisation or chromatography. 

N-5-(Fluoro-o-tolyl)benzamide was made by reduction (stannous chloride) of 4-fluoro-2-nitro- 
toluene followed by benzoylation. It had m. p. 117° (Found: C, 73-6; H, 4:9. C,,H,,ONF 
requires C, 73-4; H, 5-2%). 

Nitration of 4-Acetamido-2-nitrotoluene.—(a) Finely powdered 4-acetamido-2-nitrotoluene 
(5-0 g.) was added in 1-5 hr. to stirred nitric acid (165 ml.) at 0—1°, and the mixture was stirred 
for a further hour, then poured on ice (400 g.). A solid separated which was collected, 
washed free from acid, and dried. 

(6) Nitration with nitric acid free from nitrous acid (prepared by the method of Hughes and 
Ingold 15) was carried out as described under (a). No nitrous acid was detectable '* during the 
reaction. The results of these nitrations are given in Table 1. 

Separation of the Dinitro-amines.—Mixtures of 4-amino-2,3- and 4-amino-2,5-dinitrotoluene 
(obtained by hydrolysis of the above nitration products with 1 part of sulphuric acid and 5 parts 
of ethanol) were separated by chromatography on alumina, with benzene containing 1% of light 
petroleum (b. p. 60—80°) as eluant. The 2,5-dinitro-isomer, m. p. 183—185° (Morton and 
MacGookin !? report m. p. 185°) was eluted before the 2,3-dinitro-amine, m. p. 120°. 

Rearrangement of 2,3-Dinitro-p-toluidine.—The amine (0-5 g.) in sulphuric acid (2-5 ml.) was 
heated at 110° for 4. hr. The brown product (0-48 g.) obtained by pouring the mixture on ice 
was purified by chromatography on alumina with benzene as eluant and yielded 2,5- (70%) and 
2,3-dinitro-p-toluidine (30%). 

Attempts to prepare N-(6-Fluoro-o-tolyl)benzamide.—Deamination of 2,3-dinitro-p-toluidine 
by diazotisation followed by addition of ethanol !* gave 2,3-dinitrotoluene (75%). Reduction 

18 Claus and Beysen, Amnalen, 1891’, 266, 235. 

™ Schiemann, Ber., 1929, 62, 1799. 

’ Hughes, Ingold, e¢ al., J., 1950, 2400. 

16 Feigl, ‘‘ Qualitative Analysis by Spot Tests,”’ Elsevier, 1947, p. 312. 

? Morton and MacGookin, J., 1934, 910. 

8 Crossley and Morrell, J., 1911, 99, 2349. 
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by stannous chloride gave 3-amino-2-nitrotoluene (55%), m. p. 105—107° (Burton and Kenner? 
give m. p. 108°). On reduction of this nitro-amine with zinc dust in acetic acid and addition of 
the mixture to a solution of phenanthraquinone in sodium hydrogen sulphate, 1-methylphen- 
anthrazine separated as needles, m. p. 223° (Found: C, 85-4; H, 5-3. C,,H,,N, requires C, 
85-7; H, 48%). 2-Nitrotoluene-m-diazonium borofluoride, m. p. 136° (decomp.), yielded only 
fluorine-free products when decomposed in the usual way or when treated by Bergmann’s 
method.*® 


A Maintenance Grant provided by the Department of Scientific and Industrial Research is 
gratefully acknowledged (I. K. B.) and we thank Professor F. Bergel of the Chester Beatty 
Research Institute for arranging biological tests. 
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140. Infrared Absorption of Substituents in Heteroaromatic Systems. 
Part IV Ethyl N-Arylurethanes. 


By A. R. Kartritzky and R. A. JONES. 


The absorption caused by the group ‘NH°CO,Et for 15 compounds is 
recorded. Tentative assignments are suggested for most of the charac- 
teristic bands and the variations of the intensity and position of these bands 
are discussed. 


EARLIER papers have discussed the absorption characteristic of simple esters? and 
amides; * it was thought of interest to extend this work to urethanes, which combine the 
structural features of esters and amides, and to determine whether the regularities 
previously found ** held for the more complicated class of compound. The infrared 
spectra of fifteen ethyl N-arylurethanes (Ar-NH°CO,Et) were therefore measured in 
0-189M-solutions in purified chloroform in a 0-106 mm. cell. Almost all the bands were 
characteristic either of the ring or of the ‘-NH-CO,Et group; the positions of the latter are 
recorded in Table 1 together with apparent extinction coefficients (for the errors and 
approximations involved therein see ref. 2). 

The 3500—3100 cm. Region.—All the compounds show the non-bonded NH stretching 
frequency at 3430—3390 [3410 + 10] * cm. (Table 1, col. 1); the intensity is (50—100) 
[(75 + 15)] * except for compounds in which the -NH-CO,Et is attached to the 2-position 
of a pyridine or pyridine l-oxide ring (Nos. 10—13). The last two classes of compound 


° 
bs _ e 1 
eh CO,Et ae CO,Et HN’ ~OEc HN’ OEt 


" N N N 
| : | 
yon i ; O CO 
(I NUN 
) EtO,C Z N+ ‘ 
| val lar (IV) 
m SS (111) 


show quite strong (50—70) bands respectively at 3180—3170 and 3290—3270 cm.* (col. 2) 
which are assigned to H-bonded NH stretching modes; the 2-substituted oxides are 
probably intramolecularly bonded (I) and the 2-substituted pyridines may exist as dimers ¢ 


* Parentheses signify apparent molecular extinction coefficients, and square brackets indicate 
arithmetical means and standard deviations. 

+ For 2-substituted pyridines, the e, of the band assigned to the non-bonded NH group decreased 
(70-—>50-—>40) and the e, of the band assigned to the hydrogen-bonded NH group increased (30->45-—>60) 
as the solution concentration increased (0-05->0-1—>0-2m). Molecular weight determinations indicated 
some association. 


1 Part III, Katritzky and R. A. Jones, J., 1959, 3674. 


* Katritzky, Monro, Beard, Dearnaley, and Earl, J., 1958, 2182. 
® Katritzky and R. A. Jones, J., 1959, 2067. 
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TABLE 1. 

















































vNH 
Free H-bonded © vC=0 Amide II 
No. Radical f cm. fa cm. fa cm." fA cm. ea 
1 C,H,NMe, 3430 85 3320 * 10 1719 420 1525 500 
2 C,HyOMe 3420 65 3330 * 15 1723 420 1516 500 
3 C,H,Me 3410 65 3330 * 10 1725 400 1524 380 
4 C,H,Cl 3420 85 3330 * 15 1726 420 1517 480 
5 Ph 3410 75 3315 15 1730 430 1525 420 
6 C,H,CO,Me 3400 80 3300 20 1730 440 1524 420 
7 C,H,NO, 3400 100 3330 * 25 1736 410 1512 500 
8 4Py 3410 50 -= 1733 360 1512 340 
7 1545 * 130 
9 3Py 3410 70 _ 1728 390 { fos oan 
: 1533 * 230 
10 2Py 3400 40 3180 50 1724 420 { i517 s00 
1540 * 280 
11 2Py(5Me) 3390 35 3170 50 1722 460 { 1517 360 
12 2PyO 3410 15 3290 70 1737 390 1518 420 
13 2PyO(5Me) 3380 * 10 3270 65 1730 380 1531 480 
14 + 1-C,,H, 3410 85 — 1724 390 1533 300 
15 2-C,,H, 3390 60 3320 * 15 1728 380 1533 370 
5 6 7 8 9 10 ll 
Ethyl 
“CH,  CH,Asym. CH, Sym. ae C-N-C-O 
scissor bend. bend. CH, Wag. — “~ iy 
No. cm.* e, cm. e, cm. e, cm.* e cm e« cm eg cm eg, 
l 1482§ 135 (—) 1388* 50 1369 55 1331* 115 1319 220 (CHCI,) 
2 (—) (—) 1390 60 1380* 55 1331* 75 1297 165 1242¢ 300 
3 (—) 1448* 65 1391* 70 1383* 55 1330* 70 1314 190 1247 108 
4 1467* 50 1447 40 1391* 95 1380* 60 1325* 120 1304 240 1250 160 
. 
5 1484 65 (—) 1393 45 { ie = 1324 75 1312 200 1253 105 
6 1480 60 (—) 1390* 55 1369* 45 — 1310 280 1263* 160 
7 i —) 1447 45 1392 65 1374 85 (—) 1305 370 1266 100 
1334 230 
8 1475* 50 1448 35 1392 45 £1368 50 — { 1302 75 1242 420 
1380 30 1330 115 
9 (—} 1447 35 «1392 40{ 1363 95 1345 25 1300 75 «1245 «310 
10 (—) (—) 1390 45 1367 50 381326 45 1308 320 1257 230 
ll 1486* 105 1449* 75 (—) 1369* 70 1327* 60 1307 360 1253 350 
12 (—) — 1394 75 (—) _- 1307 100 1255 t 550 
13 (—) 1450 * 140 (—) (—) 1325* 50 1304 105 1254 500 
14 — 1446 65 1395* 55 1378 60 1347 130 1328 85 1256 85 
15 (—-) (—) 1389 70 1367 125 1357 4140 1318 65 1257 105 
12 13 14 12 13 14 
co-o co-o 
No. ‘cm. Ea cm." €q cm.) my No. cm! & cm! €&, cm. -— 
1 1192* 150 1095 90 1066 260 8 1198 370 1095 85 1060 180 
2 (—) 1094 85 1065 240 9 1190* 110 1094 70 1069 230 
3 1198 135 1093 75 1063 260 10 (CHCI,) 1104 130 1069 240 
4 1199 140 1092 = 270 1061 260 ll 1196 190 1093 * 95 1069 320 
5 (—) { 1095 95 1063 280 12 1165 210 1096 75 1064 200 
1087 110 13 (—) 1094 65 1061 240 
6 1191 210 1096* 145 1060 240 14 1180 80 1108 135 1072 115 
7 1196 185 1095 110 1060 280 15 1184* 75 1093 75 1060 260 
* Shoulder. § Intensity increased owing to overlap of absorption bands. { Absorption con- 
sidered to be the superimposition of two peaks. -~—- Absence of absorption. (—) Band masked by 


stronger absorption. (CHCIl,) Band masked by solvent. 

+ Py substituted pyridine, Py(5Me) 5-methyl disubstituted pyridine, PyO substituted pyridine 
l-oxide, PyO(5Me) 5-methyl disubstituted pyridine l-oxide; the position of the substituent is indicated 
by a numeral. 
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(II). The other compounds often show a shoulder or weak band at 3330—3300 cma 
presumably due to intermolecular hydrogen bonds. 

Under similar conditions acylamino-compounds showed the NH stretching band at 
[3420 + 10cm. (40 + 5)].8 In a Nujol mull, the band for Ph-NH-CO,Et was reported‘ 
at 3290 cm.1. 

The Carbonyl Stretching Frequency (col. 3).—This mode causes absorption at 1739~ 
1719 cm." (360—460) [(405 + 25)}]. As in other N-arylamides,® electron-attracting rings 
should lead to increased importance of canonical forms of type (III) and thus to less con. 
tribution from forms (IV) and to higher C=O frequencies. ara-Substituents in a phenyl 
group do raise (NO,) or lower (Cl, Me, OMe, NH,) the position according to their electron- 
donor ability. The naphthalene rings appear to have electron-acceptor ability in the 
order Ph > 2-C,,H, > 1-C,)H,, in agreement with chemical evidence. Of the hetero- 
cyclic compounds, the 4-pyridyl ring raises the frequency whilst the position of the band 
for the 3-pyridyl compound varies little from that for the phenyl compound. The 
relatively low positions of the 2-substituted heterocycles are possibly connected with the 
hydrogen bonding (I, II). Previous workers have found the C=O stretching band near 
1700 cm.~! in the solid state and 1735 cm.* for chloroform solutions,® at 1722—1705 cm. 
(N-alkylcarbamates),* and at 1728—1690 cm. (various Ph-NH-CO,R).’ 

The ‘‘ Amide II” Band (col. 4).—This occurs at 1533—1512 cm.? (290—500) 
[1521 + 7 cm. (400 + 70)]; it was found for -NH*-COMe and -NH-COPh compounds at 
(1513 + 7 cm. (310 + 100)].3 This band had been previously reported near 1530 cm. 
in various compounds of type R-NH-CO,R’.*5.7 

The 1500—1350 cm. Region.—The four expected CH deformation modes of the ethyl 
group occur at: 








CH, scissor 1484—1480 cm." (ca. 60) 
CH, asym bend 1448—1446 cm. (35—65) 
CH, sym bend 1393—1389 [1391 + 2] cm. (40—70) [(55 + 13)] 
CH, wag 1380—1367 [1372 - 5] cm. (50—125) [(70 -+ 30)] 


frequently hidden 


These positions are near those found for the corresponding modes in ethyl esters ® and 
ethers; ® the intensities of the first three bands are somewhat higher, and those of the CH, 
wagging somewhat lower than those found in other ethy] esters.” 

The 1350—1240 cm.1 Region.—In general a band or shoulder is found at 1357— 
1324 cm.?. All the compounds absorb at 1334—1297 [1313 + 10] and 1266—1242 
[1253 + 7] cm.+; these bands are of variable intensity (65—370) [(205 + 95)] and (85— 
420) [(200 + 115)} but there is no obvious relation between intensity and the nature of the 
ring. This absorption is assigned to C-N-C-O skeletal modes; corresponding modes of 
esters and amides also absorb in this region. 

The 1200—1050 cm.+ Region.—Three bands are shown (cols. 12—14): 1198—116l 
cm.~ (80—370) [1190 + 18cm. (190 + 80)]; 1108—1092 cm.+ (65—135) [1096 + 5cm.* 
(90 + 25)]; and 1072—1060 cm. (200—320) [1064 + 4 cm.+ (250 + 35)] {except that 
the intensity of the third band is lower (115) in No. 15}. The bands probably correspond 
to skeletal modes of the -CO-O- group.”® 

Other Bands.—Nearly all the other bands with e, > 10 could be assigned to the ring 
or second substituent.{ Those for most of the heterocyclic compounds have been 


¢ Exceptions: Bands at 1468 (40), 1415 (30) and 824 cm.~! (25) for No. 5 and at 1785 (25) and 1008 
cm.~ (25) for No. 12. 


4 Barr and Haszeldine, J., 1956, 3428. 

5 Thompson, Nicholson, and Short, Discuss. Faraday Soc., 1950, 9, 229. 
® Pinchas and Ben-Ishai, ]. Amer. Chem. Soc., 1957, 79, 4099. 

7 Hayes, Thomson, and Flett, Experientia, 1955, 11, 61. 

§ Katritzky and Coats, J., 1959, 2062. 

® Katritzky and his co-workers, unpublished work. 
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published.”° Nuclear bands for the para-disubstituted benzenes are given in Table 2; 
for each compound the positions and intensities agree reasonably with those of compounds 

ing substituents of similar types (‘NH°CO,Et behaving as an electron donor "), 
except that the bands at ca. 1590 and 1415 cm.* (Table 2, cols. 2 and 4) are stronger than 


TABLE 2. Nuclear bands of para-disubstituted benzenes, X-CgH,y*NH-CO,Et. 


1 2 3 4 5 
vCC vCC vCC vCC BCH 
Substit. A,-A, B-By A,By B-By B,-By 
x cm.-? aN cm.-} aN cm,-! fa cm.~? fa cm,~! ca 
NMe, ... 1617 60 1589 90 (~) { = 0 ~«d8OS* = 140 
OMe ... 1615* 35 1597 80 (—) 1416 135 (—) 
7 1615 60 1598 125 (—) 1409 115 1295 * 90 
ae 1615 * 35 1594 160 1496 270 1405 200 1284 75 
CO,.Me... 1607 270 1592 190 1507 * 230 1413 260 (—) 
NO, ....-- 1612 * 240 1602 320 (—) 1415 210 (—) 
6 7 8 9 
pCH pCH BCH yCH 
’ A,-A, BBs, A,By ByBy 
Substit. X cm.-! EA cm,.-? cA cm." fa cm. fa 
DMs... .csescccsesccrcccsesess 1164 ¢ 180 (—) 1007 15 816 135 
i RS PW eee 1177 185 1110 30 1012 * 45 828 150 
rn eink ale a edeulendondch 1174 * 50 1120 40 1018 30 810 80 
OS A nes Sees oP 1175 90 1115 65 1010 95 824 160 
UMIEE oak es sacecnssecsesessees 1174 400 (—) 1014 50 850 55 
eres 1178 310 1113 190 1005 25 849 220 


For significance of column headings see ref. 11. 


usual; this appears to be a specific effect of the -NH°CO,Et group. Bands corresponding 
to the substituents NMe, {2790 (50), 1447 (95), 1348 * (100), (—), 1164} (180), 1133 (85), 
(—), 944 (75)}, OMe {2840 (25), 1467 (105), 1445 (80), (—), 1242 ¢ (300), 1033 (190)}, and 
CO,Me {1709 (500), 1437 (175), —, 1280 (600), (CHCI,), 1112 (300), (—), 964 (30)} agree 
with previous work.}}?8 


Experimental.—Compounds were prepared by standard methods and recrystallised before 
measurement; m. p. agreed with values in the literature. The spectra were measured on a 
Perkin-Elmer 21 spectrophotometer with the settings previously given.? 


This work was carried out during the tenure (by R. A. J.) of a D.S.I.R. grant. 
THE UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. (Received, July 22nd, 1959.] 


10 Katritzky and his co-workers, J., 1958, pp. 2192, 2195, 2198, 2202, 3165, 4155. 
" Katritzky and Simmons, J., 1959, 2051. 
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141. The Syntheses and Reactions of Branched-chain Hydrocarbons, 
Part XIII.* The Course of the Oxidation of Saturated Hydrocarbons 
by Chromium(v1) Oxide. 

By G. Foster and W. J. HICKINBOTTOM. 


The rate of reduction of chromic(v1) oxide by a number of saturated 
hydrocarbons in acetic acid has been measured. The results permit an 
approximate assessment of the relative sensitivity of SCH, ~CH,, and 
—CH, groups towards oxidation. The methyl group is attacked about 10° 
times slower than SCH. Yet in paraffins having a methyl group adjacent 
to a tertiary carbon atom, it is the methyl group which is oxidised preferenti- 
ally. This apparent paradox is discussed in relation to other observations 
and an explanation is offered. 


It is now established! that oxidation of an isoalkane by chromic acid in acetic acid 
containing mineral acid proceeds through a tertiary alcohol which is dehydrated to an 
olefin by the mineral acid. Oxidation at the double bond then provides the final products, 

When saturated hydrocarbons are oxidised under conditions which preclude the 
intermediate formation of alcohols,!»? there is evidence of dehydrogenation, and an un- 
expected feature is that a methyl group attached to a tertiary carbon atom is oxidised 
to carboxyl instead of there being the expected oxidative fission at the tertiary 
carbon atom. We have now studied the relative sensitivities of SCH, >CH,, and 
-CH, towards oxidation by chromium(v1) oxide. No great accuracy is claimed for the 
resulting assessment, for it depends on the assumptions that the rate of reaction is deter- 
mined by that of the most reactive centre, that oxidation at other points makes a relatively 
small contribution, and that the initial products are not sensibly more reactive than the 
hydrocarbons from which they are derived. These assumptions are based on qualitative 
examination of the products of a number of hydrocarbons. By using an excess of hydro- 
carbon in each of these measurements and considering the initial rate of disappearance 
of oxidant it has been possible to minimise the effect of any secondary reactions. 


EXPERIMENTAL 


Preparation and Purification of the Hydrocarbons.—As it was essential that the hydro- 
carbons should not contain oxidisable impurities, liquid hydrocarbons were purified by fraction- 
ation, followed by distillation from sodium and passage through activated silica. Before 
use, they were distilled from sodium to remove any peroxides. For aromatic hydrocarbons 
passage through silica was omitted. Materials used were: 

n-Heptane, b. p. 98°, m,,”° 1-3878. 

n-Octane, b. p. 126-5°, a” 1-3976. 

n-Dodecane, first crystallised from ether at —60°, b. p. 216°, ,?° 1-4200. 

n-Octadecane, crystallised from acetone and distilled from sodium; m. p. 18—18-5°, b. p. 
280°. 

2,2,4-Trimethylpentane, b. p. 99°, ,,”° 1-3920. 

Cyclohexane, frozen and drained several times before the usual treatment, b. p. 81°, 0 
1-4262. 

Methylcyclohexane, b. p. 100°, ,,2° 1-4225. 

Isocamphane, prepared by the hydrogenation of camphene (platinum oxide in ether at 
4 atm.) and crystallised from methyl alcohol; m. p. 63—64°, b. p. 164—164-5°. 

t-Butylbenzene, prepared from t-butyl chloride, benzene, and ferric chloride, was purified by 
repeated treatment with 90% sulphuric acid followed by distillation from sodium; it had 
b. p. 167—168°, ,®° 1-4930. 


* Part XII, J., 1960, 215. 


1 Sager and Bradley, J. Amer. Chem. Soc., 1956, 78, 1187; Sager, ibid., p. 4970; Rotek, Chem. 
Listy, 1957, 51, 1838. 
? Archer and Hickinbottom, J. 1954, 4197; Foster and Hickinbottom, J., 1960, 215. 
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3,4-Dimethyl-3,4-diphenylhexane was prepared by the dimerisation of s-butylbenzene as 
described previously.* The hydrocarbon collected at 135—140°/0-5 mm. deposited a solid 
having m. p. 93—94° after three crystallisations from alcohol (Found: C, 90-2; H, 98%; M, 
938, 245. Calc. for CypH ,: C, 90-2; H, 98%; M, 266). The liquid portion of the distillate 
contained 3,4-dimethyl-3,4-diphenylhexane (Found: C, 90-2; H, 10-1%; M, 258). 

Oxidations—A solution of chromium(v1) oxide in a small amount of acetic anhydride was 
diluted with pure dry acetic acid to give a solution containing ~6—7 x 10% moles/litre. The 
concentration of this solution before and during an oxidation was determined by adding 2 c.c. 
samples to aqueous acid potassium iodide. The liberated iodine was titrated with thiosulphate. 

It was established that <7% of acetic anhydride had little effect on the rate constants. 
Reduction of the oxide by the acetic acid—anhydride mixture is negligible if the oxidation of 
the hydrocarbon is rapid: for slow reductions a correction was applied. 

Measurements were made on solutions at 25° + 0-05° in long-necked flasks fitted with 
ground-glass stoppers and covered with tin foil. 














60 
Oxidation of (A) 2,2,4-trimethylpentane, 3s 
(B) methylcyclohexane, (C) iso- ~» 40 
camphane, (D) cyclohexane, (E) 8 
n-heptane or m-octane, (F) 2,2- 3 
dimethylbutane, (G) neopentane, * 20 
t-butylbenzene, or 2,2,3,3-tetramethy|- i“ 
butane. Oo 6 
t Tt T ZG J 
20 40 60 


Time (min.) 


The usual procedure was to add, to the oxidising solution, a known weight of the hydro- 
carbon (sufficient to give a ~0-7m-solution) in a sealed bulb. When the temperature of the 
system was judged to be that of the thermostat, the bulb was broken and the mixture shaken. 

With hydrocarbons sparingly soluble in acetic acid, it was more satisfactory to mix 
previously prepared solutions of hydrocarbon and oxidising agent. 

A typical oxidation is here recorded in detail, of n-octane (8-8 g.) in acetic anhydride 
(1:96 c.c.) and acetic acid (98-04 c.c.) containing 0-692 g. of chromic oxide. 


Time (min.) ...... 0 1 4175 42 64 105 12-7 17-6 21-5 25-3 30-0 32-1 57-3 92-0 118 
Cr! remaining (%) 100 98-8 98 94-2 90-8 84:1 77-2 75-7 71-5 68-2 64-7 63-2 57-4 46-9 45-2 


The Figure shows some rates of reduction. The Table gives the initial rates of reduction. 


Initial rates of reduction (10 mole 1. sec.~). 


Neopentane 2-9 x 10% Methylcyclohexane 8-8 
2,2,3,3-Tetramethylbutane ............ 83 x 10 2,2,4-Trimethylpentane .................. 10-0 
OOIOD:  cosvrecesacdaveneseesvseers 5-9 x 10% Isocamphane ..........c.ccccccccsccseseesers 73-0 
2,2-Dimethylbutane  ..............s.e000 2-9 3,4-Dimethyl-3,4-diphenylhexane ...... 6-0 
SD". Necicsdcthccitccctitensecéeseseess 1-4 PMNS asec cuscdncensccesessocasanst Very fast 
EN Wathclabdentieunebssetichpedaslonce 1-8 1,1,2,2-Tetraphenylethane ............... Very fast 
IND nsictocatescancercthadanietionste 8-0 Diphenylmethane ..............02seeeeeeeeee 135 
ID ics ccenesesngsestuhpsieceiens 3-4 
ED asisuvesiccccrctiysivicbisieccues 5:5 

DIscussION 


The results recorded show that chromic(v1) oxide is highly selective in its action on 
saturated hydrocarbons in an anhydrous solvent. As might be expected from other 
observations on aliphatic substitution,*5 the >CH group is the most sensitive and this 

* Ansell, Hickinbottom, and Holton, J., 1955, 349. 


* Hass et al., Ind. Eng. Chem., 1935, 27, 1192; 1936, 28, 333; 1937, 29, 1337. 
5 Geisler and Asinger, Chem. Ber., 1957, 90, 1790. 
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sensitivity is further increased by an adjacent phenyl group. A striking feature is the 
indifference of -CH, oxidation compared with that of SCH, or SCH, the approximate 
relative sensitivities being 1 : 10? : 10°. 


(I) RR’CHMe. (a) R,R’ = CyHyy. b) R= R’=CH,But. (c) R= Me, R’=CH,But. (d) R= Me, R’ =P 


Examples are isocamphane (Ia) (which gives isocamphenilanic acid), and (Ib-d). In 
such systems, we assume that the main attack is at the tertiary carbon atom and that an 
intermediate >C-O-CrO,H results. Although it has not yet been possible to isolate any 
such intermediate, there is sound experimental evidence that it is formed. Thus, the 
observation that methylcyclohexanol is formed when methylcyclohexane in acetic 
anhydride—acetic acid containing chromium(v1) oxide is diluted with a large volume of water 
is compatible only with the hydrolysis of such an intermediate. 

For the subsequent fate of such a complex—even if we include the possibility of its 
oxidation to a mono-ester of chromic acid—there are two probable routes (a) and (b) for its 
breakdown. Of these, (a) fits the experimental facts better: it explains the close resem- 
blance between the products of the oxidation of olefins and of the corresponding saturated 


CrO(OH), + ReC:CH, Seal TY RgCMe*O"CrO,H — *CMeR°O'CrO,H + R- 


hydrocarbons. In one respect it may appear deficient: no epoxide has yet been isolated on 
the oxidation of a paraffin, but since the oxidation is associated with the formation of acids 
containing chromium, the formation of an epoxide is not to be expected, but rather the 
products derived from its reaction with a weak acid. 

Oxidation at a methylene group may be expected to follow the same course, represented 
schematically as: 


RyCH*O-CrO,H —— +CR,"O-Cr(OH), ——® R,CO 


The intermediate >C-O-CrO,H postulated as common to these oxidations can be assumed 
to arise (i) by abstraction of a hydride ion to give a carbonium ion capable of combining 
with CrO,H, or (ii) by direct attack on the carbon by CrO, represented as: 


*CrO, 
~~ i water 
>CH ——> Fa, —> 5C'0°Cr0,H 


The carbonium ion hypothesis (i) has the disadvantage that in the oxidation of isocamphane 
or of 2,3-dimethylbutane, a system would be set up favourable to rearrangement. No 
rearrangements have yet been observed in these oxidations, so it must be assumed that 
either the carbonium ion hypothesis is not valid or, if it is, the rearrangement of the 
carbonium ion is much slower than its combination with chromium(v1) oxide. The second 
hypothesis avoids this difficulty. 

We also considered that oxidation might proceed by preliminary abstraction of a hydrogen 
atom to leave a free alkyl radical, as proposed by Slack and Waters ® and by Wiberg.’ 
This has the advantage that the similarity of products from the alkane and the related 
olefin can be explained if disproportionation of the free radical is assumed. Further, it 
avoids the disadvantages of the carbonium ion hypothesis and finds some support in the 
observations by Anson, Fredericks, and Tedder® on the free-radical halogenation of 
paraffins, where the ratio of tertiary to primary substitution is high—for bromination it 
is 1600: 1, of the same order as that for oxidation by chromium(v1) oxide. 

Against the free-radical hypothesis can be set that at no time do oxidations in acetic 
acid yield the products characteristic of free-radical reactions in acetic acid: and the 


® Slack and Waters, J., 1948, 1666. 
7 Wiberg, personal communication. 
® Anson, Fredericks, and Tedder, J., 1959, 918. 
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advantages of the free-radical hypothesis are adequately covered by the alternative view 
of a bimolecular substitution. 


The authors are indebted to the Hydrocarbons Research Group of the Institute of Petroleum 
for support. 


QuEEN MARY COLLEGE, UNIVERSITY OF LONDON, 
MiLE Env Roap, Lonpon, E.1. [Received, August 24th, 1959.] 





142. The Action of Alkali on Diacetyl. 
By GREVILLE MACHELL. 


The rapid dimerisation of diacetyl in dilute aqueous alkali is followed by 
partial rearrangement of the dimer to an acid, thought to be y-acetyl-xy-di- 
hydroxy-«-methylvaleric acid. Competing with these reactions is one lead- 
ing to the formation of acetic acid. 


DuRING an investigation 1 into the behaviour of carbohydrates towards alkaline reagents, 
it became clear that further information concerning the action of dilute aqueous alkali on 
simple aliphatic a-diketones could assist in its interpretation. The present study of 
diacetyl was therefore undertaken, the choice being made on the grounds of ready 
accessibility and the availability of previous work. 

It is known 2 that in dilute aqueous potassium hydroxide diacetyl rapidly undergoes an 
aldol type of condensation, yielding a mixture of the open-chain (I) and the cyclic (IT) 


Me Me Me OH 

co co M 

e 

Ps P i oO 
CH; ” Oc CH; —-» oc CH, 
Hc * Co Hc. ¢o “a ° 
3 2 2 

4 2. rs 

cé c “eg Me 

| aX /\ (ITT) 
Me Me OH , Me OH 


(I) (IT) 


dimer. Treatment with alkali at higher temperatures then converts at least part of this 
mixture into #-xyloquinone (III). In a more recent investigation von Euler and 
Hasselquist * reported the immediate formation of an enediol (IV), disclosed by decoloris- 
ation of dichlorophenylindophenol, and to account for this they proposed, without experi- 
mental support, the synchronous formation of acetic acid: 


2Me*CO*CO"Me + 2H,O ——t HO*CMe=CMeOH (IV) + 2CHs°CO,H 


The formation of acetic acid from diacetyl has also been reported by Evans and Dehn, 
but under quite different experimental conditions. These workers treated ethereal diacetyl 
with potassium hydroxide, expecting to obtain «-hydroxy-a-methylpropionic acid by a 
benzilic acid type of rearrangement. They were unable to detect this rearrangement 
product, but claimed without experimental evidence that acetic acid and acetaldehyde 
were formed. 

The primary object of the present investigation was to establish whether treatment of 
diacetyl with dilute aqueous alkali affords acetic acid and acetaldehyde. For the parallel 
investigation on carbohydrates, it was also desired to reveal any influence of the 
calcium ion. ‘ 

1 Blears, Machell, and Richards, Chem. and Ind., 1957, 1150. 

2 yon Pechmann, Ber., 1888, 21, 1419; von Pechmann and Wedekind, Ber., 1895, 28, 1845; Diels, 
Blanchard, and Heyden, Ber., 1914, 47, 2356. 


3 von Euler and Hasselquist, Arkiv Kemi, 1949, 1, 325. 
‘ Evans and Dehn, J. Amer. Chem. Soc., 1930, 52, 252. 
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Acetaldehyde could not be detected in the neutral products obtained on treatment of 
diacetyl with lime-water or dilute aqueous sodium hydroxide at 25° in the absence of 
oxygen. If acetaldehyde is formed it presumably undergoes condensation due to the 
alkali. With 2,4-dinitrophenylhydrazine the neutral products afforded 4-hydroxy-2,5-4j. 
methyl-2’,4’-dinitroazobenzene, arising from #-xyloquinone. Under similar conditions, 
p-benzoquinone affords 4-hydroxy-2’,4’-dinitroazobenzene instead of the expected 
hydrazone.5 

The results reported in Table 1 show that diacetyl is converted into acid at similar 
rates in 0-05n-sodium hydroxide and 0-04N-lime-water. The acidic products were isolated 
by established ion-exchange resin technique, but separation of the individuals was 
complicated by the presence of acidic resins which were insoluble in dilute acid and 
accounted for about two-thirds of the total acids formed. Of the non-resinous acids the 
volatile portion was mainly acetic acid, arising as proposed by von Euler and Hasselquist 
or possibly, on analogy with the behaviour of aromatic «-diketones,® by hydrolysis: 

Ht 


CH, 
-to a. 2 HeO —> products 


i 
co co, 

: 2 Cj ¥OH fe) 
co ~ “ i 4 
| A. x c-O 
CH; CH; 


ihe CH; CH; oy- Condensation 


cH, 

A similar scission of the open-chain dimer (I) of diacetyl could also afford acetic acid. 
Paper chromatography of the non-volatile acids precluded the presence of more than a 

trace of «-hydroxy-«-methylpropionic acid and indicated a single constituent. This is 

tentatively identified as y-acetyl-«y-dihydroxy-«-methylvaleric acid (V), formed by a 

benzilic acid type of rearrangement of the open-chain dimer (I). 


ct 

~ CO>H [ oo 

co ait (OH) Me catty C(OH) Me 
CH CH, 1. CH, 
C(OH)Ac C(OH) Ac CAc 

CH, CH; CH, 

(I) (V) (VI) 


Dehydration (reversible) of the acid afforded two crystalline isomeric lactones, probably 
geometric isomers (VI). 

Quantitative analysis yielded the results shown in Table 2. The “total” acid 
represents the sum of the non-resinous acids, 7.e., those acids whose individual yields are 
recorded in the Table; yields are expressed as a percentage of the total acid on an 
equivalent basis. It is clear that the acid yields are largely independent of the nature of 
the alkali. In the case of sodium hydroxide, increasing the temperature did not lead toa 
corresponding increase in the yield of total acid, while the amount of scission to acetic acid 
was reduced. 

EXPERIMENTAL 

Chromatography was carried out with Whatman No. 1 paper at 25° with ethyl acetate- 
acetic acid-water (10: 1-3: 1)7 as solvent and, as sprays, (a) “‘ B.D.H.’’ 4-5 Indicator,® (0) 
hydroxylamine-ferric chloride,® and (c) a saturated solution of 2,4-dinitrophenylhydrazine in 
2n-hydrochloric acid. 

5 Borsche, Miiller, and Bodenstein, Annalen, 1929, 472, 201. 

* Pfeil, Geissler, Jacquemin, and Lémker, Chem. Ber., 1956, 89, 1210; Lachman, J. Amer. Chem. 
Soc., 1924, 46, 779. 

7 Richtzenhain and Moilanen, Acta Chem. Scand., 1954, 8, 704. 


8 Nair and Muthe, Naturwiss., 1956, 43, 106. 
* Abdel-Akher and Smith, J. Amer. Chem. Soc., 1951, 78, 5859. 
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Action of Lime-water on Diacetyl_—(a) Rate of acid formation. Freshly distilled diacetyl 
(0-429 g.) was dissolved in 0-041N-lime-water (250 ml.) at 25° in the absence of oxygen; the 
solution quickly became dark brown. At intervals, aliquot portions were added to excess of 
0-05n-hydrochloric acid, and the excess of acid was determined by titration with 0-05n-sodium 
hydroxide. After 48 hr. a brown precipitate was formed; results are shown in Table 1. 


TABLE 1. Rate of acid formation from diacetyl at 25°. 
(a) 0-04n-Lime-water. 


Tis (Dr.)........crccrcrvececeseesee 0 0-25 1 4 7 24 48 
Acid formed (equiv./mole) ... 0 0-17 0-21 0-26 0-28 0-31 0-38 

(b) 0-05N-Sodium Hydroxide. 

TEMS (hr.).......ccccccrcsecooseroree 0 0-25 1 3 23 71 435 695 
Acid formed (equiv./mole) ... 0 0-14 0-23 0-27 0-45 0-57 0-76 0-87 


TABLE 2. Yields of acids from action of alkali on diacetyl. 


Total y-Acetyl-«y-dihydroxy- Acetic Formic 
Conditions (equiv./mole) a-methylvaleric (%) (%) (%) 
Limo-water, 25°, Gr.  ..cccecccsevece 0-124 76 17 7 
Sodium hydroxide, 25°, 6hr. ...... 0-121 76 21 3 
Sodium hydroxide, 100°, 7 hr. ...... 0-158 87 ll 2 


(b) Isolation of the products. A solution of diacetyl (3-42 g.) in 0-042N-lime-water (2 1.) was 
kept at 25° for 6 hr. in the absence of oxygen. The solution was then saturated with carbon 
dioxide, whereupon a dark green solid (0-11 g.) was precipitated; this was filtered off, and not 
examined further. The filtrate was distilled under reduced pressure, and the distillate collected 
in successive receivers at 0° and —80°. When the volume of the residue was reduced to 
200 ml., distillation was arrested, and the two distillates (A, 1600 ml. at 0°; B, 4 ml. at —80°) 
were separately tested for acetaldehyde by use of Schiff’s reagent and piperidine—sodium nitro- 
prusside.° Both tests gave negative results with both distillates. The distillates were each 
made 2n with respect to hydrochloric acid, and an excess of a saturated solution of 2,4-dinitro- 
phenylhydrazine in 2N-hydrochloric acid was added. Flocculent orange precipitates were 
obtained in both cases and were collected. From A was produced a solid (0-42 g.), which on 
recrystallisation from chloroform afforded 4-hydroxy-2,5-dimethyl-2’,4’-dinitroazobenzene, m. p. 
222—223° (Found: C, 53-1; H, 4-0; N, 17-5. C,4H,,O;N, requires C, 53-2; H, 3-8; N, 17-7%). 
Authentic p-xyloquinone and 2,4-dinitrophenylhydrazine gave the same compound, m. p. and 
mixed m. p. 222°. Distillate B afforded an inseparable mixture (0-06 g.), m. p. 80—150°. 

The distillation residue of calcium salts and non-volatile neutral products was filtered to 
remove calcium carbonate, and treated with Amberlite IR-120 (H) resin (40 ml.). A copious 
brown precipitate was produced; this was removed and the acidic filtrate stirred for 24 hr. with 
Amberlite IR-A400 carbonate resin (20 g.). The resin was washed with water (250 ml.), the fil- 
trate and washings containing any neutral compounds being discarded. Acids were eluted from 
the resin with N-ammonium carbonate (3 1.) during 20 hr., and the eluate was then evaporated to 
dryness at 65°/20 mm. to decompose the excess of eluant. The residue of ammonium salts was 
taken up in water (50 ml.) and passed through a column of Amberlite IR-120(H) resin (40 ml.). 
The acidic effluent was decolorised with charcoal, and the acids separated into volatile and non- 
volatile components. 

From the volatile acid was prepared p-bromophenacy] acetate, m. p. and mixed m. p. 84— 
85° (from acetone-light petroleum). Paper chromatography of the non-volatile acid with 
spray a revealed an unknown acid, Ry, 0-79, with a trace of (?) a-hydroxy-«-methylpropionic acid, 
Ry, 1:15 (L = lactic acid). Application of spray b showed lactones, Ry, 0-97 and Ry, 1-18. The 
remaining solution of non-volatile acid was concentrated to a syrup and converted into 
crystalline lactone by drying over phosphoric oxide at 50°/0-01 mm. Paper chromatography 
of this lactone followed by application of spray b gave two spots, Ry 0-96 and 1-15 severally, of 
similar intensity, which also reacted with spray c. Recrystallisation of the mixture of lactones 
from ethyl acetate—light petroleum gave three fractions, which were examined by paper 
chromatograpy as above: (i) y-acetyl-a-hydroxy-a-methyl-y-valerolactone, m. p. 135—137°, Ry, 


Lewin, Ber., 1899, 32, 3388. 
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1-18 (Found: C, 55-6; H, 7-0%; equiv., 172-8. C,H,,O, requires C, 55-8; H, 7-0%; equiv, 
172-2); (ii) ~1: 1 mixture of lactones, Ry, 0-97 and 1-18; (iii) m. p. 126—127°, Ry 0-97 (Found: 
C, 55-9; H, 6-9%). A portion of fraction (ii) was converted into the free acids through the 
sodium salt, and the acids on paper chromatography as described gave a single spot of Ry, 0-80: 
there were also traces of re-formed lactones, Ry;, 0-98 and 1-17. 

A further portion of fraction (ii) was converted into calcium y-acetyl-xy-dihydroxy-a-methyl. 
valerate monohydrate, which recrystallised from methanol-acetone (1:3) [Found: C, 44-3; 
6-5; Ca, 9-3. (C,H,,0;),Ca,H,O requires C, 44-0; H, 6-4; Ca, 9-2%]. An aqueous solution of 
this calcium salt was freed from calcium by using Amberlite IR-120(H) resin, and the resulting 
acidic solution heated with excess of brucine at 100° for 4 hr. After removal of unchanged 
brucine, the solution was evaporated to dryness, and the residue crystallised from a little 
ethanol. Subsequent recrystallisation from the same solvent afforded brucine y-acetyl-wy-di- 
hydvoxy-a-methylvalerate, m. p. 211—213° (decomp.) (Found: C, 63-6; H, 6-6; N, 4-7, 
C3,H ON, requires C, 63-7; H, 6-85; N, 4-8%). 

(c) Quantitative analysis of acidic products. Diacetyl (3-44 g.) was treated with lime-water 
as above. The acidic and the non-volatile neutral products were separated by stirring the 
acidic solution for 24 hr. with De-Acidite FF resin (micro-bead; 2% cross-linked) (20 g.) in the 
carbonate form. Sorbed acids were eluted with N-ammonium carbonate (500 ml.), and the 
free acids (4-95 milliequiv.) recovered as described. A portion (4-65 milliequiv.) of the acid 
mixture was separated into volatile (1-09 milliequiv.) and non-volatile (3-42 milliequiv.) 
fractions. The solution of volatile acids was heated with excess of red mercuric oxide for 
2-5 hr. at 100°, conditions under which formic acid is quantitatively oxidised.” Titration of 
the residual acid established that the solution had contained formic acid (0-32 milliequiv.), 
The composition of the acid mixture on an equivalent basis is recorded in Table 2; it is assumed 
that the remainder of the volatile acid is acetic acid. 

Action of Sodium Hydroxide on Diacetyl at 25°.—(a) Rate of acid formation. Diacetyl (0-432 
g.) was treated with 0-05n-sodium hydroxide (250 ml.) at 25° in the absence of oxygen. The 
solution became dark brown within a few minutes but no precipitation occurred; samples were 
withdrawn for acid determinations as described above. Results are given in Table 1. 

(b) Isolation of the neutral products. Diacetyl (3-40 g.) was added to 0-05n-sodium hydroxide 
(2-5 1.) at 25° in the absence of oxygen. After 6 hr., the reaction was arrested by the addition of 
concentrated hydrochloric acid (12 ml.), the final solution having pH 3. A rapid stream of 
nitrogen was then passed through the solution for 36 hr. and the effluent gas bubbled through 
traps containing a saturated solution of 2,4-dinitrophenylhydrazine in 2N-hydrochloric acid; ™ 
no significant precipitate of hydrazone resulted. The acid solution was then partially distilled 
at 30°/15 mm. and the distillate collected in two portions (A, 100 ml. at 0°; B, 5 ml. at —80°). 
These fractions were treated separately with the 2,4-dinitrophenylhydrazine reagent, and after 
two days the hydrazones were filtered off and dried. The product (0-24 g.) from A, crystallised 
twice from ethanol, had m. p. 66—67°; that from B (0-145 g.) had an identical m. p., undepressed 
on admixture with A (Found: C, 54-5; H, 6-4; N, 17-85. C,,H..O,N, requires C, 54-6; H, 
6:5; N, 18-15%). 

(c) Isolation and determination of the acidic products. Diacetyl was treated with sodium 
hydroxide as in (b), but the reaction was terminated by the addition of Amberlite IR-120(H) 
resin (200 ml.). When the pH of the solution had fallen to 5, a copious brown precipitate was 
produced, and this was then filtered off together with the resin. The solution was made 
slightly alkaline (pH 8) by the addition of 0-1N-sodium hydroxide, and the volume reduced to 
200 ml. by distillation under reduced pressure. The concentrate was passed through a column 
of Amberlite IR-120(H) resin (40 ml.), and the acids (4-83 milliequiv.) isolated from the acidic 
effluent by means of DeAcidite FF resin (200—400 mesh; 2% cross-linked) carbonate as 
described above. Proportions of volatile and non-volatile acid, and the formic acid in the 
former, were then determined, with the results given in Table 2. From the volatile acid remain- 
ing after decomposition of the formic acid with mercuric oxide was prepared p-bromophenacyl 
acetate, which had the properties recorded above. 

Paper chromatography of the non-volatile acid showed that it was the same as that formed 
in the lime-water treatment. The acid was converted into lactone by drying over phosphoric 


1 Machell, J., 1957, 3389. 


1 Richards and Sephton, J., 1957, 4492. 
18 Cf. Bell and Smith, J., 1958, 1691. 
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oxide in vacuo, and the lactone crystallised from ethyl acetate-light petroleum, giving three 
fractions as before. 

Action of Sodium Hydroxide on Diacetyl at 100°.—To 0-05n-sodium hydroxide (2-5 1.) at 100° 
in the absence of oxygen, diacetyl (4:3 g.) was added. After 7 hr. at 100° the mixture was 
cooled, and stirred with Amberlite IR-120(H) resin (70 ml.) until the pH had fallen to 8. The 
resin was then filtered off, the filtrate evaporated to ca. 100 ml. under reduced pressure, and the 
concentrate stirred with Amberlite IR-120(H) resin (50 ml.) and charcoal for 1 hr. After 
filtration, the colourless solution was freed from remaining cations by passage through a column 
of Amberlite IR-120(H) resin (10 ml.). The acids (7-88 milliequiv.) were then isolated from the 
acidic effluent by using DeAcidite FF(200—400 mesh; 2% cross-linked) carbonate, and 
separated by distillation into volatile and non-volatile portions. Formic acid in the volatile 
portion was then determined; results are shown in Table 2. 

Paper chromatography of the non-volatile acid portion established that its composition 
was similar to that of the non-volatile acid produced at 25°. 

Action of Sodium Hydroxide on y-Acetyl-a-methyl-y-valerolactone.—The mixed lactones 
(0-1 g.) were treated with 6N-sodium hydroxide (4 ml.) at 100° for 16 hr. in the absence of 
oxygen. The colourless solution of sodium salts was then cooled, diluted to 50 ml., and run 
through a column of Amberlite IR-120(H) resin (30 ml.). Paper chromatography of the acidic 
effluent as described above revealed only the unchanged acids, Ry, 0-78, and traces of re-formed 
lactones. 


I thank Dr. G. N. Richards for valuable discussions and Mr. A. T. Masters for the micro- 
analyses. This work forms part of the programme of fundamental research undertaken by the 
Council of the British Rayon Research Association. 


BriTISH RAYON RESEARCH ASSOCIATION, HEALD GREEN LABORATORIES, 
WYTHENSHAWE, MANCHESTER, 22. [Received, August 28th, 1959.] 





143. Normal Co-ordinate Analysis for trans-Centrosymmetric X,Y, 
Molecules: Application to the Hyponitrite Ion. 


By D. J. Mitten, C. N. PoLyporopoutos, and D. Watson. 


A normal co-ordinate treatment using a valence-force potential function 
has been made for tvans-centrosymmetric X,Y, molecules. The infrared 
and Raman spectra of the hyponitrite ion are reported and frequencies 
assigned in accord with the normal co-ordinate treatment. Force con- 
stants have been evaluated and an empirical correlation has been made of 
stretching force constants for a series of oxides and oxy-ions of nitrogen. 


THE normal vibrational analyses of linear and cis-X,Y, molecules of point groups Deo, 
and C2, are well known. The present paper provides an analysis for ‘rans-centrosymmetric 
X,Y, molecules belonging to the point group Cy. The equations have been applied to 
the infrared and Raman spectra of the hyponitrite ion, N,0,-. The six normal vibrations 
fall into the following classes: 3 of species A,, 2 of species B,, and 1 of species Ay. A 
suitable set of symmetry co-ordinates which allows the factorization of the vibrational 
secular determinant into three blocks, corresponding to these classes is shown in Fig. 1. 
The displacement co-ordinates given in the Figure have been chosen so that there is no 
resultant moment, or translation of the centre of mass. 
The kinetic and potential energies are given by: 


2Vv = p cy SiS; and 2T = % aSiSs 


in which the coefficients of cross terms between symmetry co-ordinates of different classes 
arezero. The remaining dj; were obtained by transformation of the symmetry co-ordinates 
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to Cartesian displacement co-ordinates and comparison of coefficients with 2T = Ym((#2 4 
yi + 27). The potential function used was the simple valence force one, 


V = k, (Arg) + ha(Ar,? + Arg) +- Ra( Ao? + Ac?) + he(AB,? — A8,?) 


k, and k, are the stretching force constants of the N-N and N-O bonds, and k, and kg are 
the in- and out-of-plane bending force constants. By using the transformation 


t 
n= > Ly Sz, the cy were found in terms of the force constants. 
k=1 


The characteristic vibration frequencies v can be obtained by solving the secular 





s $,(A,) 
mtanaS, 


Fic. 1. Symmetry co-ordinates, 
m = M,/M,; r = 1 + (,//,) cosa. 


determinant |c — »d| for 4 = 4nv*. This may be done numerically. Alternatively, 
algebraic solution of the secular determinant yields the following expressions: 


2mM_ Rk, kooky 
Ags = My ? “2 
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In these expressions M = mr* cos? « + msin* « + 1,7 = 1 + /,/l, cos a and m = M,/M, 
the ratio of the masses involved. . 
The Infrared and Raman Spectra of the Hyponitrite Ion.—The vibrational frequencies, 
observed for the hyponitrite ion by using mulls of the sodium salt for the infrared spectra 
and aqueous solutions for the Raman spectra, are given in the Table. The lines in the 
infrared spectra were reproducible from different samples, the only other lines present 
being attributable to small amounts of carbonate ion present as impurity. A slight 
complication arose in the case of the line at 863 cm.+. This falls between two maxima 
at 879 and 851 cm. due to the carbonate ion, but its frequency is unlikely to be in error 
by more than a few wave numbers. The frequencies are in reasonably good agreement 
with those reported by Kuhn and Lippincott, except for the weaker line in the Raman 
spectrum, which they report at 958 cm.*. Instead we find a weak line at 1115 cm.*. 
The observation of good Raman spectra is made difficult by the continuous appearance 
of small gas bubbles in the solution, due to decomposition, but the appearance of the line 





Fic. 2. Raman spectrum of the hyponitrite ion. 
(The Raman frequency 1383 cm. occurs twice, 
excited strongly by Hg A 4047 A and weakly by 
Hg \ 4078 A.) 

A,Hgi4358A. B, HgdA 4078 A. 
C, Hg A 4047 A. 


1, 1383 cm... 2, 1883 cm... 3, 1115 cm.7. 


| 
| 











at 1115 cm." in a spectrum excited by Hg 2 4047 A is clearly shown in Fig. 2. Its existence 
was confirmed by its observation in spectra excited by Hg 2 4358 A. 

A preliminary investigation * appeared to show that the hyponitrite ion in Nujol mulls and 
potassium bromide discs exhibited different infrared spectra. Further work has shown the 
apparent difference arises in the following way. .The hyponitrite ion spectrum in potassium 
bromide discs is complicated by the spectrum of the carbonate ion, which is present as 
impurity. The carbonate content of a sample in a disc is greater than that in a mull, 
presumably owing to conversion of hyponitrite into carbonate by atmospheric carbon 
dioxide during grinding. A further complication arises as there appears to be a change in 
the relative intensities of the carbonate ion bands. Such changes in relative intensities 
in potassium bromide discs have been reported previously.* If these factors are taken 
into account the spectra of discs accord with those of mulls. 

Possible structures for the hyponitrite ion include (I—IV). It is evident from 
qualitative considerations that the spectra are not those to be expected for structure 
(III) or (IV). Six fundamentals are allowed in the Raman spectrum for (III) and five 
for (IV), whereas only two are observed. Similarly, for a staggered structure intermediate 


N- 
-O-N=N-O- “OO. 3 | 
N=N N=N N 
No- YY o -Y \o- 
Deon Coy Ce. Cy, 
(1) (11) (IIT) (IV) 


between (II) and (III), six fundamentals are allowed in the Raman spectrum. Again, 

for structures (III) and (IV) the sele¢tion rules allow five fundamental frequencies common 

to infrared and Raman spectra. Only one line is observed which could possibly be 
? Kuhn and Lippincott, J. Amer. Chem. Soc., 1956, 78, 1820. 


? Millen, Polydoropoulos, and Watson, Proc. Chem. Soc., 1957, 18. 
* Wiberley, Sprague, and Campbell, Analyt. Chem., 1957, 29, 210. 





































690 Normal Co-ordinate Analysis for trans-Centrosymmetric X.Y. Molecules. 


regarded as common to both spectra, and so structures (III) and (IV) could be accommodated 
only if it happened that several allowed lines were too weak to be observed in the Raman 
effect. The appearance of the spectra points in fact to a structure with a centre of 
symmetry. Of the two possibilities (I) and (II), the former is unlikely on valency cop. 
siderations. There is also spectroscopic evidence against it. If this were the structure 
of the ion, the frequencies in the Raman spectrum at 1383 and 1115 cm.+ would be 
attributed to },* stretching vibrations. The assumption of a simple valence force 
potential function leads to stretching force constants of 12-5 md/A, and 0-7 md/A for the 
N-N and N-O bonds respectively. Only an approximate description of the molecular 
force field can be expected from the assumption; nevertheless the value of 0-7 md/A js 
unreasonably low for a N-O stretching force constant. It is not even possible to obtain 
a consistent interpretation of the spectrum on this basis. The N-O stretching force 
constant should also be obtainable directly from the infrared active >.,* stretching 
vibration. The appropriate frequency is obviously 1020 cm.+, which is the strongest 
band in the infrared spectrum, but of rather too high a frequency to be the infrared active 
t bending vibration. This yields the quite different value of 4-6 md/A. 

There remains the ¢vans-structure (II) to be considered, and it will be shown that the 
spectra can be well understood in terms of this structure. In the infrared spectrum one B, 
fundamental stretching frequency v, and two bending fundamentals (v,, By, and y, A,) 
are to be expected. The strongest line in the spectrum at 1020 cm.* is assigned as y,, 
for it is too high a frequency to be assigned as a bending vibration. This gives directly a 
value for k, of 4-6 md/A. The two Raman frequencies are clearly to be assigned as two 
of the three A, vibrations. Again, on account of their high values they are both assigned 
to stretching vibrations, the higher at 1383 cm.* to v,, involving mainly -N=N- double-bond 
stretching and that at 1115 cm.* to v,, essentially in-phase N-O bond stretching. There 
remain two more in-plane vibrations, v, and v4, to be assigned. Of these vg is presumably 
allowed so weakly in the Raman spectrum that it has not been observed. For the infrared 
active vibration v,, either of 863 or 504 cm. is a possible choice. However, it appears 
likely that neither of these is to be assigned as v5. The former leads to a 7 NNO deform- 
ation force constant of 3-3 md/A, and the latter to 1-1 md/A, both of which are high by 
comparison with similar force tonstants. This suggests that v, falls below 400 cm.* and 
has not been observed. The sixth normal vibration is the infrared-active out-of-plane 
bending mode. The only low-lying frequency observed in the infrared spectrum at 504 
cm.* is probably to be assigned as vs. This leads to hg/l,2 = 1-1 md/A, which falls well 
into the range observed for similar bending force constants. 

The assignments and force constants are collected in the Table. Approximate values 
have been estimated for the two unobserved fundamentals and assignments of combination 
frequencies have also been suggested. The values have been calculated for the structural 
parameters ry-y = 1-25 A, ry_o = 1-41 A, and « = 60°. 


Assignments and force constants. 


2207 w Infrared vq + v5 By 863 w Infrared Vg + Vy By 
1383 s Raman Vy A, 504 w Infrared V% Ay 
1129 w Infrared 2, + v6 Ay (485) approx. calc. V3 A, 
1115 w Raman Va A, (370) approx. calc. V4 By 
1020 s Infrared vs By 

kh, = 6-9 md/A hk, = 4-6 md/A Rall? = 0-6 md/A —g/l,.® = 1-1 md/A 


The oxides and oxy-ions of nitrogen provide a good series of molecules in which to 
examine changes in force constants over a wide variation in bonding. The stretching 
force constants in md/A are as follows: 

Oo (8) 
(4) (5) (8) (7) II 
N=o+ N=O Ny, N N 
10-4 7-2 65 


O- 
N=N7 
23-0 


15-5 4-6 
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For the polyatomic molecules the values have been evaluated from a valence force potential 
function including interaction cross-terms, except for the hyponitrite where there is at 
present insufficient spectroscopic information to allow these to be included. The force 
constants decrease uniformly with decreasing double-bond character. An approximately 
quantitative empirical relation is observed between force constant and bond order, if in each 
case the resonance structure written above is regarded as the important one and bond order 
taken as the average number of bonding electrons ~ bond. The nitronium ion is an 
exception, its stretching force constant being 17-3 md/A, considerably greater than indicated 
foradouble bond. This may be due to a stronger o-bond formed in this case from nitrogen 
sp-hybridised atomic orbitals. The oxide N,O, which is thought to be present in solid 
nitric oxide has not been included because its vibrational spectrum has not been analysed 
with certainty. It has been suggested ® that the N-O asymmetric stretching frequency 
falls at 1700 cm. 1; if this is correct, correlation with other molecules given here indicates 
that the N-O bonds are appreciably stronger than double bonds. 


Experimental.—Sodium hyponitrite was prepared by reduction of sodium nitrite by sodium 
amalgam, followed by crystallisation from alkaline solutions." The Raman spectra were 
observed by using a truncated-cone cell which just filled the aperture-cone of the spectrograph 
and allowed escape of gas bubbles formed by decomposition of the sample. The Raman spectra 
were recorded on a Hilger E 612 spectrograph, and infrared spectra on a Hilger D 209 spectro- 


meter. 


We are indebted to Dr. I. R. Beattie for valuable discussion about the spectra in potassium 
bromide discs, and to the State Scholarships Foundation, Athens, for an award to one of 
us (C. P.). 


WILLIAM RAMSAY AND RALPH FORSTER LABORATORIES, 
UNIVERSITY COLLEGE, Lonpon, W.C.1. [Received, August 5th, 1959.] 


4 Angus and Leckie, Proc. Roy. Soc., 1935, 149, 327. 

5 Nielsen and Gordy, Phys. Rev., 1939, 56, 781. 

6 Weston, J. Chem. Phys., 1957, 26, 1248. 
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144. Chemistry of the Higher Fungi. Part X.* Further Poly- 
acetylenic Derivatives of Decane from Various Basidiomycetes. 


By J. N. GARDNER, E. R. H. Jones, P. R. LEEminG, and J. S. STEPHENSON. 


The isolation and characterisation of several polyacetylenic derivatives of 
decane from species of five genera of Basidiomycetes are described. Six of 
the compounds have not hitherto been recognised as fungal metabolites. 


POLYACETYLENIC compounds have been isolated from diverse plant types, cultures of the 
higher fungi having been a particularly fruitful source! Compounds varying in chain 
length from Cg to Cy, have been isolated from Basidiomycetes, and an Actinomycete 
(Nocardia acidophilus) produces the one example of a C,, compound, viz., mycomycin.? It 
is desirable fully to explore the range of polyacetylene types produced by the higher fungi 
so as to determine the structural pattern which should throw light on the biogenesis of this 
novel group of natural products. Preliminary work along these lines was indicated in 
Part VIII.2 A more detailed examination of many species of Basidiomycetes obtained 


* Part IX, J., 1959, 2197. 


1 Bohlmann and Mannhardt, Fortschr. Chem. org. Naturstoffe, 1957, 14, 1; Bu’Lock, Quart. Rev., 
1956, 10, 371; Wailes, Rev. Pure Appl. Chem. (Australia), 1956, 6, 61. 

* Celmer and Solomons, J. Amer. Chem. Soc., 1952, 74, 1870, and subsequent papers. 
* Bu’Lock, Jones, and Turner, J., 1957, 1607. 
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from the Forest Products Research Laboratory and the Type Culture Collection, Baarn 
(Netherlands), is now being undertaken. A systematic screening (details of the technique 
are given in the Experimental section) of some 300 Basidiomycetes belonging to the class 
Hymenomycetes, has indicated that approximately 10% produce polyacetylenes, ig, 
extracts show appreciable ultraviolet absorption with some polyacetylenic fine structure, 
In this way it is possible to detect in extracts the presence of compounds containing as 
minimum unsaturation the enediyne (C=C-C=C-C=C) chromophore; more saturated 
systems, ¢.g., diacetylenic and vinylacetylenic, would escape notice. The culture fluid 
extracts were separated into an acidic and a neutral fraction: the former was methylated 
and the two fractions were separately chromatographed on alumina. In no case could 
any significant amount of polyacetylenic material be extracted from the mycelia 
(cf. P. anthracophilus *). 

It soon became clear that many of the “‘ positive ’”’ fungi produced compounds identical 
with or closely related to those already isolated from cultures of Polyporus anthracophilus? 
i.e., derivatives of decane varying in the extent of unsaturation and degree of oxidation at 
either end of the chain. Such products have been obtained from five fungi; Meruliys 
lacrymans yielded compounds (I and II; R = H); Polyporus guttulatus (III; R = H) and 
(IV); Pleurotus ulmarius (VI and VII; R = H), (VIII) and (IX); Tricholoma panaeolum 
(III and VII; R=H); and Leptoporus kymantodes gave (IV) (stereochemistry not 
determined in this case). It appears that Cj) polyacetylenic compounds are fairly widely 
distributed among the Basidiomycetes; Sérensen * has shown that the related matricaria 
ester (V) is present in species belonging to 6 of the 13 tribes of the Compositz family. 

Merulius lacrymans (dry rot fungus). The methylated acidic fraction yielded com- 
pounds (I) and (II) (R = Me). The major component (ca. 30 mg. per litre of culture 
fluid), the diester (I), had ultraviolet absorption characteristic of the triyne-carbonyl 
chromophore, and infrared absorption in the carbonyl region typical of both saturated and 
conjugated ester groupings. Since hydrogenation and subsequent hydrolysis yielded 
sebacic acid, the structure (I) is unambiguously established. Hydrolysis yielded the 
diacid (I; R = H) identical with material obtained (silica-gel chromatography) from the 
crude acidic extracts of the culture fluid, thus proving that it is the dicarboxylic acid and 
not a half-ester that occurs naturally. The minor component was identified as the diester 
of the acid (II; R = H), previously isolated from P. anthracophilus and also synthesised.’ 

Polyporus guttulatus. By chromatography of the methylated acid fraction the diester 
(III; R = Me) was obtained. The neutral fraction yielded a low-melting alcohol, charac- 
terised as its p-phenylazobenzoate. The alcohol had ultraviolet absorption typical of the 
enediynene chromophore, but a small amount (<5%) of enediyne type of absorption was 
also observed. Neither chromatography nor crystallisation removed this contaminant and 
it persisted in the p-phenylazobenzoate even after repeated crystallisation. The infrared 
absorption spectrum of the alcohol showed bands attributable to both cis- and trans- 
ethylenic hydrogen and a C-O stretching mode at 1022 cm.*!._ This is probably associated 
with a hydroxyl group allylic to a cis-disubstituted double bond; a hydroxyl group allylic 
to a trans-double bond shows 5 two bands (1090 and 1030 cm.*). Since hydrogenation 
gave decanol the alcohol had to be the deca-cis-2,trans-8-diene-4,6-diyn-l-ol (IV); 
coupling ® of trans-1-bromopent-3-en-l-yne and cis-pent-2-en-4-yn-l-ol afforded (IV), 
identical in all respects to the natural alcohol. 

Pleurotus ulmarius. Chromatography of the methylated acids yielded two com- 
pounds, the less polar being évans-dehydromatricaria ester (VI; R= Me). The other had 
ultraviolet absorption typical of the carbonyl-enetriyne chromophore, and the infrared 
absorption spectrum showed the presence of conjugated-ester and hydroxyl groupings. 


4 Sdrensen and Stene, Annalen, 1941, 549, 80; Holme and Sérensen, Acta. Chem. Scand., 1954, 
8, 34. 
5 Unpublished observations from this laboratory. 
® Chodkiewicz, Ann. Chim. (France), 1957, 2, 819. 
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Hydrogenation, oxidation, and hydrolysis yielded sebacic acid thus establishing the 
structure as (VII; R = Me), the w-hydroxylated analogue of the less-polar constituent. 
Coupling * of trans-5-bromopent-2-en-4-yn-1-oic acid and penta-2,4-diyn-1-ol, followed by 
methylation of the product afforded ester (VII; R = Me), identical in all respects with the 
ester of the natural acid. 

Chromatography of the neutral fraction yielded an aldehyde and an alcohol. The 
latter was identified as trans-dec-2-ene-4,6,8-triyn-l-ol (IX), already synthesised by 


(I) RO,C-CH,-CH,-C=C-C=C-C=C-CO,R (1) 
t 

(II) RO,C-CH,-CH,-C=C-C=C-CH=CH-CO,R (2) 
t t 

(III) RO,C-CH=CH-C=C-C=C-CH=CH‘CO,R (2) 


(IV) CH,CH=CH-C=C-C=C-CH<CH-CH,-OH (I, 4) 
(V)  CH,-CH=CH-C=C-C=C-CH=CH-CO,Me (3) 
(VI) CH,-C=C-C=C-C=C-CH=CH-CO,R (3) 
(VII) HO-CH,*C=C-C=C-C=C-CH=CH-CO,R (1, 4) 
(VIII) CH,-C=C-C=C-C=C-CH=CH-CHO (1, 4) 
(IX) CH,-C=C-C=C-C=C-CH=CH-CH,OH (3, 4) 


1. New compounds. 2. Also produced by P. anthracophilus.* 3. Previously synthesised. 
4 Syntheses described in this paper. 


Chodkiewicz.6 The infrared absorption spectrum of the aldehyde showed a band at 
1111 cm. which has been found to be associated with the C-CHO stretching mode of the 
trans-C=C-CH=CH-CHO grouping.’ Since reduction with sodium borohydride gave the 
alcohol (IX) the aldehyde must be (VIII); this was confirmed by its preparation from (IX) 
by oxidation with manganese dioxide. 

Tricholoma panaeolum. The methylated acidic fraction yielded the hydroxy-ester 
(VII; R = Me) as the major constituent, albeit only in very small amount (ca. 1 mg. per 
litre), together with a trace of (III; R = Me). 

Leptoporus kymantodes. The neutral fraction from this fungus exhibited enediynene 
absorption. Alumina chromatography gave a crude concentrate; its polarity was that of 
a monoalcohol, and hydrogenation gave decanol. The structure of the major poly- 
acetylenic product from this fungus is therefore (IV) but the small amount available did 
not allow any stereochemical assignments to be made. 

Since a considerable number of C,, fungal polyacetylenes with a range of unsaturation 
and oxygen functions are now known, any more detailed studies of fungi producing such 
compounds are not at present desirable. The above method of chain-length determination 
(including lithium aluminium hydride reduction of acids and aldehydes) has therefore 
been adopted as part of the standard preliminary investigation for all fungi producing 
polyacetylenes containing only one functional group. In this way Polyporus floriformis 
was shown to produce C,, derivatives and these were not further examined. 

The compounds isolated from the above fungi provide further illustration of the struc- 
tural pattern originally revealed by the many polyacetylenes produced by P. anthracophilus. 
Constituents with terminal methyl groups, presumably formed from five acetate units 
(cf. Bu’Lock and Gregory’), are accompanied by products (alcohols and acids) of their 
w-oxidation. None of these fungi péssesses enzyme systems capable of effecting the carbon— 
carbon bond fission believed 7-8 to be responsible for the formation of the polyacetylenes 
containing an odd number of carbon atoms. 


* Bu’Lock and Gregory, Biochem. J., 1959, '72, 322. 
§ Jones and Stephenson, J., 1959, 2197. 
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EXPERIMENTAL 

Ultraviolet (Cary double-beam recording spectrophotometer) and infrared absorption 
spectra were recorded in ethanol and carbon disulphide respectively except where otherwise 
stated. M. p.s (corrected) were determined on a Kofler block. Alumina for chromatography 
was Peter Spence grade “‘ H,” deactivated by treatment with 5% of 10% acetic acid. Light 
petroleum refers to the fraction with b. p. 60—80°. Evaporations were carried out under 
reduced pressure. Vapour-phase chromatography was done on a column of 5% polyethylene 
glycol and 2% stearic acid supported on firebrick (50—90 mesh) with hydrogen as carrier gas at 
a flow rate of 60 c.c./min., a flame ionisation detector being used. The column measured 
102 x 0-45 cm. and was kept at 120°. 

Screening of Fungi.—Slope cultures of the fungi are grown on 3% malt agar and plated on 
to a similar medium, providing inoculum for two surface culture flasks one containing 3% malt 
solution (750 c.c.) and the other corn-steep medium (750 c.c.). The mycelial mat is supported 
on glass wool. 30 Days after inoculation the culture fluid from the flask showing the better 
growth is extracted with ether (1 x 100and 2 x 50c.c.), and the combined extracts are examined 
spectrographically. A portion of mycelium is cut up and extracted with alcohol and this 
extract is alsoexamined. The second flask is sampled similarly after 80 days. The fungi whose 
extracts show ultraviolet absorption spectra typical of polyacetylenes (i.e., the ‘‘ positive” 
fungi) are then grown on a larger scale, generally 30 flasks. The production of poly-ynes is 
followed by weekly withdrawals (20 c.c.) of culture medium from any two flasks. The samples 
are extracted with ether and the extracts assayed for poly-yne content by measurement of the 
intensity of the longest wavelength absorption band in the ultraviolet region. When the con- 
centration of poly-yne reaches a maximum, the culture fluid is poured off and continuously 
extracted with ether. The mycelial mats are reflooded with 4% glucose and 0-2m-sodium 
acetate and the polyacetylene production followed as above. Generally only one reflooding 
is worthwhile. 

Merulius lacrymans.—The fungus was grown on corn-steep liquo1. The concentration of 
polyacetylenes was maximal 50 days after inoculation. The culture fluid (4-5 1.) was then 
continuously extracted with ether (60 hr.) and the extract divided into an acidic and a neutral 
fraction with sodium hydrogen carbonate solution. The neutral portion showed no poly- 
acetylene absorption and was discarded. The acidic fraction, containing approximately 140 mg. 
of polyacetylenes, was esterified with 3% sulphuric acid in methanol, and the product adsorbed 
from light petroleum (8 c.c.) on to alumina (8 g.). Light petroleum (80 c.c.) eluted the diester 
(I; R = Me), and petroleum—benzene (2:1) eluted small quantities of (II; R= Me). The 
ratio of the two compounds was ca. 100: 1. 

The crude acids (300 mg.) from another batch were chromatographed in ether on silica gel 
(550 c.c.). The diacid (II; R =H) was eluted first, followed by the diacid (I; R =H). 
Repeated chromatography of the latter and precipitation from ether with benzene yielded the 
diacid (I; R =H) as a pale yellow solid whose infrared absorption spectrum was identical 
with that of deca-2,4,6-triyne-1,10-dioic acid (see below). 

Dimethyl deca-2,4,6-triyne-1,10-dioate (I; R = Me). Rechromatography of the crude ester 
(I; R = Me) on alumina and crystallisation from hexane at — 70° afforded the ester as needles 
(43 mg.), m. p. 45—45-5° (Found: C, 66-4; H, 4:4. C,.H,,O, requires C, 66-05; H, 4-6%); 
Amax, 3290 (c 3080), 3070 (c 4800), 2880 (¢ 3940), 2720 (c 2370), 2570 (c 1150), 2260 (c 102,000), 
2170 (e 83,900), 2090 A infl. (c 53,800); vmax (in carbon tetrachloride) 1745 and 1721 cm. 
(unconjugated and conjugated ester carbonyl). The compound (16 mg.), hydrogenated in 
hexane over Adams platinum catalyst (22 mg.), took up 5-7 mol. of hydrogen. Alkaline 
hydrolysis of the product gave sebacic acid (9 mg.) which after two crystallisations from ethyl 
acetate had m. p. 131—134° and mixed m. p. 131—133° with authentic material. 

Deca-2,4,6-triyne-1,10-dioic acid (I; R= HH). The diester (I; R = Me) (73 mg.) in dioxan 
(32 c.c.) was added to potassium hydroxide (62 mg.) in water (8 c.c.), and the mixture kept at 
20° under nitrogen for 24 hr. The acidic product (58 mg.) was isolated and fractionally 
precipitated from acetone—hexane to give the acid as an amorphous powder, decomp. 170° 
(Found: C, 63-1; H, 3-2. C,.H,O, requires C, 63-2; H, 3-2%); Amax, 3270 (c 2410), 3060 (c 
3900), 2870 (c 3340), 2715 (e 2150), 2570 (e 1410), 2440 infl. (ec 1090), 2225 (ec 141,000), 2140A 
(ec 122,000); Vmax, (Nujol) 1690 cm. broad (unconjugated and conjugated carboxyl). 

Dimethyl trans-dec-2-ene-4,6-diyne-1,10-dioate (Il; R= Me). Rechromatography of ac- 
cumulated material on alumina and crystallisation from hexane at —70° yielded (IL; R = Me) 
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as needles (0-8 mg.), m. p. 50—55°. The infrared spectrum was practically identical with that 
of a specimen, m. p. 56-5—58°, from P. anthracophilus.* = 

Polyporus guttalatus.—The fungus was grown on malt medium for 56 days. The culture 
fluid (21 1.) was continuously extracted with ether, and the extract divided into an acidic and a 
neutral fraction. 

Dimethyl deca-trans-2,trans-8-diene-4,6-diyne-1,10-dioate (III; R=Me). The acidic 
fraction was methylated in the usual way and purified by chromatography on alumina. Light 
petroleum—benzene (1: 1) eluted the diester (20 mg.) which crystallised from hexane as plates, 
m. p. 103—106°, identical in all respects to the material obtained by Bu’Lock, Jones, and 
Turner.® 

Deca-cis-2,trans-8-diene-4,6-diyn-1l-ol (IV). The neutral fraction from 60 1. of culture 
medium was adsorbed from light petroleum (20 c.c.) on to alumina (25 g.). Benzene (60 c.c.) 
eluted material which, after two crystallisations from hexane at — 70°, gave the alcohol (IV) as 
needles (20 mg.), m. p. below 20° (see below); Amax, 3125 (e 17,500), 2935 (¢ 21,100), 2765 (e 
14,200), 2615 (c 7400), 2465 (c 20,600), 2375 (c 28,400), 2300 (c 28,400), 2135 A (e 28,000) (this 
reveals the presence of ca. 5% of enediyne as a contaminant); v,,x 3570 (hydroxyl), 1022 (C-O 
stretching), 944, and 730 cm. (tvans- and cis-ethylenic hydrogen, respectively). The alcohol 
gave in good yield a p-phenylazobenzoate which crystallised from ethanol as orange laths, 
m. p. 140—142° (see below) ; Amax. 3140 (c 40,000), 2945 (c 33,200), 2775 (e 20,600), 2640 (c 12,000), 
2300 (c 38,900), 2140 A (e 34,800). Hydrogenation of the crude alcohol (12 mg.) containing 
ca. 10% of enediyne with 5% palladium on charcoal (20 mg.) gave decanol, identified by vapour- 
phase chromatography and by its p-phenylazobenzoate, m. p. 58-5—59-5° undepressed on 
admixture with an authentic sample. . 

trans-1-Bromopent-3-en-l-yne (120 mg.) in methanol (1 c.c.) was added during 5 min. under 
nitrogen to a stirred solution of cis-pent-2-en-4-yn-1-ol (60 mg.) and cuprous chloride (5 mg.) in 
aqueous ethylamine (2 c.c.; 30%) kept at 35°. During the addition, hydroxylamine hydro- 
chloride was added to keep the copper reduced. Potassium cyanide (50 mg.) and water were then 
added and the mixture was extracted with ether. The ethereal solution was washed with water 
and dried, and the solvent removed. The residue was adsorbed from light petroleum (20 c.c.) 
on to alumina (100 g.). Elution with the same solvent (200 c.c.) afforded a hydrocarbon 
containing the enediynene chromophore (10 mg.; estimated spectroscopically). Ether- 
benzene (5:95; 200 c.c.) eluted the alcohol (IV; 90 mg.) which crystallised from hexane at 
—40°; it had m. p. 15—16° (Found: C, 82-1; H, 7-5. Cj, 9H,,O requires C, 82-2; H, 6-9%); 
Amax, 3125 (¢ 18,200), 2935 (¢ 22,200), 2765 (c 14,000), 2615 (c 7300), 2460 (ec 20,900), 2370 (e 
29,800), 2295 (c 30,000), and 2165 A (e 28,200); vmx identical with that of natural material. 
The p-phenylazobenzoate had m. p. 144—145° (Found: C, 78-6; H, 5-2; N, 7:3. C,3H,,0,N, 
requires C, 77-95; H, 5-1; N, 7-9%); Amax, 3140 (€ 43,000), 2950 (¢ 37,000), 2780 (c 20,800), 
2625 (c 12,000), 2450 (sh.), 2350 (sh.), 2300 (c 44,000) and 2170 A (sh.). 

Pleurotus ulmarius.—During initial growth on malt for 31 days, the fungus produced, as 
judged from ultraviolet absorpticn spectra of extracts, mainly the acid (VII; R = H) and the 
alcohol (IX). Reflooding with glucose—acetate medium produced, after 16 days, proportionately 
less acid (VII; R = H) but the aldehyde (VIII) appeared. A second reflooding and growth 
for a further 15 days gave only the aldehyde (VIII) and alcohol (IX). A third reflooding 
was unsuccessful. The combined culture media from these experiments (3 x 15 1.) were ex- 
tracted continuously with ether for 48 hr., and the extract divided into an acid and a neutral 
fraction. 

Acid fraction. This was esterified with 3% sulphuric acid in methanol for 4 days at 20° and 
the product adsorbed on alumina (10 g.) from benzene-light petroleum (5:3). Elution with 
this solvent (40 c.c.) gave the ester (VI; R = Me), and benzene (200 c.c.) eluted the hydroxy- 
ester (VII; R = Me). 

Methyl trans-dec-2-ene-4,6,8-triynoate (VI; R= Me). Rechromatography of this com- 
pound on alumina and crystallisation from hexane at —70° afforded the ester (0-8 mg.), m. p. 
105—106° (cf. m. p. 105-5° recorded by Sérensen ef al.®); Amax, (hexane) 3440 (ce 30,500), 3200 
(¢ 39,900), 3010 (¢ 25,800), 2830 (c 11,300), 2675 (c¢ 6260), 2560 (c 84,100), 2440 (c 52,800), 2325 
infl. (c 17,700), 2185 A infl. (¢ 16,800); vmax, 1725 (conjugated ester), 950 cm.~ (tvans-ethylenic 
hydrogen). 

Methyl trans-10-hydroxydec-2-ene-4,6,8-triyn-l-oate (VII; R= Me). Evaporation of the 
* Sérensen, Bruun, Holme, and Sérensen, Acta Chem. Scand., 1954, 8, 26. 
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fractions containing this compound gave a pale yellow solid (28 mg.). Two crystallisations 
from methylene chloride—hexane yielded the ester (8-5 mg.) as needles, decomp. ca. 115° (Found: 
C, 703; H, 4-5. C,,H,O, requires C, 70-2; H, 43%); %max, 3435 (€ 18,200), 3205 (e 24,200), 
3010 (¢ 16,500), 2830 (c 8260), 2565 (e 73,000), 2450 A (e 53,800); vmax. (in carbon tetrachloride) 
3600 (hydroxyl), 1730 (conjugated ester), 953 cm. (tvans-ethylenic hydrogen). The ester 
(23 mg.) was hydrogenated in ethanol over 5% palladium on charcoal (42 mg.) and took up 
6-9 mol. of hydrogen. The product was oxidised with an excess of 8N-chromic acid in acetone 
(5 c.c.). Hydrolysis of the product and two crystallisations from ethyl acetate gave sebacic 
acid (6 mg.), m. p. and mixed m. p. 131—133°. 

trans-5-Bromopent-2-en-4-yn-1-oic acid. A solution of trans-pent-2-en-4-yn-1l-oic acid (0-95 
g.) in 2N-sodium hydroxide (5 c.c.) was cooled to 0° and sodium hypobromite solution [9 c.c. ofa 
mixture of ice (50 g.), 10N-sodium hydroxide (25 c.c.), bromine (5-5 c.c.), and water (10 c.c.)] 
added during 15 min. The mixture was stirred for 10 min. and then acidified with hydrochloric 
acid. Crystallisation of the precipitate (1-43 g., 83%) from hexane gave trans-5-bromopent-2-en- 
4-yn-l-oic acidas plates, m. p. 137—138° (decomp.) (Found: C, 34-6; H, 1-8; Br, 45-35, 
C,;H,O,Br requires C, 34-3; H, 1-7; Br, 45-7%). 

Synthesis of Methyl trans-10-Hydroxydec-2-ene-4,6,8-triyn-l-oate (VII; R = Me).—To a 
stirred solution of cuprous chloride (1 mg.) in aqueous ethylamine (33%; 1 c.c.) was added 
penta-2,4-diyn-l-ol (84 mg.) in methanol (0-5 c.c.). To this mixture in nitrogen at 40°, trans- 
5-bromopent-2-en-4-yn-l-oic acid (175 mg.) in methanol (0-4 c.c.) was added during 10 min. 
Crystals of hydroxylamine hydrochloride were added as required to reduce any cupric ion 
formed. After treatment with potassium cyanide (10 mg.) and water, the mixture was acidified 
and extracted with ether. The extract was methylated with diazomethane (from 300 mg. of 
methylnitrosourea). The solution was washed (sodium hydrogen carbonate solution) and 
evaporated to yield a yellow solid (175 mg.) which was adsorbed on to alumina from benzene. 
Elution with benzene gave a little of the diester (III; R = Me), from self-coupling of the 
bromoacetylene, and then the desired hydroxy-ester (VII; R = Me; 70% estimated spectro- 
scopically). Crystallisation from methylene chloride—hexane gave a product identical in all 
respects with the naturally derived ester. 

Neutral Fraction from Pleurotus ulmarius.—Chromatography on alumina (60 g.) and elution 
with benzene gave first the aldehyde (VIII) and then the alcohol (IX). 

trans-Dec-2-ene-4,6,8-triyn-l-ol (IX). Evaporation of the chromatogram fractions gave a 
solid which, when crystallised from methylene chloride—hexane, gave the alcohol (88 mg.) as 
needles, m. p. 128—129° (decomp.) (Chodkiewicz * gives m. p. 129°) (Found: C, 83-3; H, 5-6. 
Calc. for CyyH,O: C, 83-3; H, 5-6%); Amax, 3285 (e 13,000), 3070 (c 19,100), 2885 (c 14,400), 2720 
(c 7580), 2570 (c 3730), 2415 (c 138,000), 2300 (c 82,600), 2210 (infl.) (¢ 37,300), 2100 A (c 44,100); 
Vmax, 3600 (hydroxyl), 950 (sh.), and 940 cm. (tvans-ethylenic hydrogen). The product was 
identical in all respects with synthetic material. 

trans-Dec-2-ene-4,6,8-triyn-l-al (VIII).—(a) The early chromatographic fractions were 
rechromatographed in light petroleum and then crystallised from hexane to give the aldehyde 
as pale yellow needles (21 mg.), m. p. 108—109° (decomp.) (Found: C, 84-3; H, 4:3. C,H,O 
requires C, 84-5; H, 43%); Amax. (in hexane) 3500 (e 36,500), 3260 (¢ 44,400), 3060 (< 27,800), 
2880 (c 11,900), 2720 infl. (c 7290), 2580 (c 86,900), 2455 (c 49,100), 2345 infl. (c 21,200), 2250A 
infl. (¢ 20,600); vmax, 1693 (conjugated aldehyde), 1111 (C-CHO stretching), 950 cm. (trans- 
ethylenic hydrogen). Treatment of the aldehyde (2-5 mg.) with an excess of potassium boro- 
hydride in methanol (5 c.c.) gave the alcohol (IX; 1-4 mg.) which, after chromatography and 
crystallisation, was identical with the natural material. 

(b) Synthesis. Synthetic alcohol (IX) (59 mg.) was shaken with active manganese dioxide 
(500 mg.) # in methylene chloride (25 c.c.) for 18 hr. Isolation in the usual manner and 
crystallisation from hexane gave the aldehyde (23 mg., 40%), m. p. 108—109° (decomp.). It 
was identical in all respects with the natural material. 

Tricholoma panaeolum.—The fungus was grown on malt medium for 24 days. The culture 
fluid (15 1.) was continuously extracted with ether, and the extract divided into an acidic and a 
neutral fraction, the latter being discarded. Methylation of the acidic fraction and chrom- 
atography on alumina afforded the diester (III; R = Me; 1 mg.) and hydroxy-ester (VII; R= 
Me; 18 mg.). Each compound was identical in all respects with the compounds isolated from 
Polyporus gutiulatus and Pleurotus ulmarius, respectively. 


10 Attenburrow, Cameron, Chapman, Evans, Hems, Jansen, and Walker, J., 1952, 1094. 
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Leptoporus kymantodes.—The fungus was grown on malt medium for 28 days. The culture 
fluid (3 1:) was extracted in the usual way and the neutral portion of the extract was chromato- 
phed. Ether—benzene (1: 9) eluted an alcohol fraction (30 mg-); Amax. (ether) 3115, 2920, 
9760, and 2600 A. Hydrogenation over platinum gave decanol, identified by vapour-phase 


chromatography. 
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145. The Ultraviolet Absorption of Isolated Ethylenic Bonds. 
By P. S. Exttincton and G. D. MEAKINs. 


The ultraviolet spectra of forty-seven steroids and triterpenes containing 
isolated ethylenic bonds have been examined in the range 192—250 mu. 
With one exception ethanolic solutions of these compounds gave absorption 
bands centred between 193 and 205 my. The widths and intensities of the 
bands were also measured. © 

Correlations between the structural type of a double bond and its spectro- 
graphic properties are discussed. 


Tue absorption of isolated ethylenic bonds near the end of the conventional ultraviolet 
range (~200 my) has been used by Henbest and his co-workers! ‘and by Halsall? for 
detecting and characterising olefinic centres in steroids and triterpenes. With the 
apparatus in use at that time the region below 205 my could not be investigated; conse- 
quently measurements were limited to the long-wavelength edge of the bands (the so-called 
“end absorption ”’) and it was recognised that the intrusion of scattered light led to 
certain inaccuracies in the absorption intensities at wavelengths approaching 205 my. 
More recently Turner * examined solutions of olefins in hexane between 210 and 160 mu 
with a vacuum-spectrophotometer and located the positions of the absorption maxima. 
While few such spectrophotometers are available several conventional instruments in 
current use are capable of accurate operation down to about 190 mz. 

The object of the present work was to see whether the maxima could be observed with 
a routine spectrophotometer, and whether the information obtained could be used to 
distinguish between various types of double bond. The fifty-two steroids and triterpenes 
examined were chosen to provide examples of various structural types, and each com- 
pound was purified until satisfactory physical constants were obtained. Although 
ethanol’s transmission below 190 my is somewhat inferior to that of hexane, ethanol is a 
much more powerful solvent for the majority of polycyclic compounds containing 
oxygenated substituents and was therefore used in this survey. 


EXPERIMENTAL 


Spectroscopy.—Spectra were recorded on a Cary spectrophotometer (model 14-M) with 
dynode setting 5 and a scanning speed of 50 sec./my. The wavelength scale of the instrument 
was checked by using the emission lines from a mercury-vapour lamp. The spectrometer was 
flushed with ‘‘ white spot ’’ cylinder nitrogen through the five inlet nozzles for 48 hr. at 250 


' Bladon, Henbest, and Wood, J., 1952, 2737. 
? Halsall, Chem. and Ind., 1951, 867. 

% Turner, J., 1959, 30. 
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ml./min. before use and during operation. While cells were being introduced into the spectro- 
meter the supply of nitrogen to the cell wells was increased by using an auxiliary cylinder. One 
pair of matched cells (path-length 0-1 cm.) was used throughout, with “ clinical absolute 
alcohol”’ assolvent. In some cases spectra were repeated using “‘ B.D.H. spectroscopic hexane.” 
A background run (solvent in both beams) was recorded immediately before the examination 
of each compound. The programmed slits were found to open fully (3 mm.) at 192 my when 
ethanol was used as solvent, and at 188 my when hexane was used. Results obtained at wave- 
lengths lower than these are not quoted. 

Materials.—Except for new compounds (see below) the materials were prepared by published 
procedures. In the following list the m. p. and [a], (in chloroform) values found in this work 
are quoted after the number of the compound. (For the names of compounds corresponding 
to the numbers see Tables land 3.) Thus “‘ 1, 80—81, +25 ” indicates ‘‘ Number 1, Cholestane, 
m. p. 80—81°, [a], +25°.” References to compounds which are not described in Elsevier's 
“Encyclopedia of Organic Chemistry,’’ Vol. 14 and Supplements, are given after the physical 
constants. 


1, 80—81, +25. 18, 148—149, 0. 36, 175—177, +66. 

2, 141-5—142, +34. 19, 111—112, +29 (ref. 7). 37, 125-5—127-5, +43 (ref. 10). 
3, 192-5—193, —6. 20, 187—191, +84. 38, 127—129, +113. 

4, 206—207, —16. 22, 165—166, +98. 39, 185-5—187, +115. 

6, 69—70, +13 (ref. 4). 23, 198—202, +99. 40, 203—205, +221 (ref. 11). 
7, 75—76, +-67. 25, 177—178, —32 (ref. 7). 41, 106—109, +130 (ref. 10). 
8, 84—85, — 84 (ref. 5). 26, 146—147, +62. 42, 164—166, +57. 

9, 163—164, +31. 27, 121—122, +58. 43, 116—118, +135. 

10, 207—210, +-37. 28, 123—124, +36. 44, 148-5—150, +140. 

11, 216—217, +42. 29, 208—211, —16. 45, 142—143, +33 (ref. 7). 
12, 83—84, +76. 30, 129—130, +12. 48, 147—148, —61 (ref. 7). 
13, 131—132, +45 (ref. 6). 31, 109—111, +2 (ref. 8). 49, 129—130, —5 (ref. 7). 
14, 87—88, +-10. 32, 60—61, +5. 50, 173—175, +25. 

15, 94—95, — 56. 33, 129—130, +44 (ref. 9). : 51, 134—136, +118. 

16, 150—151, —40. 34, 213—214, +19. 52, 165—170, +120. 
17, 86—87, +12 (ref. 5). 35, 176—177-5, +105. 


The trisnor-hydrocarbons nos. 5, 21, 24 [derived respectively from lupanol (no. 4), «-amyrin 

(no. 20), and B-amyrin (no. 23) by modifying ring a to the form shown] * were prepared by Huang- 

Minlon reduction of the corresponding 3-oxo-compounds [(58H)4,23,24-trisnor- 

5(4 —» 3)abeo-lupan-3-one (no. 35), -urs-12-en-3-one,!* and -olean-12-en-3-one 

<i} (no. 40)]. The abeolupane (no. 5) crystallised from ethyl acetate—ethanol as rods, 

m. p. 166—167°, [aJ,, +4° (c 1-2) (Found: C, 87-3; H, 12-2. C,,H,4, requires C, 87-5; 

H, 12-5%). The abeours-12-ene (no. 21) crystallised from ethyl acetate—methanol 

as plates, m. p. 90—91°, [aj,, +116° (c 1-1) (Found: C, 87-7; H, 11-9. C,,H4, requires C, 

88-0; H, 120%). The abeo-olean-12-ene (no. 24) crystallised from ethyl acetate—methanol as 

plates, m. p. 149—150°, [a],, +120° (c 1-1) (Found: C, 87-8; H, 12-1. C,,H,, requires C, 88-0; 
H, 12-0%). 

Ergosta-7,22-diene-38,118-diol (no. 46). A solution of 36-acetoxyergosta-7,22-dien-11l-one ¥ 
(3-1 g.) in ether (250 c.c.) was refluxed with lithium aluminium hydride (1-5 g.) for 2 hr. Stan- 
dard manipulation gave the diol (2-1 g.), m. p. 157—161° after crystallisation from methanol, 
[a),, —32° (c 1-0) (Found: C, 80-9; H, 11-0. C,,H,,O, requires C, 81-1; H, 11-2%). 


H 


* The prefix ‘‘abeo’’ and the accompanying numerals indicate a bond migration in the molecule 
named as parent. Thus 5(4->3)abeolupane is lupane in which the 5,4-bond has been replaced by a 5,3- 
bond (giving a five-membered ring A). This usage and related nomenclature proposals are being actively 
considered by the Society.—Eb. 


Henbest and Wilson, J., 1956, 3289. 
Turner, Meador, and Winkler, J. Amer. Chem. Soc., 1957, 79, 4122. 
Plattner, Heusser, and Kulkarni, Helv. Chim. Acta, 1949, 32, 265. 
Castells, Jones, Meakins, and Williams, J., 1959, 1159, and unpublished work. 
Laubach and Brunings, J. Amer. Chem. Soc., 1952, '74, 705. 
Dauben, Micheli, and Eastham, ibid., p. 3852. 
10 Jones, Meakins, and Stephenson, /J., 1958, 2156. 
1! Allan, Fayez, Spring, and Stevenson, ]., 1956, 456. 
12 Allan, Spring, Stevenson, and Strachan, /., 1955, 3371. 
18 Bladon, Henbest, Jones, Lovell, Wood, Woods, Elks, Evans, Hathway, Oughton, and Thomas, 
J., 1953, 2921. 


eer ove 














10). 


rin 
ing- 
10r- 
one 
ds, 
+5; 
nol 


| as 
0); 


p 13 
an- 
ol, 


ule 
,3- 
ely 








[1960] The Ultraviolet Absorption of Isolated Ethylenic Bonds. 699 


TABLE 1. Ultraviolet absorption of compounds containing one ethylenic bond. 

Compounds 1—5 (not containing double bonds) are included for comparison. 

Amax. figures are in Mp. Emax. Values are molecular extinction coefficients (mole 1. cm.-! units). ¢, is 
catx mp. Ad, is twice the difference between Amax. and the wavelength (on the high-wavelength side 
of the band) at which ¢e = }emax.. 

Compounds containing no C=C or C=O bonds are denoted by a. Types of ethylenic bond present 
in the compounds are indicated as follows: 








HY Jul AY Je Se HY Se 
C=C c, C=C d, CH,= é, C=C exocyclic to a cyclohexane rin 
» Sf Ne ef “a ae Sue , F 
Cc Cf, not exocyclic Cc 4 L 
>< g, exocyclic to one ring Se=o _s - made ne —— 
Cc Nc h, exocyclic to two rings Cc aa ve 
Ethanol as solvent Hexane as solvent 
Struc- P ~ ——— be oom 
tural Present work Previous Present Previous 
No. Name type — rane ——, work 4 work work * 
Amax. Emax. Any E210 Es10 Amax. max. Amex. maz. 


1 Cholestane @ no max. E49, = 90 Cao = 
2 Cholestan-3f-ol a - Ex95 = 300 Eao9 = 120 ~150 
3 Lupane a om E395 = 240 Eso = 80 
a = 
a 


4 Lupen-3f-ol 7 Ey95 = 350 Eggo = 160 
5 (58H)4,23,24- _ E195 = 350 Ego = 210 
Trisnor-5(4 
—» 3)abeo- 
lupane 
6 Cholest-l-ene b 194 6200 12 500 
7 Cholest-2-ene b <193 200 200 189 5100 182 7500 
8 Cholest-6-ene b 195 ‘7500 18 1900 
9 Lup-20(29)-ene d 195 8700 20 2200 
10 Lup-20(29)-en- d 195 8900 22 2200 
3B-ol 
11 38-Acetoxylup- d 196 9300 22 2500 194 9300 196 8450 
20(29)-ene 
12 Cholest-4-ene e 196 9700 18 2600 3000 190 8860 
13 Cholest-4-en-38-ol e 197 9000 21 3100 
14 38-Acetoxychol- e 197 12,400 18 3300 
est-4-ene 
15 Cholest-5-ene e 195 8100 21 2500 2700 191 8200 190 7820 
16 38-Acetoxychol- e 195 8100 18 1400 1500 
est-5-ene 
17 Cholest-7-ene e 197 5800 34 4300 
18 38-Acetoxyergost- e 197 6000 34 4500 4700 
7-ene 
19 38-Acetoxy-5f- e 196 7500 32 4700 
lumist-7-ene 
20 Urs-12-en-3f-ol e 196 8200 21 2400 
21 (58H)4,23,24- é 195 8200 22 2400 
Trisnor-5(4 
—» 3)abeours- 
12-ene 
22 Olean-12-ene e 195 9000 25 3200 
23 Olean-12-en-38-ol e 195 8500 24 3100 
24 (58H)4,23,24- e 195 9400 23 3100 
Trisnor-5(4 
— > 3)abeo- 
olean-12-ene 
25 38-Acetoxy-5a- f 196 9000 24 3400 
lumist-8-ene 
26 Lanost-8-en-3f-ol / 198 7300 29 4700 
27 38-Acetoxylanost- f 198 7300 30 4400 197 7500 202 7000 
8-ene 
28 38-Acetoxy- £ 197 8400 28 4300 200 10,400 
(13«,148,178H) 
lanost-8-ene 
29 5(4—» 3)Abeo- g 195 * 9700 29 4800 
lup-3-ene 
30 Ergost-8(14)-en- h 204 11,400 29 10,300 
3f-ol 
31 38-Acetoxyergost- h 204 12,200 29 10,700 10,500 
8(14)-ene 
32 38-Methoxyergost- h 204 11,300 30 10,000 


8(14)-ene 
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9a-Methylergosta-7,22-diene-38,118-diol (no. 47). 38-Hydroxy-9«-methylergosta-7,22-dien- 
11-one *° (1 g.) in ether (150 c.c.) was reduced with lithium aluminium hydride (0-5 g.) as above. 
Crystallisation of the product from methanol gave the diol (705 mg.), m. p. 132—134°, [a], —55° 
(c 0-9) (Found: C, 81-4; H, 11-25. C,.gH,,O, requires C, 81-25; H, 11-3%). 


DIscUSSION . 
The results are recorded in Tables 1 and 3 and illustrated in the Figures. With one 
exception (compound 7 in ethanol) all the compounds containing one or more C=C bonds 
and/or a C=O group give absorption bands between 189 and 205 my. That these bands 
are true absorption maxima and not due to instrumental factors (cf. the discussion by 

















Ary, E210 
18 [ gel 2460 
| A—~22 2470 
= 20 2420 
| of ‘ 2/ 2400 Fic. 1. Examination of cholest-5-ene, no. 15, 
» at different concentrations. 
8 10 L J 
S A 20 2420 
> J 
~ +A 22 2480 
s | J 
a OS a 2/ 2430 
1°) J 
22 2450 
/ 
O & — oe a a a 
Oo 0-25 O-5 0-75 10 
Concentration (mg/m) 
Fic. 2. Fic. 3. 
/0 5 1or 
= 
” 
' » ‘ee 
g s se 2 
\. a A 
a 
= —_ J Oo —- 1 tees 
192 200 2/0 220 192 200 2/0 220 
Wavelength( mp ) Wave/ength(m) 
A, No. 9 (type d). B, No. 6 (type b). A, A®-Steroid, no. 16 (type e). 
C, No. 3 (type a). B, A’-Steroid, no. 17 (type e). 


Henbest and his co-workers 1) is supported by several pieces of evidence. The J, lines 
(solvent in both beams) were flat, and the required light energy was reaching the detector 
in the ranges studied (193—250 my and 188—250 my for ethanol and hexane solutions 
respectively). With compounds containing neither C=C nor C=O bonds (nos. 1—5) no 
bands were observed. In these cases the absorption increased towards 190 my but the 
¢ values were below 500 (Table 1 and Fig. 2): this absorption probably represents the 
long-wavelength edge of bands below 180 my associated with the saturated hydrocarbon 
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centres.2 Inspection of Fig. 1 shows that in several runs with cholest-5-ene (no. 15) at 
different concentrations Beer’s law was obeyed. This result and the consistency of the 
values found for ¢,;, and Ad, (a measure of the band width) indicate that the results are 
not appreciably affected by using concentrations leading to different optical densities at 
the absorption maximum. 

Some results of previous work }3 are included in Table 1. The values of ¢5,) recorded 
by Henbest and his collaborators } agree well with those of the present study (compounds 
2,7, 12, 15, 16, 18, and 31). Results with compounds 11, 15, and 27 show that, while the 
Emax, Values are not affected by using hexane rather than ethanol as solvent, the Amax. figures 
are somewhat lower for hexane solutions. With two of these compounds (nos. 7 and 27) 
there is disagreement between the present work and Turner’s recent study.? (The figures 
shown in the penultimate column of Table 1 were read from the published curves and are 
not quoted in ref.3.) Although the results with cholest-5-ene (Fig. 1) show that there is 
little or no error due to stray light at 195 my in the present work, it is possible that the 
effect of stray light is appreciable at lower wavelengths. This may be the cause of the 
difference in appearance between Turner’s curves and those recorded in the present 
investigation. Thus, while in all the cases reported here the ethylenic maximum is clearly 
discernible several of Turner’s spectra show the ethylenic absorption as a shoulder or 
inflexion on a rising background (due to the absorption of saturated centres at lower 
wavelengths), and in these cases the ethylenic maximum was obtained by subtracting 
the absorption of a related saturated compound. A second, and probably more important, 
consideration in comparing the two studies is that the absorption bands are very broad, 
thus causing inherent uncertainty in the Amax. figures. For example, with compound 17 
(Fig. 3) with an extremely broad band, the point of maximal absorption could be reasonably 
taken as anywhere between 195 and 199 mu. 

The results of the present work (with ethanolic solutions) are summarised in Table 2. 
There is a general increase in the values of the four characteristics of the bands on passing 
down the Table. However, the divisions between the values for various types of double 
bond are not sharp: the considerable overlap in many cases severely limits the usefulness 
of the method in determining the type of double bond present. Only when a doubly 
exocyclic tetrasubstituted ethylenic linkage is present (the A’-compounds, nos. 30, 31, 
and 32, see Fig. 4) does the max, value allow unequivocal identification. This type of 
linkage is also characterised by high values for emax, and €g;9. Conversely the 1,2-di- 
substituted cis-ethylenic bond (Fig. 2) gives significantly low intensity values. 


TABLE 2. 
Amax. AAy Emax. E210 
ITI sa cithiidinenencisticheniancsciit <196 12—18 6200—7500 200—1900 
COE, estintecnsmemptnsininianinciinnnsi 195—196 20—22 8700—9300 2200—2500 
-HC=CZ (exocyclic) .........::eee00 195—196 18—25 8100—9700 1400—3200 
IN isscctnnanncstebinnsnidtenin 196—197 32—34 5700—7500 4300—4700 
SC=CT (not exocyclic)..........+++ 196-—198 24—30 7300—9000 3400—4700 
C=C (doubly exocyclic) ......... 204 29—30 11,300—12,200 10,000—10,700 


It is clear that the degree of substitution is not the only factor influencing the 
characteristics of the olefinic absorption bands. The effect of environment is illustrated 
by comparing A*- and A®5-steroids and A!*-triterpenes, which give a fairly compact set of 
results for exocyclic trisubstituted double bonds, with the formally similar A’-steroids 
which have much broader bands with lower emax. and higher ¢;5 values. [The &9;9 values 
are at least as useful as the e,x, values in distinguishing between different types of double 
bonds. While the ¢;) figures are generally in line with the corresponding emax. values, 
change in band shape (as in the A’-steroids) can upset this relationship.] The presence 
of certain substituents near the double bond can also cause marked changes. Thus the 
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allylic acetoxyl group in no. 14 leads to unusually high intensity values, whereas the 
corresponding alcohol, no. 13, gives normal results. 
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5 
IC 
oO ee 4 all 
192 200 2/0 220 230 
Wavelength (mu) O 4 L 
A, Amar. 201, Emax. 12,000. B, No. 30 (typeh). C, No. 192 = 200 210 220 
33 (type i). The dotted line is the sum of the curves Wavelength(mu) 
or nos. 30 and 33 [cf. no. 41 (types h + 1) with Amay. 

Me f..,. 12,500). Uf (yp max. A, Amar, 195, Emax. 18,000. B, No. 29 (type g). 


C, No. 21 (typee). The dotted line is the sum 
of the curves for nos. 21 and 29 [cf. no. 51 
(types e + g) with Amax. 196, Emax, 19,500]. 


TABLE 3. Compounds containing two ethylenic bonds, or an ethylenic bond and a 
carbonyl group. 
Compounds nos. 33, 34, and 35 (containing one carbonyl group) are included for comparison. 
Ethanol as solvent 





Structural , A meuiig 
No, Name type Amax. Emax. Ay Es10 
33 Cholestan-3-one a 194 1600 13 200 
34 Lupan-3-one t 193 1400 =17 200 
35 (58H)4,23,24-Trisnor-5(4 —» 3)abeolupan-3-one j 193 900 §=616 200 
36 Lup-20(29)-en-3-one d,i 195 10,000 20 2400 
37 38-Acetoxy-9a-methylergost-7-en-11l-one e,t 195 10,100 16 2100 
38 Urs-12-en-3-one e,t 195 11,000 23 3300 
39 Olean-12-en-3-one e,t 195 10,000 22 3400 
40 (58H)4,23,24-Trisnor-5(4 —» 3)abeo-olean-12-en- ej 195 9300 24 3000 


3-one 


41 38-Hydroxy-9a-methylergost-8(14)-en-11l-one h,i 200 12,500 28 ~ 10,000 
42 Lupa-2,20(29)-diene b, d 195 13,700 17 2600 
43 Ursa-2,12-diene b,e 194 14,900 18 3500 
44 Oleana-2,12-diene be 195 13,100 19 3300 
45 58-Lumista-7,22-dien-38-ol ce 196 12,000 21 4300 
46 Ergosta-7,22-diene-38,118-diol c,e 195 12,900 20 4400 
47 9a-Methylergosta-7,22-diene-38,118-diol c,e 197 14,000 17 4000 
48 58-Lumista-8,22-dien-38-ol c, f 195 16,200 20 5700 
49 58,148-Lumista-8,22-dien-3f-ol ef 195 14,900 23 5600 
50 5(4 —» 3)Abeolupa-3,20(29)-diene d, g 195 21,500 25 8500 
51 5(4 —» 3) Abeoursa-3,12-diene e.g 196 19,500 26 8300 
52 5(4 —» 3)Abeo-oleana-3,12-diene e, g 196 20,400 25 9200 


The three non-conjugated ketones (nos. 33, 34, and 35) shown in Table 3 have low- 
intensity maxima near 193 my, the ¢,,, figures being similar to those found in a com- 
prehensive study of oxo-steroids.4 The other compounds in Table 3 contain a C=C bond 
well separated from a C=O group (nos. 36—41), or two isolated C=C bonds (nos. 42—52). 

14 Bird, Norymberski, and Woods, J., 1957, 4149. 
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Generally the figures agree well with those obtained by summation of the curves for the 
individual chromophores. The émax, of an ethylenic bond is somewhat increased by the 
presence of a carbonyl group in the same molecule, while the Amax. is usually unaffected 
or slightly decreased. In a compound containing a double exocyclic tetrasubstituted 
double bond and a carbonyl group the separation between the Amax, values of the individual 
groups is greatest, and the carbonyl group therefore causes an appreciable shift (see 
Fig. 4). 

The diolefins studied have ethylenic bonds whose Amax. figures vary only slightly, all 
being in the range 193—198 mu. Consequently the bands observed are close to 196 mu, 
and their intensities are approximately equal to the sum of the individual ¢,,, values. 
This additivity is illustrated in Fig. 5 for a compound (no. 51) containing a tri- and a 
tetra-substituted double bond. Although no compound with only a 1,2-disubstituted 
trans-ethylenic centre was studied the results with compounds 46—50 show that such a 
bond (type c) has Amax, ~196 my, max, ~6000. 

It is concluded that structural diagnosis by this method requires examination of band 
widths and intensities as well as the wavelengths of maximal absorption. In favourable 
cases these values taken together allow identification of the type of double bond present, but 
in other cases the method does not lead to a clear distinction between two or more 
possibilities.* 

The authors are grateful to Professor E. R. H. Jones, F.R.S., for his interest and advice, and 
to the Ministry of Education for a research scholarship (to P. S. E.). 

THE Dyson PERRINS LABORATORY, OXFORD. [Received, August 20th, 1959.]} 

* Since the preparation of this paper a somewhat similar survey of the ultraviolet spectra of olefinic 


bonds has been published by Stich, Rotzler, and Reichstein (Helv. Chim. Acta, 1959, 42, 1480) whose 
findings are in general agreement with those reported here. 





146. Chlorine Exchange between Antimony Trichloride and Trimethyl- 
chlorosilane in Benzene and Hexane. Part I. Apparatus and 
Techniques. 

By A. F. Rerp and R. MILLs. 


An apparatus based on vacuum-techniques has been developed to study 
the exchange of chlorine between antimony trichloride and trimethyl- 
chlorosilane in benzene and hexane. The method of separation utilizes 
differential evaporation and is generally applicable to systems containing a 
volatile and an involatile reactant. Exchange at zero time and the effect of 
incomplete separation are discussed. 


In this Part are described the techniques developed for a study of chlorine exchange 
between antimony trichloride and trimethylchlorosilane in hexane and benzene. The 
high susceptibility of both reactants to hydrolysis made vacuum-handling the most con- 
venient and led to separation being based on differential vacuum-evaporation. This 
process depends only on the vapour-pressure characteristics of the system and could there- 
fore be applied to any exchange system containing a volatile and an involatile reactant 
with or without a solvent. Exchange at zero time and incomplete separation, together 
with the errors involved in the calculation of exchange rates, are discussed below after the 
experimental method has been described. 


EXPERIMENTAL 
Halogenotrimethylsilanes were prepared by a published method.! Trimethylchlorosilane 
was fractionally distilled under dry nitrogen, purified in a vacuum to constant vapour pressure 
1 Voronkov, Dolgov, and Dmitrieva, Doklady Akad. Nauk S.S.S.R., 1952, 84, 959. 
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(40-1 mm.) by repeated passage through a trap at —78°, and contained by an all-metal 
bellows valve (type 431, obtained from Hoke Inc., Englewood, N.J., U.S.A.) connecting to a 
glass storage bulb with a metal-to-glass seal. 

Antimony Trichloride.—Commertcial antimony trichloride, dried over phosphoric oxide, was 
twice distilled under dry nitrogen at 50 mm. After being degassed, the compound was twice 
sublimed, in a vacuum, to ampoules containing break-seals. It then melted sharply at 73° and 
its analysis agreed within 0-1% with that required by the formula. 

Labelling of Compounds.—*Cl was obtained as H**Cl in 2N-hydrochloric acid from the Radio- 
chemical Centre, Amersham. *Br was obtained by the Szilard—Chalmers process, by using 
slow neutrons produced during the operation of the Australian National University’s 8 Mev 
cyclotron. Purified trimethylchlorosilane was labelled by equilibration, in a vacuum, with 
Sb**Cl,, and recovered by low-temperature evaporation. Equilibration with Al**Cl,, prepared 
by Wallace and Willard’s method,? was also used. **Cl,, prepared by the method of Brown, 
Gillies, and Stevens,* was degassed and any remaining water was removed by several 
evaporations at —78°. Sb**Cl, was prepared in a vacuum by direct combination, with final 
heating to 200—300° to ensure decomposition of any antimony pentachloride and complete 
combination of chlorine. After several vacuum-sublimations the trichloride was sealed in glass 
ampoules containing break-seals. Analysis gave values within 0-1% of these required by the 
formula. Al**Br,, Mg**Br,, and Sb**Br, were synthesised for qualitative investigation of their 
exchange with the corresponding organosilicon bromides. These compound were prepared, 
under anhydrous conditions, by the action of bromine, containing **Br, on the metals under 
ether or benzene. 

Solvents were dried over liquid sodium—potassium alloy and fractionally distilled. Solutions 
were made up from degassed solvents stored in a vacuum over sodium-—potassium alloy. The 
storage vessels were connected with the vacuum-system through a fine sintered-glass diaphragm 
to prevent carry-over of solid material and were closed with stopcocks lubricated with Silicone 
grease. 

Nitrogen for the manipulation of anhydrous solutions or compounds was freed completely 
from oxygen, carbon dioxide, and moisture by passage through liquid sodium—potassium alloy. 

Reactant Solutions.—A 250 ml. bulb was connected through a sintered-glass diaphragm to a 
limb to which were joined, through seal-off constrictions, two or three storage bulbs (A in Fig. 1) 
containing break-seals. The apparatus was dried by passage of heated nitrogen, and degassed 
at 10° mm. Antimony trichloride was sublimed into the 250 ml. bulb, and an appropriate 
volume of hexane condensed and sealed in with it. For the highest concentrations used, the 
vessel was equilibrated one or two degrees below the reaction temperature, and the saturated 
solution poured through the sinter into the storage bulbs. These were then cooled 
simultaneously in liquid air and sealed, being subsequently joined to the reaction vessel. 

Trimethylchlorosilane Solution.—The solution in benzene was prepared in a vacuum in a 
storage bulb placed vertically above two metal bellows valves, the evacuated space be- 
tween them serving as an accurately defined delivery chamber (2-5 ml. + 0-1% by weight of 
benzene delivered). 

Exchange Experiments.—For hexane solutions the reaction vessel was as in Fig. 1. This 
apparatus depended on the use of a greaseless glass stopcock, G, obtained from the 
Springham Co., Harlow. It allowed the withdrawal, in a vacuum, of a number of samples of 
solution without contamination of the remainder. The general method was very satisfactory, 
although requiring considerable mechanical care in the preparation of reactant solutions, and 
allowed the reaction to be carried out in all-glass apparatus closed by a small surface (0-25 cm.’) 
of Polythene. In the form used (0-004 sheet), Polythene deforms slightly under 
pressure to give a high-vacuum seal against glass. Thin Teflon sheet was _ unsatis- 
factory because of wrinkling. After the reaction vessel had been dried, degassed, and pre- 
treated with trimethylchlorosilane, an appropriate amount of this reactant was condensed 
into it. Reaction was begun, after temperature equilibration, by dropping the striker S on 
to the adjacent break-seal and pouring the solution between A and B until the reactants were 
thoroughly mixed. The guard tube C kept fragments of glass from entering G. The vessel K 
was then placed in a thermostat bath as shown. The upper of the two o-rings served as a 
temporary water-seal until the lower one was fixed in position, and the two served as a stable, 


2 Wallace and Willard, J. Amer. Chem. Soc., 1950, 72, 5275. 
3 Brown, Gillies, and Stevens, Canad. J. Chem., 1953, 31, 768. 
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flexible and water-tight support which allowed rotation and sliding of the vessel. The evapor- 
ation vessel K and the separation sinter-vessels were put in place, with the upper vessel 
connected to the vacuum-system at P by a short length of pressure tubing. 

For experiments with benzene solutions, antimony trichloride solution was manipulated 
under dry nitrogen, and an aliquot part was degassed and mixed with an aliquot part of tri- 
methylchlorosilane solution delivered in a vacuum. The whole of the reaction solution (5 ml.) 
was separated in each experiment, by a procedure similar to that for hexane solutions, but with 
the evaporation vessel in a thermostat bath. 

Separation of Reactants.—Antimony trichloride (p,, 10° mm.) and trimethylchlorosilane 
(Pe 190 mm.) are readily separated by distillation at atmospheric pressure, and it was found 


Fic. 1. Reaction and separation vessels. 


r2, P 


Fic. 2. Exchange in hexane at 30° and 20°, showing 
corrected and uncorrected curves. 























420 
on 40 
5 2 
$s x 
s {60 & 
3° 
c NN 8 
s NN 8 
: ie oe 
2 aN = 
cs x 
P ai 8O 
~ 
Ll ™ l 
50 /00 /50 
Time ( hr.) 
8, Exchange curve for 20°. 4, Exchange curve for 30° 
A, Solution storage bulb. B, Reaction (Table 2). a, @ Corrected data F for SbCl, and 
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Guard tube. G, Diaphragm valve. J, 
Thermostat bath base. K, Evaporation 
vessel. L, Magnetic stirrer. M, N, 
Coarse and fine glass sinters. P, 
Pressure tubing to hydrolysis trap. 


that, from a solution of the two in benzene or hexane, the solvent and trimethylchlorosilane 
could be separated from the antimony trichloride by rapid vacuum-evaporation from the stirred 
solution held under its own vapour pressure provided that the evaporation rate was limited by a 
fine sintered-glass diaphragm in the separation line. The effects of exchange during separation 
and of incomplete separation were found to be small, and appropriate corrections could be made 
for them, as is shown below. 

When valve G was opened, a sample (5—7 ml.) of solution was forced into the evacuated 
vessel K (held at a lower temperature) by the vapour pressure of the solution. With the 
magnetic stirrer L rotating rapidly, the evaporation vessel was opened to an evacuated 
hydrolysis trap with a surface of 100 cm.? cooled in liquid air, joined to the line through a stop- 
cock and ground joint, and containing a measured volume of hydrolysis solution, frozen in 
liquid air. The evaporating solution was thus rapidly cooled, and the resultant quenching of 
the reaction makes variation in the time for complete evaporation unimportant. The hydrolysis 
trap was finally closed, and dry nitrogen admitted to the rest of the space. The vessels K and 
M were replaced by similar ones after the body of the valve had been flushed clean with benzene, 
and an aliquot part of hydrolysis solution was pipetted into K. The lower, coarse sinter M 
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prevented splashing and frothing of solution on to N, washings from the latter after one or more 
separations showing negligible activity. 

Analyses.—Chloride ion was determined, in dilute acid solution, by differential potentio- 
metric titration with silver nitrate, silver-silver chloride electrodes being used. Silicone- 
treated pipettes minimised the transfer error, and 0-2 milliequiv. or larger samples could be 
analysed within 0-1%. 

Tervalent antimony in 2n-sulphuric acid was titrated potentiometrically with potassium 
bromate, the titrant solution being kept 1% with respect to potassium bromide. The arrange- 
ment was as described for the micro-determination of arsenite.‘ The bromate—antimony 
titration was found to be particularly precise, duplicate determinations of 0-05 milliequiv. 
samples agreeing within 0-1%, and of 2-microequivalent samples within 0-5%. Antimony 
trichloride and trimethylchlorosilane were hydrolysed with 10N-sulphuric acid, so that counting 
could be carried out in media of the same density and composition. Any fine suspensions of 
solvents in aqueous solutions were removed by centrifugation. 

For total assay of the reaction solution, a sample was withdrawn into an evacuated, 
calibrated volume-apparatus, with provision for sealing off, and a stopcock and ground joint on 
a side-arm for connection to a separating funnel containing hydrolysis solution. 

Counting Procedure.—**Cl was counted as chloride ion in 10 ml. portions of solution, with a 
thin glass-walled Geiger tube fitting through a ground joint into a liquid well, constant geometry 
being thus obtained. Standards were counted whenever sets of activities were to be compared ; 
for each experiment, separated samples and the reaction solution total assay sample were 
counted contiguously. Counting rates were 2000—4000 c.p.m.; measured specific activities 
were reproducible within 0-6%. 

Exchange during Separation.—Since separation was effected by a purely physical method and 
separation times were very short compared with half-times, induced exchange would not be 
expected to be important. (The amount of exchange occurring during separation should not be 
greater than that which would occur in the same time if the system were left undisturbed.) It 
is apparent that once trimethylchlorosilane and any antimony trichloride carried in the vapour 
phase have passed from the reaction solution any further exchange between them will not 
affect the specific activity of the chloride contained in the separated fraction. 

Experimental observations confirmed these expectations. For benzene solutions, directly 
observed zero-time fractions of exchange, obtained by separating the reactants immediately 
after mixing, were 0-01—0-02. For hexane solutions, back-extrapolation gave the same range 
of values over all experiments. 

Effectiveness of Separation.—The amounts of antimony trichloride (0-5—15%) transported 
with the vapour when 5 ml. were evaporated to dryness were sensibly constant for given initial 
conditions, and were not proportionately less for partial evaporation of the solution. For the 
evaporation vessel held in a thermostat bath at 40°, a typical rate of evaporation of benzene 
was 5 ml. in 60 sec and, even for 12 ml. of solution initially at 25°, all but a small fraction of a 
ml. evaporated without solidification. For separation from hexane solution, with the evapor- 
ation vessel in the air, rapid cooling of the solution occurred, with precipitation of antimony 


TABLE 1. Efficiency of separation by evaporation. 


SbCl, Average % No. of SbCl, Average % No. of 
Temp. Molarity Ml. carried over obsns. Temp. Molarity Ml. carried over obsns. 
In benzene * In hexane ¢ 
40° 0-04 7-06 3-5 + 1-3 6 40° 0-005 7 15-8 + 1:8 6 
40 0-03 4-7 1-2 + 0-8 8 30 0-005 6 14-9 + 2-1 4 
(lowest 0-15) 20 0-005 7 15-2 + 1-7 6 
25 0-03 4:7 2-5 + 0-5 + 20 0-035 6 5-0 + 0-8 6 
25 0-27 6 0-27 + 0-06 + 


* A3cm. diameter no. 3 sinter at 40° and a no. 2at 25°. + A3cm. diameter no. 3 sinter preceded 
by a 2-5 cm. no. 1 sinter at each temperature. 


trichloride. It was necessary to heat the vessel with a lamp to keep the temperature above 0° c 

and accomplish evaporation in a reasonably short time, usually 3—5 min. for 5 ml. of solution. 

The amounts of antimony trichloride carried over during evaporation are shown in Table 1. 
Calculation of Results.—Fraction of exchange was calculated with the usual definitions.® 


4 Reid, Mikvrochim. Acta, 1958, 236. 
5 Stranks and Wilkins, Chem. Rev., 1957, 57, 743. 
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The reaction was carried out and the samples were separated in such ways that the specific 
activities of separated samples could be directly compared with that of a completely hydrolysed 
sample of the reaction solution, and the fraction of exchange for the reactant not initially 
labelled was determined by the ratio of the two specific activities. Mass-balance checks were 
made by independent assay of the labelled reactant for specific activity, and by comparison of 
fractions of exchange for both reactants. The specific activity of the evaporated reactant was 
corrected for that of the involatile reactant carried over by simple consideration of activity 
sums, which leads to the expression 


Sa = Sons — (¥/y)(SB — Sons) apse sell, Soli tenis 2: ee 


where %/y is the ratio of chloride derived from the involatile component (component B) to that 
from the volatile (component A). Sg may be measured, or a first approximate value of the 
fraction of exchange assumed, and a first approximation to Sp can be made from the definition. 
Successive iteration (usually in 3 or 4 steps) leads to a constant value of F, which usually agreed 
closely with that determined from using, in equation 1, a measured value of Sp, and with the 
value based on Sg. The exchange curves obtained from the corrected values of F gave a smooth 
fit of experimental points to the curve, within small limits of error, and the curves based on 
the uncorrected value of F were parallel to them, as shown in Fig. 2. The data for the lower 
set of curves are given in Table 2, and similar agreement was observed in all cases where the 
comparisons were made. 
TABLE 2. Exchange in hexane at 30°. 


Fraction of exchange 





c —— 


Sample Time Me,SiCl 
no. (hr.) SbCl, Corr. Iterated Uncorr. 
1 13-25 0-236 0-194 0-186 0-323 
2 25-0 0-390 0-387 0-387 0-491 
3 41-0 0-582 0-583 0-584 0-646 
+ 62-1 0-784 0-778 0-778 0-802 


ty: 28hr. 105, = 3-21. molesec.-1. Molarities: Me,SiCl, 0-644; Sb**Cl;, 0-00484. 


While the exchange plots, illustrated in Fig. 2, are seen to have a downward curvature 
(similar over all concentration ranges), the fractions of exchange based on each reactant are 
self-consistent. In Part II a mechanism of accelerated exchange is discussed and it should be 
emphasised that the curvature is due to this and not to any inherent error in the experimental 
technique. 

Calculation of Errors.—The limits of error shown in the exchange curves were calculated by 
compounding the individual errors determined from replicate measurements of the various 
quantities. The correction to the specific activity of the evaporated fraction was usually small 
and accurately determined, and hence error in its determination produced almost negligible 
error in F. The error produced by the correction procedure can, however, be calculated for a 
general case. 

When the notation of equation (1) is used and all activity is assumed to be initially in the 
antimony trichloride, B, then 4 

Pam Sobs ee (x/y)(Sz steed Sovs) ; : : : ‘ ‘ x s (2) 
Saco 
Hence, in addition to the direct error in F due to error in the determination of Sop,, there will be 
an error dF for a given percentage error e in x/y of 
(A) + (B) ¢ | (#/y)(Sp — Sore) 


dF = a 8 100 o— “Ta . . . . . . (3) 





This will be greatest for zero time, when Sg = Syo, with the error decreasing as the specific 
activities of the two reactants become more nearly equal. The diameters of the circles in 
Fig. 2 show the estimated limits of error for F = 0-5, with all sources of error included. 


One of us (A. F. R.) gratefully acknowledges a research scholarship from the Australian 
National University, this work being done during its tenure. 
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147. Chlorine Exchange between Antimony Trichloride and T'rimethyl- 
chlorosilane in Benzene and Hexane. Part II.* Kinetics and 
Mechanism of Exchange. 


By A. F. Rep and R. MILLs. 


Isotopic halogen exchange occurs between trimethylchlorosilane and, 
severally, hydrogen chloride and the chlorides of aluminium, antimony, and 
magnesium, and between the corresponding bromine compounds. The 
kinetics of the exchange between antimony trichloride and trimethy]l- 
chlorosilane in hexane were initially of first order with respect to each 
reactant, and probably so in benzene also. The kinetics are complicated in 
hexane by formation of a species allowing more rapid exchange with increased 
time of contact of the reactants, and further complicated in benzene by the 
interaction of the solvent with antimony trichloride. 


SILICON-HALOGEN compounds undergo a large number of halogen or “‘ pseudo-halogen ” 
replacement reactions. Numerous studies with silver salts have been reported,) and 
various other compounds such as ammonium fluoride? are effective. Of particular 
interest are the large number of replacements effected by the covalent metal halides, e.g., 
reactions of antimony trifluoride * and trichloride * with trimethylchloro- and trimethy]- 
bromo-silane, aluminium iodide with silicon tetrafluoride,> aluminium halides with tri- 
organofluorosilanes,® halides of antimony, aluminium, arsenic, and titanium with silicon 
cyanates and thiocyanates,? and magnesium bromide with trimethyliodosilane.* It 
would be worth discovering whether, when a particular halogen replacement occurs, the 
corresponding isotopic halogen exchange can also occur. The present work deals with 
the trimethylhalogenosilanes and the halides of aluminium, antimony, and magnesium, and 
the effect of hydrogen chloride. The last is the hydrolysis product of the other reactants; 
it exchanges chlorine atoms with silicon tetrachloride,* and was found to exchange with 
trimethylchlorosilane. Exchange was found between each of the metal halides and the 
corresponding halogenosilanes, but that exchange reactions involving ionic displacements (as 
for the exchange reactions of alkali halides with alkyl halides in various solvents) need not 
necessarily occur with halogenosilanes, is indicated by the fact that lithium bromide and 
calcium chloride, despite favourable solubility relations, do not effect halogen replacement 
with triethylfluorosilane, whereas aluminium iodide does.® 

It is noteworthy that the covalent metal halides mentioned all contain central metal 
atoms with unoccupied valence orbitals, and that in each compound the metal atom can 
form further relatively stable bonds by co-ordination processes, as for example in alu- 
minium halide dimers. A reaction process involving co-ordination of the halogen atom 
of the halogenosilane to the central metal atom has been shown to occur in the reaction of 
methylmagnesium halides with trimethylhalogenosilanes,‘ and it is feasible that a general 
pattern of mechanisms of this kind occurs. The consequent process, a concerted rearrange- 
ment of a four-centre transition state, provides compensation of bonds and charge, and thus 
allows of a low activation energy. Temporary formation of a quinquecovalent silicon 


* Part I, preceding paper. 

1 Macdiarmid, Quart. Reviews, 1956, 10, 208; Eaborn, J., 1950, 3077; Anderson, J. Amer. Chem. 
Soc., 1950, 72, 2761. 

2 Wilkins, J., 1951, 2726. 

3 Wowski, J. Amer. Chem. Soc., 1950, 72, 919. 

* Reid and Wilkins, J., 1955, 4029. 

5 Schumb and Breck, J. Amer. Chem. Soc., 1952, 74, 1754. 

® Eaborn, J., 1953, 494. 

7 Anderson, J. Amer. Chem. Soc., 1953, '75, 1576. 
= § Klaus, Clusius, and Haurmarl, Z. phys. Chem., 1942, 51, B, 347; Herber, J. Chem. Phys., 1957, 

, 653. 
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species would be involved; these have often been discussed and their occurrence demon- 
strated. The observations in the present study are consistent with such a mechanism. 
The aluminium and antimony halides are of additional interest because of their catalytic 
action in a number of organosilicon reactions.” Antimony trichloride was chosen for 
initial study, with trimethylchlorosilane, because the former is readily prepared and purified, 
and in the vapour # and the solid !* state has a monomeric structure with all chlorine atoms 
equivalent. Although there is considerable evidence for the persistence of an antimony 
trichloride—benzene complex in liquid benzene,’ it appeared possible that a rapid turnover 
of bound and unbound antimony trichloride molecules might provide simple exchange 
kinetics. The concentration dependences of the exchange rates observed were not, 
however, direct functions of the reactant concentrations. The stability of antimony 
trichloride-aromatic compounds decreases markedly with withdrawal of electronic charge 
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Fic. 2. Temperature-dependence of bimolecular vate constants for exchange between Me,SiCl and 
SbCl, in hexane. 


from the aromatic nucleus,™ and since the trichloride appears to form adducts only with 
donor molecules, an aliphatic hydrocarbon should be unreactive towards it. Antimony 
trichloride has a limited (0-08m at 20°) solubility in n-hexane, a solvent with molecular 
weight and volatility similar to those of benzene, indicating that compound formation or 
a high degree of solvation is absent. 

Other Exchange Systems.—In preliminary experiments, based on the techniques 
described in Part I, isotopic exchange was observed under anhydrous conditions in the 
following systems: HCl, AICl,, SbCl, with Me,SiCl; MgBr,, AlBr;, SbBr, with Me,SiBr. 
The magnesium bromide exchange was conducted in ether, and the others in benzene; 
hydrogen chloride also exchanged in the absence of solvent. The compounds were mainly 

® Stone and Seyferth, J. Inorg. Nuclear Chem., 1955, 1, 112; Aylett, ibid., 1956, 2, 325; Eaborn, 
J., 1955, 2047; Sommer and Bennett, J. Amer. Chem. Soc., 1959, 81, 251. 

10 Eaborn, J., 1949, 2755; Chernyshev and Petrov, Bull. Acad. Sci. U.S.S.R., 1953, 630; Sommer, 
Whitmore, et al., J. Amer. Chem. Soc., 1947, 69, 1976, 2108; 1954, 76, 801; Yakubovich and Motsarev, 
J. Gen. Chem, U.S.S.R., 1955, 25, 1748. 

11 Kisliuk, J. Chem. Phys., 1954, 22, 86. 

12 Lindquist and Niggli, J. Inorg. Nuclear Chem., 1956, 2, 345. 


13 Daash, (a) J. Chem. Phys., 1958, 28, 1005; (b) personal communication. 
14 Shinomiya, Bull. Chem. Soc. Japan, 1940, 15, 259. 
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separated by distillation, but magnesium bromide was separated from trimethylbromo- 
silane in ether solution by precipitation with dioxan. Of these systems, antimony 
trichloride—trimethylchlorosilane was chosen for detailed study for the reasons outlined 
in the introduction. 


TABLE 1. Exchange data for benzene solution. 


Concn. (M) 10° “kk,” 
Expt. Set Temp. Me,SiCl SbCl, ty (hr.) (1. mole“ sec.-) 
1 40° 0-110 0-0214 2-0 164 
2 25 0-112 0-0218 14-5 23 
3 25 0-112 0-269 14-5 4:3 
4 25 0-0395 0-0953 47-5 3-8 
5 25 0-018 0-0158 1-0 890 


Kinetics.—Exchange kinetics tn benzene (see Table 1). At 25° the exchange curves were 
concave downwards, and at 40° concave upwards. Exchange rates were estimated from 
the initial slopes of the curves. Each fraction of exchange on the curves was obtained by 
a separate experiment. 

The complicated concentration dependence at 25° indicates that increase of the anti- 
mony trichloride concentration slows the exchange reaction, presumably by compound 
formation with the solvent, but direct dilution of a particular reaction solution with 
further benzene (sets 3 and 4) decreases the initial rate as calculated for bimolecular 
kinetics. 

Exchange kinetics in hexane (see Table 2). The exchange curves obtained by the direct 
mixing of the reactants in hexane, although near-linear initially, all showed downward 


TABLE 2. Exchange kinetics in hexane. 


Concn. (Mm) ty 105k, Concn. (M) ty 105k, 
Temp. Me,SiCl SbCl, (hr.) (1. mole“! sec.-!) Temp. Me,SiCl SbCl, (hr.) (1. mole sec.) 
40°: 0-35 0-057 11-5 9-7 30° «0-644 «=0-00484 = 28 3-2 
0-406 0-00522 13-5 10-2 0-0238 0-:0495 120 2-8 
00198 0-0535 41 7-5 20 0-621 0-00504 62 1-5 
0-737 0-0357 8-0 8-7 * 0-376 8©0-0354 =118 1-2 
0-0364 0-0747 3-5 63 tf 


* In the presence of added benzene. 
+ Pre-equilibration of inactive SbCl, with Me,SiCl before addition of Sb**Cl,; apparent fy. 


curvature. Typical curves are in Fig. 1. However, if initial slopes are taken, the reaction 
obeys a second-order rate law with reasonable accuracy over the range of temperatures and 
concentrations used. This procedure appears justified by the consistency of the results, 
and by the facts that no irreversible chemical reaction was found to occur, and extraneous 
effects were apparently unimportant (see below). 

The plot of log & against 1/T was linear (Fig. 2) and the rate law for the initial exchange 
can be expressed as 


R = 2-2 x 108 {exp — (18,600 + 1100)/RT}[Me,SiCI][SbCI,]/3 


The calculated activation entropy was 18 + 4 cal./degree. 

Pre-equilibration of reactants in hexane solution. Addition of a small labelled amount 
of the compound already in excess ought to allow the observation of the exchange behaviour 
of the excess with any complex (assumed 1:1 for the design of this experiment) which 
had formed between the reactants. Antimony trichloride was used in excess; the exchange 
rate, assumed as bimolecular, on addition of a small amount of Sb**Cl, to the solution 
pre-equilibrated for 36 hr., was 7 times as great as that calculated for direct mixing, and the 
(uncorrected) exchange curve was linear to more than 90% exchange. It is thus evident 
that on equilibration of the reactants a comparatively stable species is formed (dissociable 


18 Dessey, J. Amer. Chem. Soc., 1957, 79, 3476. 
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by evaporation) which allows of more rapid exchange between added Sb**Cl, and, presum- 
ably, bound trimethylchlorosilane, than occurs on direct mixing. The downward curvature 
of exchange curves after direct mixing must be due to an increased rate of exchange 
brought about by formation of this species. 

Addition of benzene to hexane solutions. A hexane solution of antimony trichloride 
containing benzene thrice that required for formation of 2SbCl,,C,H, was equilibrated at 
40° for 17 hr. before mixing it with trimethylchlorosilane. The exchange curves and 
initial rate were indistinguishable from those obtained in the absence of benzene. 
Apparently, therefore, compound formation between antimony trichloride and benzene 
does not persist in hexane, or at least does not affect the exchange. 

Subsidiary Studies —A number of subsidiary experiments were made to determine if 
the complicated nature of the reaction data was due to extraneous effects. Light had no 
apparent effect on the exchange, and the presence of finite amounts of moisture (giving 
rise to hydrogen chloride by hydrolysis of the reactants) and antimony pentachloride, 
and of traces of chlorine, had measurable but not marked effects on the exchange rates. 
Fractional distillation of mixtures of antimony trichloride, trimethylchlorosilane, and 
benzene after prolonged refluxing gave practically quantitative recoveries, with no evidence 
of other compounds. Lack of reaction was further confirmed by the normal vapour 
pressure of a saturated solution (11 moles % at 20°) of antimony trichloride in trimethyl- 
chlorosilane, with no change of vapour pressure with time, by the recovery of up to 98% 
of hydrolysable chloride from the separated silane during exchange experiments, and by 
the recovery of practically pure antimony trichloride. Solutions of antimony trichloride 
in benzene or hexane were non-conducting, and this behaviour was not altered, over long 
periods, by the presence of trimethylchlorosilane in the solutions. 


DISCUSSION 


The bimolecular rate dependence of the direct exchange is in accord with the conductance 
data, and with the fact that no mechanism of reaction of an organosilicon compound has 
been substantiated which involves formation of silicon ions. Mechanisms covalent with 
respect to, or involving initial co-ordination of, antimony trichloride have been demon- 
strated for the exchange of antimony atoms between the tri- and penta-chlorides in carbon 
tetrachloride #® and hydrochloric acid solution 1” (in the latter SbCl,~ and SbCl, are the 
postulated exchange species) and, for example, in the reaction of antimony trichloride with 
diazonium or hydrazine compounds.'* The increased rate of exchange with time for 
direct mixing experiments, and the more rapid, constant rate after pre-equilibration, show 
that a comparatively stable species (dissociable by evaporation) is formed, which allows 
more rapid exchange between trimethylchlorosilane and antimony trichloride, and between 
the former presumably in the bound state and an added amount of the latter. Addition 
compounds of volatile substances do often have moderate dissociation pressures; for example, 
the crystalline addition compounds of antimony trichloride with benzene }*’ and dioxan,” 
and the various adducts of silicon halides with amines. A comparatively stable compound 
PhSiCl;,SbCl, has been isolated 7° (m. p. —30°); in it, addition almost certainly occurs 
between the -SiCl, group and antimony trichloride because of the de-activating effect of 
the former on the benzene nucleus. 

The most obvious form of addition compound between the reactants is one in which 
the chlorine atom of the trimethylchlorosilane is co-ordinated to antimony on the opposite 
side to the pyramidally disposed chlorine atoms, and this is also a probable transition- 
state configuration for the direct exchange. A four-centre transition-state complex for 


16 Barker and Kahn, ibid., 1956, 78, 1317. 

17 Neumann and Brown, ibid., 1956, 78, 1843. 

18 Bruker, J. Gen. Chem. U.S.S.R., 1948, 18, 1297. 

19 Kelley and McCusker, J. Amer. Chem. Soc., 1943, 65, 1307. 

°° Yakubovich and Motsarev, Doklady Akad. Nauk S.S.S.R., 1954, 99, 1015. 
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the direct exchange would involve a tetrahedral disposition of the chlorine atoms about 
antimony, and penta-co-ordination to silicon,® both compatible with 
known structures or configurations of these elements. If we suppose 
Me,SiCl->Sb-Cl->SbCl, that intramolecular rearrangement in an addition compound without 
~ (1) subsequent separation of reactants is more rapid than direct ex- 
change, it would then be necessary for there to be a rapid exchange 
of chlorine atoms between added antimony trichloride and that bound to trimethyl- 
chlorosilane. Rapid exchange has been observed !’ for the exchange of antimony atoms 
between SbCl,~ and SbCl,, and by analogy with the transition state proposed for that 
exchange, the structure (I) would be consistent with the present experimental observ- 
ations. Configurations similar to those of ref. 17 are suggested for the antimony atom 
exchange in carbon tetrachloride.!® 
The exchange in benzene was further complicated by interaction of, presumably, 
antimony trichloride with the solvent. Many crystalline stable antimony trichloride— 
aromatic compounds are known,™ some of which persist strongly in the liquid phase. 
Dissociation pressures show that 2SbCl,,C,H, has an energy of formation of 12 kcal. mole, 
and infrared measurements show that it persists in liquid benzene, with, probably, a 
continued structure with two out-of-plane antimony atoms bridging two benzene mole- 
cules. The exchange curve at 40° showed that, approximately, after 80% exchange in 
12 hr., the exchange rate had fallen to one-tenth of its initial value, and back-extrapolation 
of the slope at this time cuts the fractional exchange axis at 70% exchange. This indicates 
that 30% of antimony trichloride, at the concentration employed, exists as a compound 
with solvent, with a slow rate of turnover such that a substantial fraction of the compound 
is undissociated during 12 hr. 


Cl 
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148. The Oxidation of Calcium in Dry Oxygen. 
By S. J. GrecG and W. B. JEPson. 


The oxidation of calcium in dry oxygen has been studied in the 
range 425—650°c. Below 475° the oxidation is negligibly slow, showing 
that the oxide film has protective properties, but at 500° and above, the rate 
is readily measurable. The oxide product is green and contains a relatively 
large concentration (0-4%) of free calcium. The curves of weight gain 
against time are characterised by an increasing rate up to a maximum 
followed by a decreasing rate; at 550° and above, a “‘ breakaway ”’ reaction 
occurs and a yellow oxide is formed. A linear rate of oxidation, hitherto 
assumed characteristic of the oxidation of calcium, was found only at one 
temperature, 500°. 

The oxidation mechanism appears to be far more complicated than has 
hitherto been assumed. 





It is frequently stated} that the alkaline-earth metals, with the exception of beryllium, 
should oxidise at a constant or “linear” rate in oxygen; it is argued on the basis of 


1 ‘T. B. Grimley in ‘‘ Chemistry of the Solid State,” Ed. Garner, Butterworths Scientific Publications, 
|.ondon, 1955; Kubaschewski and Hopkins, ‘‘ Oxidation of Metals and Alloys,”” Butterworths Scientific 
Publications, London, 1953; Mantell and Hardy, ‘“‘ Calcium, Metallurgy, and Technology,”’ Reinhold 
Publishing Corp., New York, 1945. 
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Pilling and Bedworth’s rule ? that, since the oxide occupies a smaller volume than that of 
the metal which is consumed in producing it, the former should be porous so that oxygen 
can diffuse up to the metal surface, which is continuously exposed. In particular, calcium 
has come to be regarded as a classical example of linear oxidation; yet the only relevant 
published work, apart from some runs of limited duration by Cubicciotti,? appears to be 
the original study in 1923 by Pilling and Bedworth. These workers found that the metal 
oxidised at a constant rate at 300°, 400°, and 500°, and the porous nature of the calcium 
oxide was inferred from the relative volumes of oxide and of metal. Magnesium, the only 
other alkaline-earth metal to have been investigated,** is oxidised at a linear rate at tem- 
peratures above about 450°. 

A comparison of the published results for the kinetics of oxidation of the two metals 
reveals two important differences: (a) the energy of activation for oxidation is very much 
less for calcium than for magnesium (10 as compared with 50 kcal. mole“) and (}) calcium 
oxidises at a constant rate from the start of the run, whereas with magnesium there is an 
induction period of many hours. 

Accordingly, the kinetics of the oxidation of calcium in dry oxygen have been re- 
investigated, especially since the metal used in the original study was inevitably rather 
impure. The present work, which covers the range 425—650°, shows that the oxidation of 
calcium is much more complicated than has hitherto been assumed; and only at one 
temperature, viz. 500°, has a linear rate of oxidation been found, and even then it persisted 
for only 30 hr. 


EXPERIMENTAL 


The course of the oxidation was followed by the gravimetric determination of the weight 
gained by the sample on a thermal balance. The sample was suspended in the reaction 


To pumps 


Fic. 1. Apparatus for measuring 
the concentration of free calcium 
in calcium oxide. 
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chamber by means of a wire of stainless steel passing through a hole (1/16 in. diam.) drilled in 
the specimen, and attached at its upper end to a platinum wire hooked to the underside of the 
balance pan. The arrangement was the same as that described earlier,> except that the oxygen 
was additionally dried by passing it over ‘‘ Linde ’’ molecular sieves.® 

The calcium metal (Domal Magnesium Co.) was in the form of extruded stick (1 in. diam.) 
(Analysis, upper limits: Mg, 0-5; N, 0-025; Al, 0-010; Fe, 0-005; Mn, 0-004; Ni + Cu + Cr, 
0-005; Cd, 0-00002; B, 0-00002; Li, 0-001; Na + K, 0-001%). For each oxidation run a slice 


2 Pilling and Bedworth, J. Inst. Metals, 1923, 29, 529. 

3 Cubicciotti, J. Amer. Chem. Soc., 1952, 74, 557. 

4 Gulbransen, Tvans. Electrochem. Soc., 1945, 87, 589; Leontis and Rhines, Trans. Amer. Inst. 
Min. Met. Eng., 1946, 166, 265. 

5 Gregg and Jepson, J. Inst. Metals, 1958—1959, 87, 187. 

® Addison, Iberson, and Raynor, Chem. and Ind., 1958, 96. 
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was sawn from the stick and filed to a thickness of about 5mm. ‘The choice of suitable surface 
preparation proved troublesome; abrasion with emery (grade 0) led to pick-up of abrasive, 
and the method finally adopted was filing on a “‘ second-cut”’ file. After the final filing, the 
sample was rinsed with carbon tetrachloride (the metal could not be degreased in benzene vapour 
because of the ready reaction of the metal with water vapour in the air) and placed immediately 
in the reaction chamber through which a stream of dry oxygen was passing. 

The oxide was found to contain some free calcium, which was determined by estimation of 
the hydrogen evolved on treatment with water. The solid was placed in the bulb A (Fig. 1) 
and outgassed. Bulb A was immersed in liquid oxygen and a known volume (0-5 ml.) of water 
distilled on to the solid. The mercury level was then raised into tube B, and the ice allowed to 
melt and react. When reaction was complete, the bulb A, together with the part of the 
capillary tube C up to D, was immersed in solid carbon dioxide—acetone to freeze out water, 
and the pressure read after raising the mercury to the standard mark E. From the calibrated 
volume of the apparatus it was possible to calculate the volume of hydrogen evolved and there- 
fore the free calcium content of the sample. Corrections for thermomolecular flow were 
negligible and the reproducibility was +1%. 


RESULTS 


At room temperature there is no apparent reaction between calcium and dry oxygen, and 
samples appeared to retain their lustre indefinitely; the oxide layer probably reaches a limiting 
thickness of several hundred Angstrom units. 

At 425° the mean weight gain of samples exposed for 70 hr. was only 1 mg., and at 475° 
was still quite small (3 mg. in 50 hr.); but at 500° and above, the oxidation became sufficiently 
fast to allow the plotting of detailed curves of weight gain against time. 

The curve at 500° (Fig. 2) consists of three distinct branches, OA, AB, and BC, over which 
the rate of oxidation respectively increases, is constant, and decreases, with time. 
The mean of six runs gives the slope of AB, i.e. the rate of “linear oxidation,” as 
0-40 + 0-06 mg. cm.? hr.1. In the early stages the curves for 525° and 550° (Fig. 2) are 
similar to that for 500°, the rate increasing with rise in temperature in the usual way; but the 
linear branch AB is now absent, and at 550° there is an additional branch CD in which the rate 
once more increases with time. 

At 575°, in three runs out of four, the curve was as shown in Fig. 3, in which the duration 
of branches OA and AB has become very short, and the predominant feature is branch BC 
where the rate continuously falls and eventually reaches a very low value (0-04 mg. cm. hr. 
during the last 24 hr.). In the fourth run at 575° (Fig. 2) the rate was much more rapid and 
showed a branch CD corresponding to that at 550°. 

At 600° (Fig. 3) the graph on the whole conformed to the ‘‘ lower’ type of graph for 575° 
with an additional branch CD; and as far as the readings go, the 650° curve seems to conform 
broadly to the same pattern as at 600° and 575°. 

When the sample was cooled at the end of the run, some cracks appeared in the oxide, and 
with thick oxide layers spalling occurred. The edges of the metal were usually rounded and 
if the oxide layer was removed by abrasion it could be seen that the metal had not been attacked 
evenly. 

The most striking feature of the oxide layer was its colour, which varied from a dark green 
at 500° to a pale greenish-blue at 650°. The green oxide reacted rapidly with liquid water and 
more slowly with the moist air of the room to form a white product. The coloration is clearly 
caused by excess of calcium which, estimated by the method already described, amounted to 
4-4 and 2-4 mg. g.! of oxide formed at 525° and 550°, respectively. 

The density of the scale formed at 525°, taken as typical, was measured by immersion in 
mercury,’ and its value, 2-23 g. cm."%, is significantly less than that calculated from the X-ray 
lattice spacing,® viz. 3-37 g. cm.-3; the calculated porosity is thus 34%. That an appreciable 
proportion of the pore volume is open to the exterior and thus accessible to ambient gas, is proved 
by the measurements of specific surface by krypton sorption,® which gave 6-0 and 5-4 m.? g.1 
for oxides prepared respectively at 525° and 575° (Fig. 3). 


7 Jepson, J. Sci. Instr., 1959, 36, 319. 
8 Wyckoff, “‘ Crystal Structures,” Interscience Publishers Inc., New York. 
® Aylmore, Gregg, and Jepson, in the press. 
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Visual examination of samples oxidised at 500° to a weight gain corresponding to a point 
on AB (Fig. 2) showed a smooth surface consisting of a network of green and dark grey patches. 
Samples oxidised at 525° to a point along OA had the same appearance. Since the dark green 
oxide layer could be scratched away to reveal the bright metal below, it probably represents 
the tarnish layer only. 

Some samples oxidised at 550° and above, when sectioned, revealed a bright yellow oxide 
sandwiched between the metal and green oxide; the formation of this yellow oxide was 
generally associated with the branch CD on the oxidation curve. Also, at 550° and upwards, 
particularly at 600°, some white oxide was seen in the form of isolated clusters standing out, 


Fic. 2. Oxidation of calcium at 500—575°. 
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usually from the dark grey areas, to a height of about 0-5 mm. and with a base about the same 
size; their removal revealed a pit in the metal with rounded sides and containing partially 
detached metal, consistent in appearance with some evaporation having taken place. 


DISCUSSION 


These results cannot be fitted to any one of the simple rate curves used to describe the 
oxidation of other metals, and they are so complex as to preclude any calculations of the 
energy of activation of the reaction. An unusual feature is the presence of free metal in 
the oxide. The solubility of calcium in calcium oxide does not appear to have been 
measured but is almost certainly less than the concentration found in the present work; 
in any case the solubility of calcium in calcium oxide would be expected to increase with 
increasing temperature, whereas the concentration in the scale decreases. 

The ready oxidation which occurs at 500° and above can only be due to a failure or 
cracking of the protective, or tarnish, layer which has thickened during the early stages of 
the run. Some evidence for this is provided by the kinetic measurements of Cubicciotti * 
for the early stages, where the rate first decreased corresponding to the formation of a 
tarnish layer and then increased in a manner typical of a breakaway reaction.» !° This 
breakaway occurred at a lower temperature, viz. 425°, as compared with 500° in the present 
study, perhaps because the metal was prepared by emery abrasion—a procedure which in 
the analogous case of magnesium is known to promote breakaway.® 

From the patchy appearance of the oxidised sample, it is clear that the failure of the 
tarnish film occurs at a number of isolated points, and the branch OA corresponds to the 


10 Cathcart, Campbell, and Smith, J. Electrochem. Soc., 1958, 105, 442. 
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gradual extension of these areas laterally over the surface, and the formation of new 
patches. Even along the linear branch AB of the 500° curve, the failure has not extended 
over the whole of the sample surface, for at the end of the branch (point B) some of the 
tarnish film can still be seen. The branch AB thus probably represents merely a super- 
position of the accelerating branch OA and the decreasing branch BC, and therefore has 
no inherent physical significance; this is borne out by the curves for the higher temper- 
atures where the linear branch is absent. With magnesium, on the other hand,® the 
rate continues to increase until the oxide scale has extended laterally to cover the whole 
of the metal surface; the metal then oxidises at a constant rate. 

The specific surface data show that the oxide scale is porous to krypton, and therefore 
by implication to oxygen, so that the latter can pass freely through the scale. The concept 
of a thin, continuous layer of oxide (barrier film) #4 which adheres to the metal and through 
which calcium ions must diffuse before reacting with oxygen (diffusion in calcium oxide 
is exclusively cationic !*) is not completely satisfactory since it cannot account for what is 
perhaps the most striking feature of the present results, the relatively large content of 
free calcium in the oxide scale. It might be thought that the calcium could enter the scale 
by vapour-phase diffusion through fine cracks in the barrier film; but preliminary experi- 
ments at 300° in moist oxygen (containing 0-31°% by weight of water) gave a scale contain- 
ing 17 mg. of calcium per g., a value which is considerably greater than that of the present 
work, yet the extrapolated vapour pressure ™ of calcium at this temperature (10 mm.) 
is much too small to yield an appreciable rate of evaporation. 

It is clear that much more experimental work, both on the kinetics of oxidation and on 
the structure and composition of the scale, is necessary before a satisfactory mechanism of 
oxidation can be formulated. 

Finally it remains to comment on the increase in rate along the last branch, CD, at 550° 
and above; this could be explained by an actual detachment of the oxide layer from 
the metal whereby the surface of the metal is exposed over relatively large areas. Reaction 
would then occur in the vapour phase (though still beneath a blanket of oxide) and the 
yellow colour of the oxide could result from a restricted supply of oxygen. A simple 
calculation using the known saturated vapour pressure of calcium } gives the rate of 
evaporation as 93 mg. cm.* hr.1, which is equivalent to an oxidation rate of 
37 mg. cm. hr.1; this is in excess of that observed, so that the supply of calcium is not a 
rate-determining step. 

Conclusion.—The oxidation of calcium in dry oxygen does not, as was earlier supposed, 
follow a linear rate law except for a limited period of time at 500°. The effect of temper- 
ature on the shape and position of the oxidation curves is complicated and the rate of 
oxidation does not increase with increasing temperature in the normal way. The oxide 
scale is shown to contain free calcium, the amount of which decreases with increasing 
temperature of oxidation. 


We are grateful to the U.K. Atomic Energy Authority for their support of this work. 


WASHINGTON SINGER LABORATORIES, 
PRINCE OF WALES Roap, EXETER, DEVON. [Received, July 6th, 1959.] 


4 Dunn and Wilkins, Contribution to Review of Oxidation and Scaling, D.S.I.R., 1935; Tronstad 
and Hoverstad, Trans. Favaday Soc., 1934, 30, 1114; Evans, ‘‘ Metallic Corrosion, Passivity and Pro- 
tection,’’ Arnold, London, 1946, p. 134. 

12 Linder and Akerstrom, Acta Chem. Scand., 1952, 6, 468. 

18 Pilling, Phys. Rev., 1921, 18, 366; Douglas, Proc. Phys. Soc., 1954, 67, B, 783. 
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149. Ipecacuanha Alkaloids. Part V.* Stereospecific Synthesis of 
(+)-O-Methylpsychotrine and (—)-Emetine. 
By A. R. BaTTersBy and J. C. TURNER. 


A synthetic route to O-methylpsychotrine and emetine has been devised 
which allows controlled introduction of the asymmetric centres. The 
synthetic products have been resolved and shown to be identical with the 
natural alkaloids. 


THE elucidation! of the gross structure of emetine (I; R= Me) in 1949 stimulated 
considerable interest **-4 in the synthesis of this alkaloid. At the time of these synthetic 
studies, the stereochemistry of the four asymmetric centres in emetine was unknown; 
(_)-emetine could thus be any one of the eight possible racemic forms of the gross structure 
(I; R= Me). The different routes used by Evstigneeva, Preobrashenski, e¢ al.,3 and by 
Barash and Osbond,** both gave mixtures of isomers, all eight being isolated by the former 
workers and six by the latter; one of the isomers in each case was shown to be (-+-)-emetine 
by resolution and comparison of the product with natural emetine. Very recently, van 
Tamelen and his co-workers ® have confirmed that (-+)-emetine is one product of the 
synthesis used by the Russian group. 





(I) HN R 217 R 
R + R 
N > N _ N 


Since the early synthetic work, studies carried out in this Laboratory? and else- 
where 568.9 have firmly established that the stereochemistry about the benzoquinolizidine 
system of emetine is that shown in structure (I; R= Me). This knowledge allows a 
stereospecific synthesis to be designed. 

The first target in the route selected was the 5,6-dihydropyridone (XI) which we hoped 
to prepare by partial reduction of the corresponding pyridone (V; R= OMe). Such a 


* Part IV, J., 1959, 3512. 


1 Pailer and Porschinski, Monatsh., 1949, 80, 94; Battersby and Openshaw, J., 1949, 3207. 

2 Battersby and Openshaw, Experientia, 1950, 6, 387; Battersby, Openshaw, and Wood, /., 1953, 
2463; Pailer and Beier, Monatsh., 1957, 88, 830; Ban, Pharm. Bull. (Japan), 1955, 3, 53. : 

3 Reviewed by Evstigneeva and Preobrashenski, Tetrahedron, 1958, 4 223; cf. Evstigneeva, 
Glushkov, and Preobrashenski, Zhur. obshchei Khim., 1958, 28, 2463. 

4 Barash and Osbond, Chem. and Ind., 1958, 490. 

5 Osbond, ibid., 1959, 257. 

* van Tamelen, Aldrich, and Hester, J. Amer. Chem. Soc., 1957, 79, 4817; van Tamelen and Hester, 
ibid., 1959, 81, 507. 

7 Battersby, Binks, Davidson, Davidson, and Edwards, Chem. and Ind., 1957, 982; Battersby and 
Cox, ibid., p. 983; Battersby, ibid., 1958, 1324; Battersby, Binks, and Davidson, J., 1959, 2704; Bat- 
tersby and Garratt, J., 1959, 3512; Proc. Chem. Soc., 1959, 86. 

8 Brossi, Cohen, Osbond, Plattner, Schnider, and Wickens, Chem. and Ind., 1958, 491. 

® Ban, Terashima, and Yonemitsu, ibid., 1959, 568, 569. 
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partial reduction has previously been achieved? by the action of lithium aluminium 
hydride on a complex pyridone derivative related to strychnine. 

Pilot experiments were carried out on the pyridone (V; R = H) prepared by Berson 
and Cohen’s method " from the quaternary salt (II; R= H, X =I). Their procedure 
involves treatment of the latter with iodine and pyridine to yield the bis-quaternary salt 
(IV; R = H) which then undergoes base-cataiysed cleavage to the pyridone (V; R = H). 
In our hands, the iodine—pyridine reaction under various conditions yielded a mixture of 
approximately equal quantities of the bis-quaternary salt (IV; R =H) and a salt 
CigHggNI, to which we assign the structure (III). In keeping with this structure, the 
latter salt was converted by aqueous sodium thiosulphate into the starting material 
(Il; R=H, X=JI). Moreover, when eauimolar amounts of the iodide (II; R =H, 
X = I) and iodine were mixed in ethanol, an almost quantitative yield of the tri-iodide 
(III) separated. 

Lithium aluminium hydride in refluxing ether left the pyridone (V; R = H) unchanged 
whereas catalytic hydrogenation, despite variations in catalyst, solvent, and acidity of the 
reducing medium, always yielded the corresponding piperidone (VI). In addition, Berson 
and Cohen’s method applied to the conversion of the salt (II; R = OMe) into the 
methoxylated pyridone (V; R = OMe), which is the one required for the emetine synthesis, 
yielded only tars; we therefore turned to a different approach. 

The successful route to the dihydropyridone (XI) made use of the dioxopiperidine (IX) 
which is readily available by Ban’s synthesis.2_ In our repetition of this work, the Dieck- 
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mann cyclisation of the diester (VIII) has been simplified and the intermediate amino-acid 
(VII) obtained crystalline. Catalytic hydrogenation of the dioxopiperidine (IX) or reduction 
of this material with sodium borohydride gave a neutral product showing only amide- 
carbonyl absorption in the infrared spectrum (Vmax, 1642 cm.“); this material thus has the 
gross structure (X; R= lH) and is probably a mixture of the two epimeric alcohols. 
The total product was acetylated and the ester (X; R = Ac) so obtained smoothly under- 
went 6-elimination, when it was heated with sodium acetate, to give the required dihydro- 
pyridone (XI) [vmx 1667 cm.+ (SCO) and 1613 cm. (>C=Cz)]. This slight raising of 


0 ‘Woodward, Cava, Ollis, Hunger, Daeniker, and Schenker, J. Amer. Chem. Soc., 1954, 76, 4749. 
11 Berson and Cohen, ibid., 1956, 78, 416. 
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the carbonyl frequency by conjugation with a double bond, as opposed to the more usual 
lowering, has been observed previously !* in six-membered unsaturated lactams. Further 
support for this structure was obtained by catalytic hydrogenation of the dihydro- 
pyridone; this gave an amorphous product having infrared absorption in the carbonyl 
region corresponding only to a saturated six-membered lactam (vmx, 1640 cm.~4). 

The next stage in the synthesis sets up the two asymmetric centres which eventually 
become positions 10 and 11 of emetine, and the need for a ¢rans-arrangement here led to a 
study of the Michael addition of malonate anion to the dihydropyridone (XI). Apparently, 
this has no previous analogies. However, because of the reversible nature of the Michael 
reaction, the product of a successful addition is normally the thermodynamically more 
stable one. For example,!* the addition of malonate anion to 4-phenylcyclohex-2-enone 
gives trans-4-phenyl-3-dialkoxycarbonylmethylcyclohexanone. By analogy the major 
product from the Michael reaction on the dihydropyridone (XI) would be expected to be 
the trans-diester [XII; R = CH(CO,Et),]. In fact, the acidic fraction resulting from 
mild hydrolysis of the total Michael product yielded 76% of a crystalline acid showing that 
satisfactory steric control had been achieved; this product is assigned the ¢rans-structure 
(XII; R = CH(CO,H),] on the above basis and further evidence for this stereochemistry 
is adduced below. 

Decarboxylation of the acid [XII; R = CH(CO,H),] yielded the ¢vans-oxopiperidinyl- 
acetic acid (XII; R = CH,°CO,H) which as the ester (XII; R = CH,°CO,Et) was cyclised 
by phosphoryl chloride in high yield. The product was best isolated as the perchlorate 
(XIII) since the corresponding free iso-base was very unstable. It thus remained to 
reduce this product to the tricyclic compound (XIV; R = CH,°CO,Et) in order to afford 
the correct intermediate for the synthesis of emetine. There were strong indications that 
catalytic hydrogenation of the salt (XIII) would be controlled to give the base (XIV; 
R = CH,°CO,Et) rather than the isomer (XV; CH,°CO,Et) as it was known ®? that 
hydrogenation of (XIII; R= Et) affords a high yield of the base (XIV; R= Et). 
However, because of the importance of this hydrogenation step, a further check was 
carried out. The optically active ester (XIV; R = CH,*CO,Me) of proven stereo- 
chemistry was available from the work of Battersby and Harper on protoemetine 
(XIV; R= CH,°CHO); when the former was dehydrogenated with mercuric acetate, 
the dehydro-derivative (XIII; R = CH,°CO,Me) was isolated as the crystalline perchlorate. 
Catalytic hydrogenation of this product afforded the starting material (XIV; R= 
CH,°CO,Me) in good yield, which confirms that the desired stereochemistry is set up in 
the hydrogenation step. Thus the product obtained in 90% yield by hydrogenation of 
the synthetic material (XIII; R = CH,°CO,Et) is the base (XIV; R = CH,°CO,Et) and 
its infrared spectrum in solution was identical with that of the optically active ester 
(XIV; R = CH, °CO,Et) derived from protoemetine. 

In preliminary work, the crude malonic ester [XII; R = CH(CO,Et),] was cyclised by 
phosphoryl chloride to the salt [XIII; R = CH(CO,Et),] which as in the cases above gave 
mainly one isomer on catalytic hydrogenation; this isomer is assigned the structure 
[XIV; R = CH(CO,Et),] by analogy with the foregoing results. 

The remaining stages to (--)-O-methylpsychotrine (XVII; R = Me) were based upon 
the work of Battersby and Harper who used the optically active acid (XIV; R= 
CH,°CO,H) prepared from protoemetine. In the present studies, the preparation of the 
amide (XVI) was improved in yield and in ease of operation by treating 3,4-dimethoxy- 
phenethylamine with the mixed anhydride (XIV; R = CH,°CO-O-CO,Et) prepared from 
the triethylamine salt of the acid (XIV; R = CH,°CO,H) and ethyl chloroformate. The 
(--)-amide (XVI) so obtained had infrared absorption in solution identical with that of the 
optically active partially synthetic amide (XVI) prepared earlier." 


‘Edwards and Singh, Canad. J. Chem., 1954, 32, 683. 
18 Bergmann and Szmuszkovicz, J. Amer. Chem. Soc., 1953, 75, 3226. 
1 Battersby and Harper, J., 1959, 1748. 
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Cyclisation of the amide (XVI) with phosphoryl chloride gave 80% of (--)-O-methyl- 
psychotrine (XVII; R= Me) which was proved to be structurally identical with the 
natural alkaloid by infrared measurements in solution. The (-+-)-base was resolved as 
its dibenzoyltartrate and the (+-)-base so obtained was identical with natural O-methy]l- 
psychotrine (XVII; R = Me). 

This stereospecific synthesis also constitutes a formal synthesis of the minor Ipecacuanha 
alkaloids cephzline (I; R = H) and psychotrine (XVII; R = H) since these bases have 
been prepared earlier 4° from (-+)-O-methylpsychotrine. 

Hydrogenation of (+)-O-methylpsychotrine hydrogen oxalate is known? to give 
almost entirely isoemetine (XVIII), and models show that the conformation of the O-methy]- 
psychotrine molecule which puts the greatest distance between the two positively charged 
nitrogen atoms is shaped like a partly opened hinge having Cy) as the back about which the 
hinge opens. Hydrogenation should thus occur most readily on the outside of the hinge 
and the models show that this leads to isoemetine. If this interpretation is correct, it 
follows that the restraining positive charges should be removed in order to increase the 
yield of emetine (I; R= Me) from the hydrogenation step. Accordingly, synthetic 
(+)-O-methylpsychotrine free base was hydrogenated in ethanol to give 55% of (—)- 
emetine (I; R = Me), isolated as the hydrobromide. This product was proved to be 
identical with the natural alkaloid by a rigorous comparison (p. 725); also, crystalline 
N-benzoylemetine was prepared from the synthetic and the natural material, and the two 
samples were identical. 
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The mother-liquors from the separation of synthetic (—)-emetine hydrobromide 
contained (—)-isoemetine (XVIII) which was isolated as its characteristic N-benzoyl 
derivative. Again this was proved to be identical with authentic N-benzoylisoemetine 
prepared from natural O-methylpsychotrine. 

After the preliminary publication of this synthesis,!” Burgstahler and Bithos !® briefly 
reported a new synthesis of the gross structure (XIX) which gave a mixture of three 
isomers. One of these was shown to have the required stereochemistry for use as an 
Carr and Pyman, J., 1914, 105, 1591; Brindley and Pyman, /J., 1927, 1067. 

Karrer, Eugster, and Ruttner, Helv. Chim. Acta, 1948, $1, 1219. 


Battersby and Turner, Chem. and Ind., 1958, 1324. 
18 Burgstahler and Bithos, J. Amer. Chem. Soc., 1959, 81, 503. 
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intermediate in the synthesis of emetine by reducing it to the alcohol (XIV; R= 
CH,°CH,°OH). We were glad to establish that this alcohol sent to us by Professor 
Burgstahler was identical with the product obtained by reducing our preparation of the 
ester (XIV; R = CH,°CO,Et) with lithium aluminium hydride. 


EXPERIMENTAL 


For general directions, see Part I.1® 


5-Ethyl-2-methyl-1-phenethylpyridinium Bromide (II; R=H, X= Br) and Iodide (II; 
R=H, X = I1).—Phenethyl bromide (100 g.) was heated at 105° with 5-ethyl-2-methyl- 
pyridine (66 g.) for 2 hr. and the mixture was then cooled to give a solid. This was dissolved 
in the minimum volume of ethanol and treated with light petroleum (b. p. 40—60°) to incipient 
turbidity; crystals separated (115 g.), having m. p. 176—177°. Part was recrystallised thrice 
from ethanol—acetone to give the pyridinium bromide, m. p. 178—179° (Found: C, 63-15; 
H, 6-8; N, 4:4. C,,H,)NBr requires C, 62-75; H, 6-6; N, 4-55%). 

A solution of the foregoing bromide (25 g.) in hot water (20 ml.) was treated with potassium 
iodide (30 g.) in water (10 ml.). The precipitated iodide was collected, washed with a small 
volume of water, then with ethanol, and recrystallised from ethanol to give the pyridinium 
iodide (23-1 g.), m. p. 178—180° raised to 182—183° by three recrystallisations from ethanol 
(Found, in material dried at 56°: C, 54-3; H, 5-8; N, 3-6. C,,H, NI requires C, 54-4; H, 5-7; 
N, 3-95%). 

5-Ethyi-2-methyl-1-phenethylpyridinium Tri-iodide (III).—A solution of the foregoing 
pyridinium iodide (1-54 g.) in pyridine (15 ml.) was heated on the steam-bath with iodine 
(1:13 g.) for 4 hr. under nitrogen. After cooling, the crystalline precipitate was collected, 
washed with pyridine, then with ether, and dried (1-63 g.)._ The filtrate was evaporated nearly 
to dryness and the residue was extracted with cold water (3 x 20 ml.). To the aqueous 
solution was added the above crystalline product, and cold 2N-sodium hydroxide was run in 
until no further blood-red colour was formed. This solution was then continuously extracted 
with light petroleum (b. p. 40—60°) for 24 hr. to yield, on evaporation of the petroleum, a gum 
(497 mg.) which crystallised. Four recrystallisations from light petroleum (b. p. 40—60°) gave 
5-ethyl-1-phenethyl-2-pyridone (V; R = H) (334 mg.), m. p. 56—57°; Berson and Cohen ! 
record m. p. 56—57°. 

The water-insoluble fraction above crystallised from ethanol to give 5-ethyl-2-methyl- 
1-phenethylpyridinium tri-iodide (III) as brown needles (503 mg.), m. p. 96—98° raised to 
99—100° by recrystallisation twice from ethanol (Found, in material dried at 80°: C, 32-15; 
H, 3-0; N, 2-15; I, 62-45. C,,H, NI, requires C, 31-65; H, 3-3; N, 2-3; I, 62-7%). 

The tri-iodide (0-4 g.) in chloroform (10 ml.) was shaken with a solution of sodium thio- 
sulphate (0-33 g.) in water (15 ml.); the chloroform solution was immediately decolorised. 
Evaporation of the chloroform left a solid which in a small volume of water was treated with an 
excess of potassium iodide. The precipitated solid (50 mg.) was recrystallised twice from 
acetone, to give the pyridinium iodide, m. p. and mixed m. p. 180—182°. 

When solutions of iodine (222 mg.) in ethanol (5 ml.) and the pyridinium iodide (II; R = H, 
X =I) (308 mg.) in ethanol (10 ml.) were mixed at 0°, the pyridinium tri-iodide (IIT) 
immediately crystallised (495 mg.), m. p. and mixed m. p. with above product 99—100°. 

5-Ethyl-1-phenethyl-2-oxopiperidine (VI).—A solution of the pyridone (V; R= H) 
(22-4 mg.) in ethanol (10 ml.) was shaken with hydrogen and platinum (10 mg.) at room tem- 
perature and pressure; uptake (2 mol.) ceased after 2 hr. After the solution had been filtered, 
it was evaporated to leave a gum which distilled in a short-path still at 130—140° (bath)/1 mm. 
to give 5-ethyl-1-phenethyl-2-oxopiperidine (V1) (Found, in freshly distilled material: C, 78-0; 
H, 9-5. C,;H,,ON requires C, 77-9; H, 9-15%). 

a-(3,4-Dimethoxyphenethylaminomethyl)butyric Acid (VII).—This amino-acid, prepared by 
Ban’s method ? and crystallised from ethanol, had m. p. 160—161° (Found: C, 63-5; H, 8-2; 
N, 4:9. (C,;H,,0,N requires C, 64-0; H, 8-4; N, 5-0%). 

1-(3,4-Dimethoxyphenethyl)-5-ethyl-2,4-dioxopiperidine (IX).—The foregoing amino-acid 
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was converted into the ethyl ester as usual ? and the product (60 g.) was stirred vigorously in 
benzene (400 ml.) with 10% aqueous sodium hydrogen carbonate (600 ml.). A solution of 
ethoxycarbonylacetyl chloride (41 g.) in benzene (100 ml.) was added dropwise and the stirring 
was continued for 15 min. after the addition was complete. The benzene solution was separated 
and shaken with an excess of N-hydrochloric acid and then with water. Evaporation of the 
dried benzene solution left a gum (85 g.) which was dissolved in anhydrous toluene (1 1.) and 
part of the toluene (50 ml.) was distilled off in an apparatus protected against moisture. Sodium 
ethoxide (4-8 g. of sodium in 100 ml. of ethanol) was then added dropwise to the boiling toluene 
solution during 1 hr. and the heating was adjusted so that ethanol and toluene continuously 
distilled. The slow distillation was continued for a further hour and the mixture of toluene 
and the sodium salt of the product, which was a thick gum, was then cooled. The sodium salt 
was worked up as described by Ban ? to give the dioxopiperidine (IX) (53-7 g.). Part was con- 
verted as usual into the phenylhydrazone, m. p. 168—169° (Ban ? records m. p. 169°) (Found: 
C, 69-5; H, 7-6; N, 10-5. Calc. for C,,H,.O,N,: C, 69-8; H, 7-4; N, 10-6%). 

1-(3,4-Dimethoxyphenethyl) -5-ethyl-4-hydvroxy-2-oxopiperidines (X; R = H).—(a) Catalytic 
veduction. A solution of the foregoing dioxopiperidine (1-46 g.) in ethanol (150 ml.) was shaken 
with hydrogen and Adams catalyst (0-29 g.) at room temperature and pressure; uptake (1 mol.) 
ceased after 7 hr. The catalyst was filtered off and the solution evaporated to give a gum 
(1-47 g.). Part was distilled at 140° (bath)/10™> mm. to give the (? mixed) hydroxyoxopiperidines 
(X; R =H) (Found: C, 66-1; H, 8-4; N, 4-2. (C,,H,,0,N requires C, 66-4; H, 8-2; N, 4:5%). 

(b) Borohydride reduction. Sodium borohydride (6-9 g.) was added portionwise in 30 min. 
to a solution of the foregoing dioxopiperidine (53 g.) in ethanol (500 ml.). The solution was 
then heated under reflux for 15 min. and the ethanol was evaporated. After addition of water, 
sufficient dilute hydrochloric acid was added to give a neutral suspension. This was extracted 
with chloroform (3 x 200 ml.), and the combined extracts were washed with water, dried, and 
evaporated to give a gum (53-6 g.) which in chloroform solution had infrared absorption 
identical with that shown by the product from (a) above. 

1-(3,4-Dimethoxyphenethyl)-5-ethyl-5,6-dihydropyrid-2-one (XI).—The foregoing alcohol(s) 
(4-84 g.) was heated under reflux for 14 hr. with acetic anhydride (40 ml.) and finely powdered 
anhydrous sodium acetate (10 g.). The excess of anhydride was evaporated at atmospheric 
pressure and the residue was heated at 150° (bath) for 5 min. Fresh acetic anhydride (10 ml.) 
was added and the mixture was heated under reflux for 2 hr.; the anhydride was then removed 
and the residue heated as above. Aqueous 0-4N-ammonia (50 ml.) was added and the mixture 
was extracted with ether (4 x 50 ml.). After the ethereal solution had been washed with 5% 
aqueous potassium carbonate (2 x 20 ml.) and water (3 x 20 ml.), it was dried and evaporated 
to leave a gum (3-95 g.). Part was distilled at 120° (bath)/10-* mm. in a short-path still 
to give the dihydropyrid-2-one (XI) (Found: C, 70-15; H, 8-2. C,,H,,;0,N requires C, 70-55; 
H, 8-0%). 

trans-1-(3,4-Dimethoxyphenethyl)-5-ethyl-2-ox0-4-piperidinylmalonic Acid [XII; R = 
CH(CO,H),].—The above dihydropyridone (3-95 g.) in anhydrous ethanol (20 ml.) was added 
dropwise in 0-5 hr. to a boiling solution of diethyl malonate (4 g.) and sodium ethoxide (0-25 g.) 
in anhydrous ethanol (60 ml.); the solution was then heated under reflux for 8 hr. After 
addition of glacial acetic acid (0-5 ml.), the solution was evaporated to ca. 20 ml. and diluted 
with water (20 ml.). The resultant suspension was extracted with ether (3 x 100 ml.), and the 
extracts were washed with 5% aqueous sodium carbonate (2 x 20 ml.) and water (3 x 20 ml.), 
dried, and evaporated. The resultant oil was freed from diethyl malonate by heating it at 
90°/0-1 mm. for 1 hr. A gum A (5 g.) remained which was heated in 0-3N-aqueous-ethanolic 
sodium hydroxide (50 ml.; 66% of ethanol) at 50° for 20 hr. The solution was evaporated to 
20 ml. and, after addition of water (10 ml.), was extracted with ether; this removed the oily 
neutral fraction (1-14 g.)._ After the aqueous solution had been acidified, it was extracted with 
chloroform (4 x 100 ml.); the combined organic extracts were washed with water (3 x 20 ml.), 
dried, and evaporated to yield the acidic fraction (2-83 g.) asaresin. This crystallised from 50% 
aqueous acetone (30 ml.) to give the malonic acid [XII; R = CH(CO,H),] (2-15 g.), m. p. 
151-5—152-5° (decomp.) (Found: C, 61-5; H, 7-1; N, 3-5. C,9H,,O,N requires C, 61-1; H, 6-9; 
N, 3°5%). 

2-Diethoxycarbonylmethyl-3 - ethyl-1,2,3,4,6,7 -hexahydro -9,10 -dimethoxybenzo[a]quinolizinium 
Perchlorate [X1II; R = CH(CO,Et),].—The crude product (481 mg.) from the Michael reaction, 
gum A above, was heated in anhydrous toluene (4 ml.) for 1 hr. under reflux with phosphoryl 
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chloride (0-5 ml.); after the mixture had been cooled, it was extracted with water (3 x 10 ml.). 
The aqueous solution was washed with ether (2 x 10 ml.), basified to pH 10 with potassium 
carbonate, and extracted quickly with ether (4 x 15 ml.). Without delay, the ethereal solution 
was then extracted with 0-3Nn-hydrochloric acid (5 x 1 ml.), and perchloric acid was added 
dropwise to the combined acid extracts until no further precipitate was formed. The crystalline 
solid was collected (0-1 g.) and recrystallised from ethyl acetate, to give the benzo[a]quinolizinium 
perchlorate (72 mg.), m. p. 140—140-5° (Found: C, 54-6; H, 6-8; N, 2-6. C,,H;,0,)NCI requires 
C, 54-2; H, 6-4; N, 2-6%). 

2-Diethoxycarbonylmethyl-3-ethyl-1,2,3,4,5,6,7,11b-octahydro-9,10-dimethoxybenzo[a]quinolizin- 
ium Perchlorate [as XIV; R = CH(CO,Et),].—The foregoing perchlorate (60 mg.) in 50% aqueous 
ethanol (10 ml.) was shaken with hydrogen and platinum at room temperature and pressure; 
uptake (1 mol.) was complete in 15 min. The catalyst was filtered off, the ethanol was 
evaporated, and the residue crystallised from ethyl acetate to give the quinolizinium 
perchlorate (36 mg.), m. p. 187° (Found: C, 54-0; H, 6-9. C,.gH3gO,9NCl requires C, 54-0; 
H, 6-8%). 

trans - 1 -(3,4-Dimethoxyphenethyl) -5-ethyl-2-ox0-4-piperidinylacetic Acid (XII; R= 
CH,°CO,H). The corresponding malonic acid [XII; R = CH(CO,H),] (145 mg.) was heated 
under reflux for 7 hr. with 60% acetic acid (10 ml.). The solvent was evaporated and the 
resulting resin was crystallised from aqueous acetone to give the acetic acid (0-1 g.), m. p. 
153—153-5°, depressed to 138—142° on admixture with the starting material (Found: C, 65-1; 
H, 7-5; N, 4:2. C,gH.,O;N requires C, 65-3; H, 7-8; N, 40%). 

2-Ethoxycarbonylmethyl -3-ethyl-1,2,3,4,6,7 -hexahydro -9,10-dimethoxybenzo[a]quinolizinium 
Perchlorate (XIII; R = CH,°CO,Et).—A solution of the foregoing acid (7-37 g.) in anhydrous 
ethanol (160 ml.) containing concentrated sulphuric acid (5-8 ml.) was heated under reflux for 
8hr. Part (120 ml.) of the ethanol was then distilled off and the residue was poured into an 
excess of aqueous sodium carbonate at 0°. Ether-extraction afforded the ester (XII; R= 
CH,°CO,Et) as a clear gum (7-8 g.). A solution of part (3-23 g.) of this in anhydrous toluene 
(60 ml.) was heated under reflux for 30 min. with freshly distilled phosphorus oxychloride 
(2:6 ml.). The mixture was then worked up as described for the analogue [XIII; R= 
CH(CO,Et),] to give a crystalline perchlorate. Recrystallisation from ethanol gave the 
quinolizinium perchlorate (3-42 g.), m. p. 113—114° (Found: C, 55-1; H, 6-5; N, 3-1. 
C,H ,,O,NCl requires C, 54-8; H, 6-6; N, 3-05%), Amax, 246, 304, 354, Amin, 227, 265, 322 my 
(log « 4-21, 3-96, 4-03, 3-74, 2-79, 3-75 respectively) in EtOH. 

2-Ethoxycarbonylmethyl-3-ethyl-1,2,3,4,5,6,7,11b-octahydro - 9,10-dimethoxybenzo[a]quinolizin- 
ium Perchlorate (as XIV; R = CH,°CO,Et).—A solution of the foregoing perchlorate (7-51 g.) in 
aqueous ethanol (300 ml.) containing 10% of water was shaken with hydrogen and Adams 
catalyst (0-14 g.) at room temperature and pressure; uptake (1-0 mol.) was complete in 15 min. 
Removal of the catalyst and solvent followed by crystallisation of the residue from ethanol gave 
the dimethoxybenzo[a]quinolizinium perchlorate (as XIV; R = CH,°CO,Et) as needles (6-73 g.), 
m. p. 145—146-5° (Found: C, 54-8; H, 6-9; N, 2-9. C,,H,,0,NCl requires C, 54-6; H, 7-0; N, 3-0%). 

This product (2-91 g.) was dissolved in the minimum volume of cold water and the solution 
was basified with potassium carbonate. Ether-extraction (4 x 100 ml.) afforded as usual the 
free dimethoxybenzo[a]quinolizine base (2-27 g.) which when crystallised from light petroleum 
(b. p. 40—60°) had m. p. 66—66-5°. Part of this was converted in ethanol into the picrate 
which after recrystallisation from ethanol had m. p. 165—166° (Found: C, 54-7; H, 5-8; 
N, 9-7. Cy7H3,0i9N, requires C, 54-9; H, 5-8; N, 9-5%). 

3-Ethyl-1,2,3,4,5,6,7,11b-octahydro-2-2'-hydroxyethyl-9,10-dimethoxybenzo[a]quinolizinium Per- 
chlorate (as XIV; R = CH,*CH,*OH).—A solution of the foregoing base (XIV; R = CH,°CO,Et) 
(99 mg.) in anhydrous ether (120 ml.) was heated under reflux for 12 hr. with lithium aluminium 
hydride (0-5 g.). The excess of hydride was decomposed with water, and the mixture was then 
treated with 50% aqueous potassium hydroxide to dissolve the inorganic precipitate. After 
separation of the ether, the aqueous solution was extracted with more ether (3 x 50 ml.), and 
the combined ethereal solutions were washed with water and extracted with n-sulphuric acid (10 
ml.). The acidic solution was basified with sodium hydroxide and extracted with ether (3 x 100 
ml.), to give a gum (85 mg.) which was converted into the perchlorate in ethanol. . Recrystallis- 
ation from water and then absolute ethanol-ethyl acetate gave the hydroxyethylquinolizinium 
perchlorate (85 mg.), m. p. 178—181° after slight softening at 175° (corr.) (Found, in material 
dried at 65°: C, 54-6; H, 7-3; N, 3-3. C,,H,90,NCl requires C, 54-4; H, 7-2; N, 3-3%). 
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Dehydrogenation of (—)-3-Ethyl-1,2,3,4,6,7-hexahydro-9,10-dimethoxy-2-methoxycarbonyl- 
methylbenzo[a)quinolizine (XIV; R = CH,°CO,Me) by Mercuric Acetate and Hydrogenation of 
the Product.—To a solution of this base 1° (59 mg.) in aqueous acetic acid (1:5 ml.; 10% of acetic 
acid by vol.) was added mercuric acetate (170 mg.) and potassium acetate (10 mg.), and the 
solution was then heated under reflux for 50 min. After the cooled solution had been filtered 
and the pad washed with water and methanol, the filtrate was saturated with hydrogen sulphide. 
The precipitated sulphides were filtered off (‘‘ Filtercel’’) and the filtrate was evaporated to 
ca. 3ml.; addition of a few drops of 60% perchloric acid precipitated crystals (55 mg.). These 
recrystallised from methanol-ether to give the quinolizinium perchlorate (XIII; R= 
CH,°CO,Me) (44 mg.), m. p. 110—111°, Amax, 246, 303, 353, Anin. 226, 265, 321 mu (log e 4-17, 
3-94, 4-10, 3-51, 2-72, 3-57 respectively) in EtOH. 

This product (41-2 mg.) in methanol (15 ml.) was shaken with hydrogen and platinum 
(15 mg.) at room temperature and pressure; uptake (1-04 mol.) was complete in 8 min. After 
removal of the catalyst and solvent, the residue was crystallised from ethyl acetate to give the 
perchlorate of the base (XIV; R = CH,°CO,Me) (29 mg.), m. p. 144—146°. The base (21 mg.) 
was recovered from this salt as usual and it crystallised from light petroleum (b. p. 60—80°) as 
needles, m. p. and mixed m. p. 98—100°, [a],2° —34-6° + 0-8° (c 1-56 in methanol), infrared 
spectrum identical with that of the starting material. The latter showed [a],,2° —35-4° + 0-8° 
(c 2-82 in methanol). 

2-[(N-3’,4’-Dimethoxyphenethylcarbamoyl) methyl] -3-ethyl-1,2,3,4,6,7 -hexahydro -9,10-dimeth- 
oxybenzo[a]quinolizine (XVI).—The ester (XIV; R= CH,°CO,Et) (4:05 g.) was heated 
under reflux for 5 hr. with 0-5N-aqueous-ethanolic sodium hydroxide (90 ml.; 50% of water); 
n-hydrochloric acid (50 ml.) was then added and the solution was evaporated to dryness. The 
residue was dried at 90°/0-05 mm. and then dissolved in dry dimethylformamide (80 ml.) 
containing triethylamine (2-5 ml.). This stirred solution was cooled to — 5° and treated dropwise 
during 1 min. with freshly distilled ethoxycarbony] chloride (2 ml.). After the stirring had been 
continued for 25 min., 3,4-dimethoxyphenethylamine (9 ml.) was added dropwise in 1 min. and 
the mixture was stirred at —5° to 0° for 1 hr. and then at room temperature overnight. 
Evaporation of the solvents left a residue which was partitioned between ethyl acetate and dilute 
hydrochloric acid; the ethyl acetate was separated and extracted with more dilute hydrochloric 
acid. The combined acid solutions were extracted twice with ethyl acetate, and the organic 
solution was rejected. After basification of the aqueous solution with potassium carbonate, 
it was extracted thrice with ethyl acetate. The latter extracts (total 400 ml.) were shaken with 
aqueous buffer (1 x 200 ml.; 1 x 150 ml.) made from 0-5M-KH,PO, (11 vol.) and 0-5mK,HPO, 
(2 vol.), and the combined aqueous extracts were shaken thrice with ethyl acetate (total 300 ml.). 
Evaporation of the combined solutions in ethyl acetate left a crystalline mass (4-16 g.) which was 
recrystallised from ethyl acetate and from aqueous ethanol, to give the amide (XVI) as needles 
(3-98 g.), m. p. 146—148° (Found: C, 70-2; H, 8-1; N, 5-5. CygHy O;N, requires C, 70-1; 
H, 81; N, 5-6%). 

(+)-O-Methylpsychotrine (XVII; R = Me).—The foregoing amide (1-98 g.) in anhydrous 
toluene (130 ml.) was heated under reflux for 1-5 hr. with freshly distilled phosphoryl chloride 
(3 ml.). The cooled mixture was worked up as in the cases above, to yield an ethereal solution 
of the basic products which was dried and evaporated to a gum (1-8 g.). A solution of this base 
in ethanol (60 ml.) was treated with hydrated oxalic acid (1 g.) to afford (+)-O-methylpsychotrine 
hydrogen oxalate (2-23 g.), m. p. 162—163° (decomp.) dependent on the rate of heating (Found: 
C, 56-9; H, 6-5. C,,H,,0,.N.,2H,O requires C, 57-0; H, 6-7%). 

The base was recovered from the hydrogen oxalate by means of ether, from which it was 
recovered by evaporation as a gum which crystallised from anhydrous ether to give (-+)-O- 
methylpsychotrine as prisms, m. p. 110—112° (Found, in material dried at 78°: C, 73-0; H, 8-0. 
Cy5H;,0,Nz2 requires C, 72-8; H, 8-0%). 

Synthetic (+)-O-Methylpsychotrine (XVII; R = Me).—The base, recovered as above from 
the (+)-O-methylpsychotrine hydrogen oxalate (2-23 g.), was dissolved in methanol (39 ml.) 
and treated with (—)-OO-dibenzoyltartaric acid (1-245 g.). The mixture was warmed just 
sufficiently to give a clear solution and then was treated with ether (20 ml.). Crystallisation 
was initiated by seeding with (+)-O-methylpsychotrine dibenzoyltartrate prepared from the 
natural alkaloid; the crystals (1-33 g.) recrystallised readily from methanol-ether. The base 
was recovered in ether as usual from this salt (366 mg.) and, after removal of the ether, the 
residue crystallised from anhydrous ether, to give synthetic (-+-)-O-methylpsychotrine (0-2 g.), 
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m. p. 122—123-5° unchanged on admixture with the natural alkaloid of same m. p. 
The synthetic and the natural base had identical infrared spectra and X-ray powder photographs. 
The synthetic base showed {a],,2° +42-8° + 0-5° (c 1-87 in EtOH), the natural base [a], 
+42-3° + 0-5° (c 1-87 in EtOH). 

Synthetic (—)-Emetine (I; R = Me).—A solution of the foregoing base (0-45 g.) in ethanol 
(20 ml.) was hydrogenated over Adams catalyst (0-1 g.) at 21°/752 mm.; uptake (1-02 mol.) 
ceased after 15 min. After the catalyst had been filtered off, N-hydrochloric acid (3 ml.) was 
added to the filtrate which was evaporated to dryness. A solution of the residue in water 
(5 ml.) was adjusted to pH 2-5 with aqueous ammonia and then ammonium bromide (0-45 g.) 
was added. The crystals which slowly separated were collected, washed with dilute hydro- 
bromic acid (2 x 0-5 ml.), and dried over potassium hydroxide pellets, to give synthetic 
(—)-emetine hydrobromide (354 mg. containing 7% of H,O). This salt was recrystallised from 
dilute hydrobromic acid (4 ml. of water containing 4 drops of 48% hydrobromic acid), to give 
needles (293 mg.), m. p. 243—245° after sintering 238°, unchanged on admixture with the 
hydrobromide of natural emetine of same m. p. 

The synthetic (—)-emetine base was isolated from the hydrobromide in ether as usual and 
was recovered by evaporation; it had [a],,2* —49-5° + 1-0° (c 2-06) and natural emetine had 
[aj,,** —49-2° + 1-0° (c 3-56; both in CHCI,). The infrared spectra of the synthetic and the 
natural alkaloid (in CHCl) were identical. 

Part (125 mg.) of the (—)-emetine was converted into synthetic N-benzoylemetine by Carr 
and Pyman’s method; ! the product (129 mg.) had m. p. 183—184° unchanged on admixture 
with N-benzoylemetine of the same m. p. prepared from natural emetine. Synthetic material 
had {a],,2° —63-7° + 1-0° (c 2-09 in CHCl,;); authentic N-benzoylemetine had [a],,2° —63-7° + 
1-0° (c 2-06 in CHCl,). The two samples of N-benzoylemetine had identical infrared spectra 
and X-ray powder photographs. 

Synthetic (+-)-N-Benzoylisoemetine.—The solution remaining after removal of the synthetic 
emetine hydrobromide above was basified with sodium hydroxide and extracted with ether (3 x 
50 ml.); the combined ethereal solutions were washed with water, dried, and evaporated to yield 
aresin (221 mg.). This was benzoylated by Carr and Pyman’s method,! and the resinous product 
(291 mg.) was crystallised from methanol-ether, to give synthetic N-benzoylisoemetine (180 mg.), 
m. p. 201-5—203° unchanged on admixture with authentic material of the same m. p. (Found: 
C, 74-8; H, 7-5; N, 4:8. C,,H,,O;N, requires C, 74-5; H, 7-6; N, 4:8%). Synthetic material 
had [aj,,2° +47-9° + 1-0° (c 2-72); authentic N-benzoylisoemetine had [a],?° +48-0° + 1-0° 
(c 2-32, both in CHCl,). The two samples of N-benzoylisoemetine had identical infrared 
spectra and X-ray powder photographs. 


Grateful acknowledgment is made to Dr. D. Traill and Imperial Chemical Industries 
Limited for the gift of 5-ethyl-2-methylpyridine, to Professor A. W. Burgstahler for the analysis 
of compound (XIV; R = CH,*CH,°OH), and to Whiffen and Sons Limited for financial support. 
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150. Interaction of Boron Trihalides with Aryl Phosphates and 
Phosphorochloridates. 


By M. J. FRAZER, W. GERRARD, and J. K. PATEL. 


Aryl phosphates form complexes with boron halides, (RO),P=O,BX, [R = 
Ph, m- or p-Me’C,H,, p-Cl-C,H,, 2,4-Cl,C,H,; X = Cl, Br, or (except for the 
last two) F]. The good thermal stability is in marked contrast with the 
instability of the complexes when R = alkyl and X =Cl. There are no 
marked substitution effects, except that the acceptor power is BBr, > BCI, > 
BF,;, in accord with infrared spectroscopic data which point to the structure 

$ 


Sa 
(RO),P=O-BX,. The complexes, (RO),P(O)C1,BCl, and RO-P(O)CI,,BCl,, 
are less stable, and for them infrared data do not support P=O co-ordination 
to boron. 

Correlations with boron trihalide-triphenyl phosphite systems are dis- 
cussed. 


INVESTIGATIONS into the mutual replacement of an alkoxyl or aryloxyl group attached to 
one non-metal, and halogen attached to another have shown that in alkoxysilane- 
phosphorus halide,! alkoxysilane—boron trichloride? and triphenyl phosphite—boron 
trihalide * systems mixtures of halogeno-esters are with certain exceptions primarily 
produced, the non-metals remaining in separate compounds. Thus triphenyl phosphite* 
and boron trichloride at temperatures above about —10°, form diphenyl phosphorochloridite, 
phenyl phosphorodichloridite, and phosphorus trichloride in proportions depending upon 
the relative amounts of reactants and the conditions. Phenyl dichloroborinate and di- 
phenyl chloroboronate were formed as intermediates which afforded triphenyl borate by 
redistribution during distillation. There was always a drift towards phosphorus tri- 
chloride and triphenyl borate, which did not interact even at 80°. In marked contrast, 
triethyl phosphate gave a complex,* (EtO),P=O0,BCl,, at —80°, which slowly evolved 
ethyl chloride at room temperature, the evolution being completed at higher temperatures, 
and at no stage were there chloro-esters analogous to those in the phenyl phosphite system. 
Finally, boron phosphate was obtained. 

It is now reported that aryl phosphates form complexes, (RO),P=O,BX, [R = Ph, 
m- or p-Me’C,Hy, p-Cl-C,Hy, 2,4-Cl,C,H,; X = Cl, Br, or (except for the last two) F] 
(cf. Table 1). The complexes were easily hydrolysed, the fate of the BX, part being the 
same as that of the trihalide if alone. Thermal behaviour of the complexes was very 
different from that of those in which R is alkyl and X = Cl. Thus at 100° the complex 
(PhO),P=O0,BCl, was unchanged for 5 hr.; at 200° (3 hr.) there was a small loss in weight, 
but little change in content of easily hydrolysed chlorine. At higher temperatures there 
was decomposition, rather than dissociation. Similar remarks apply to the complexes 
where R = m-Me’C,H, or 2,4-Cl,C,H, and X = Cl. When R = Ph and X = F or Br, 
there was little change at 300° (about 3 hr.). However, when heated at 0-2 mm. the 
complex (PhO);P=O,BCl, gave triphenyl phosphate in 89% yield. Butan-l-ol caused 
ready fission of the co-ordinative bond in this complex or the m-tolyl analogue, the triaryl 
phosphate, hydrogen chloride, and tributyl borate being formed. 

Effects of substituent were not marked but in general the order of acceptor power was 
BBr, > BCl, > BF,,5 notably since the chloroaryl phosphates did not form complexes 
with boron trifluoride. This order was also supported by infrared spectroscopy. 

Infrared Spectra.—In the spectra of the complexes, the band at 1296—1312 cm.* 

1 Fertig and Gerrard, Chem. and Ind., 1956, 83; Fertig, Gerrard, and Herbst, J., 1957, 1488; 
Currell and Gerrard, Chem. and Ind., 1958, 1289. 

? Gerrard and Strickson, ibid., 1958, 860. 

% Frazer, Gerrard, and Patel, ibid., 1959, 90, 728. 


* Gerrard and Griffey, ibid., 1959, 55. 
5 Brown and Holmes, J. Amer. Chem. Soc., 1956, 2173. 
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assigned to the P=O absorption in a triaryl phosphate,* and the band at 959—970 cm. 
assigned to the (P—O)-C absorption 7 were not present. Instead there was a new band'at 
10271050 cm.+. The frequency, 1182 cm.*, assigned to P=O in triphenylphosphine 


oxide was shifted to 1073 cm. when the complex with boron trichloride was formed. 
Further, the P=O frequency, 1258 cm.+, for tri-isobutyl phosphate was shifted to 1133 cm.* 


in the boron trichloride complex.® 


TABLE 1. 1:1 Boron trihalide-triaryl phosphate complexes, (RO),PO,BX3. 


Weight CH,Cl, BX, Yield of complex 
No. Rin(RO),PO (g.) (c.c.) x g. % M. p. 
i ererrre 16-78 30 Cl 22-5 98-5 86—90° 
9 mMeC,H, ... 11-05 None rr 14-25 96-7 liq. 
3 pMeC,H, ... 10-00 15 ce 12-98 98-5 125—130 
4 p-ClC,H,® ... 8-59 30 a 10-74 98-2 90—94 
5 2,4-Cl,C,H; * 9-11 30 re 10-55 95-0 86—90 
EEE Shoes coc seen 7-68 30 Br 13-35 98-2 86—90 
7 m-MeC,H, ... 11-00 None ba 17-50 97-6 liq. 
8 p-MeC,H, ... 7-50 15 m 12-40 98-4 131—135 
d to 9 p-Cl-C,H,° ... 6-86 25 a 10-75 98-9 95—104 
Wa. 10 2,4-Cl,C,H,°... 6-38 20 7 9-23 98-2 98—104 
OS le 16-31 30 F 19-42 98-6 85—88 
oron 12 m-MeC,H, ... 18-42 None ‘ 21-75 99-7 liq. 
arily 13 p-MeC,H, ... 9-21 20 ‘. 10-6 97-2 liq. 
‘ite 3 * Added to boron trichloride in n-pentane (20 c.c.). * Dissolved in chloroform and precipitated by 
dite pentane. 
1pon Found (% Required (%) 
| di- No. C H Hal P B c H Hal P B 
B by 1 48-4 3-9 23-4 6-7 3-0 48-5 3-9 24-0 7-0 2-4 
tri- 2 _ _ 20-9 6-0 2-7 — — 21-9 6-4 2-2 
3 — — 21-3 6-2 2-2 — — 21-9 6-4 2-2 
rast, 4 39-4 2-9 19-7 53 2-0 39-5 2-2 19-4¢ 5-7 2-0 
lved 5 32-45 2-1 17-0° 4-4 1-8 33-2 1-4 164° 4:8 1-7 
1res 6 — — 41-8 53 2-0 — — 41-6 5-4 1-9 
‘ 7 41-2 4-45 38-1 4-7 1-75 40-7 3-4 38-7 5-0 1-75 
tem. 8 -- _ 38-7 4:8 oa _ — 38-7 5-0 1-75 
9 32-5 1-9 35-5 4-4 1-7 31-8 1-8 35-3 ¢ 4-6 1-6 
Ph 10 —_ — 30-3 ¢ 3-9 1-3 — — 30-6 ° 4-0 1-4 
- ll 54-3 5-2 13-8 7-8 2-9 54-8 3-8 14-5 7-9 2-75 
} F) 12 57-2 5-9 12-1 71 2-5 57-7 4:8 13-1 71 2-5 
- the ss — — 125 69 28 —_ — 13-1 T1 2-5 
very ¢ Easily hydrolysable. 
plex 
ight, The magnitude of these shifts was 109 and 125 cm." respectively. If the P=O band in 
here the aryl phosphate complex had moved to a lower frequency by about the same amount 
exes it would appear in the region of the P-(O-C) absorption band at 1240—1190 cm... In 
Br, fact, in the complexes the intensity of this band had increased. 
the The new band at 1027—1050 cm. in the complexes is probably due to the shift of 
used (P-O)-C absorption (980 cm.~1) to higher frequencies. 
aryl ; 8 ada 
v The formula suggested for the complexes is (RO),P=O-BX3. 
wa Sheldon and Tyree ® reported the spectra of phosphoryl halides, triphenylphosphine 
ome oxide, and their addition compounds with metal halides such as tin and titanium tetra- 
chloride and tetrabromide and ferrous bromide. From the shift of P=O band they 
m1 suggested that oxygen serves as donor and this produces a shift of 90—55 cm.* to lower 
frequency. For the phosphoryl halide—boron trihalide complexes there was a shift of 
488; d 





* Meyrick and Thompson, J., 1950, 225; Daasch and Smith, Analyt. Chem., 1951, 23, 853; Bellamy 


and Beecher, J., 1952, 475. 

? Idem, J., 1953, 728. 

§ Gerrard and Griffey, unpublished work. 

® Sheldon and Tyree, J. Amer. Chem. Soc., 1958, 80, 4775; 1959, 81, 2290. 
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12—18 cm. to higher frequency. This suggests that halogen serves as donor, giving the 
ionic structure POX,*BX,~ as suggested by Greenwood and Wade for the GaCl;,POCI, 
complex. 

The spectra of the complexes of boron trichloride and a diaryl phosphorochloridate of 
an aryl phosphorodichloridate were difficult to interpret, but there was some indication of 
a P=O band shift to higher frequency, and this suggests that chloride ion might be donor. 


EXPERIMENTAL 


Triaryl Phosphate—Boron Trihalide Complexes.—The triaryl phosphate (1 mol.), usually jn 
methylene dichloride, was slowly added to boron trichloride (1 mol.) at —80°. Volatile matter 
was removed at about 23°/15 mm., and the complex washed with pentane and held at about 
23°/0-2 mm. for 2 hr. The phosphate was added to the tribromide (1 mol.) in n-pentane (cq, 
20 c.c.) at ca. —30°, and to the trifluoride (1 mol.) in ether at —80°. Results are recorded in 
Table 1. 

The triphenyl phosphate-boron trichloride complex (4-95 g.) retained its weight and easily 
hydrolysable chlorine at 100° for 5 hr. and almost entirely at 200° for 3 hr. When the temper. 
ature was raised under reduced pressure, triphenyl phosphate (3-25 g., 89-3%), b. p. 170— 
174°/0-2 mm., m. p. 40°, and a residue (0-11 g.) were obtained. Addition of butan-1-ol (2-16 g, 
3 mol.) to the same complex (4-3 g., 1 mol.) at —80°, the mixture then being allowed to warm 
to 24°, led to evolution of hydrogen chloride (1-55 mol.) (the remainder at 15 mm.) and the 
isolation of tributyl borate (1-52 g., 67-8%), b. p. 112°/15 mm., m,*° 1-4100 (Found: B, 4-80, 
Calc. for C,,H,,O,B: B, 4-72%), and triphenyl phosphate (2-07 g., 65-3%), b. p. 162°/0-05 mm., 
m. p. 44°. There was a residue (0-95 g.). On addition of excess of water to the same complex 
(7-9 g.) in ether (30 c.c.) and evaporation of the ethereal layer triphenyl phosphate (5-7 g,, 
98-2%) was obtained. 

The tri-m-tolyl phosphate—boron trichloride complex lost little weight or easily hydrolysable 
chlorine at 300° in 3 hr.; but mixed with butan-1-ol (3 mol.), at —80°, and warmed to 20° it 
gave hydrogen chloride (96-6%), tributyl borate (73%), b. p. 115°/18 mm., »,,° 1-4105 (Found: 
B, 4:35%), and tri-m-tolyl phosphate (81-7%), b. p. 158—162°/0-l mm. Similarly hydrogen 
chloride, tributyl borate (85%), b. p. 108—112°/20 mm., u,,”° 1-4098 (Found: B, 4-65%), and 
tri-p-chlorophenyl phosphate (71%), m. p. 85—88°, b. p. 160—170°/0-1 mm., were obtained 
from the corresponding complex. The boron trichloride complex with 2,4-dichlorophenyl 
phosphate was stable up to 300°. The triphenyl phosphate—boron tribromide complex was 
rather less stable; the corresponding boron trifluoride complex lost weight and ionisable fluorine 
very slowly at 300°. 

Interaction of Phenyl Phosphorodichloridate and Boron Trichloride.—The dichloridate (5-4 g,, 
1 mol.) in n-pentane (30 c.c.) was added to boron trichloride (3-3 g.) at —80°. Phenyl phosphoro- 
dichloridate—boron trichloride complex (7-97 g., 95%), m. p. 35—42° (Found: Cl, 53-7; P, 88; 
B, 3-24. C,H,O,CI;PB requires Cl, 54-0; P, 9-4; B, 3-30%), was filtered off at 22° and kept at 
22°/0-2 mm. for 1 hr. On being slowly heated to 300°, the complex (4-06 g.) afforded phos- 
phoryl chloride—boron trichloride complex (1-23 g., 73-5%) (Found: Cl, 77-8; B, 3-83%), m. p. 
68—71°, boron trichloride (1-0 g., 69%), and diphenyl phosphorochloridate (1-03 g., 61-9%), 
b. p. 150—156°/0-5 mm. (Found: Cl, 13-6. Calc. for C,,.H,)0,CIP: Cl, 13-0%). Heated under 
reduced pressure, however, the complex (14°38 g.) gave phenyl phosphorodichloridate (9-5 g., 
941%), b. p. 58—64°/0-l mm., 2,* 1-5228 (Found: Cl, 32-8. Calc. for C,H;O,CI,P: Cl, 
33-8%). 

p-Chlorophenyl phosphorodichloridate—boron trichloride complex (9-01 g., 97%), m. p. 46—50° 
(Found: C, 20-7; H, 1-7; easily hydrolysable Cl, 48-8; P, 7-8; B, 2-9. C,H,O,Cl,PB requires 
C, 19-9; H, 1-1; e.h. Cl, 48-9; P, 8-8; B, 3-0%), was similarly obtained from the dichloridate 
(6-28 g.) inn-pentane. It (4-04 g.) gave phosphoryl chloride—boron trichloride complex (1-34 g., 
$8-7%), m. p. 67—68° (Found: Cl, 78-8; B, 3-9%), boron trichloride (0-42 g., 64-6%), and di-- 
chlorophenyl! phosphorochloridate (0-9 g., 47-9%), b. p. 168—172°/0-2 mm. (Found: Cl, 10-3%), 
when slowly heated to 300° at atmospheric pressure. There was a residue (0-72 g.). 

Interaction of Diphenyl Phosphorochloridate with Boron Trichloride.—The chloridate (4-58 g., 
1 mol.), suspended in n-pentane (20 c.c.), was added slowly to boron trichloride (2-36 g.) at 

80°, and the complex (6-47 g., 98:3%), m. p. 54—64° (Found: Cl, 35-1; P, 8-9; B, 2% 
1 Greenwood and Wade, J., 1957, 1517. 
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Ge 2H903C1 ,BP requires Cl, 36-7; P, 8-0; B, 2-8%), was filtered off, washed with n-pentane, and 
kept at 24°/0-5 mm. for 2hr. At 100° the complex lost no weight, but as the temperature was 
raised to 300° the phosphoryl chloride—boron trichloride complex (99-7%), m. p. 66—68° 
(Found: Cl, 76-2; B, 4:17. Calc. for OC],PB: Cl, 78-6; B, 3-99%), sublimed; a residue 
afforded an unidentified mixture on distillation. However, when the complex (10-4 g.) was 
heated under reduced pressure, the original chloridate (6-54 g., 90%), b. p. 132—136°/0-2 mm., 
n,%* 1-5492 (Found: Cl, 13-5. Calc. for C,,H,,O,CIP: Cl, 13-0%), and boron trichloride 
(2-61 g., 82-59%) were obtained. 

Di-p-chlorophenyl phosphorochloridate—boron trichloride complex (70-7%), m. p. 49—55° 
(Found: easily hydrolysable Cl, 31-8; P, 6-9; B, 2-3. C,.H,O,Cl,PB requires easily hydrolysable 
Cl, 31-2; P, 6-8; B, 2-4%), was similarly obtained, and on being heated slowly to 300° it afforded 
phosphoryl chloride—boron trichloride complex (98-5%), m. p. 68° (Found: Cl, 78-7; B, 3-83%), 
poron trichloride (28%), and tri-p-chlorophenyl phosphate (56-6%), m. p. 90—95°, b. p. 180— 
200°/0-4 mm. 

Phosphoryl Halide-Boron Trihalide Complexes.—Phosphory] chloride (6-71 g., 1 mol.) in n- 
pentane (30 c.c.) was added dropwise to boron trichloride (5-33 g., 1 mol.) at —80°. The white 
complex (8-32 g., 70%), m. p. 72—73° (Found: Cl, 78-5; P, 11-1; B, 4:3. Calc. for OCI,PB: 
Cl, 786; P, 11-5; B, 40%), was filtered off at 24° and kept at 24°/20 mm. for 1 hr. On being 
heated to 100°, the complex (3-32 g.) gave sublimed complex (2-01 g., 60-5%), m. p. 70—71° 
(Found: Cl, 77-8; B, 3-9%), boron trichloride (0-44 g., 306%), and phosphoryl chloride 





(0-65 g., 34-6%) (Found: Cl, 66-4%). 

The white phosphoryl bromide—boron tribromide complex (7-13 g., 95-2%) m. p. 150—154° 
(Found: Br, 88-8; P, 5-7; B, 2-2. OBr,PB requires Br, 89-4; P, 5-8; B, 2-0%), was obtained 
by addition of phosphoryl bromide’ (4-01 g., 1 mol.) in n-pentane (25 c.c.) and of methylene 


dichloride (5 c.c.) to boron tribromide (3-67 g., 1-05 mol.) in pentane (15 c.c.) at —80°. 


TABLE 2. Infrared spectra. 


Frequency (cm.~) 


The 


Shifts (cm.~) 


Compounds P=0 P-O-C) (PO)}C P=O POC) (PO)-C 
sel bell er taal 1297 1188; 1160 959-7 _ _ — 
eal tes 1190—1149 1179; 1159 1033 107148 9, 1 —733 
Sia | oe verrre 1190—1149 1175; 1153 1043 107—148 13, 7 —833 
a sensee 1190—1149 1172; 4152 1050 107-148 16, 8 —903 
5 (m-Me-C,H,-O),PO ......... 1299 1190; 1139 969-1 —_ _ — 
‘ > .BF, ... 1190—1136 1183; 1161 1029 109—163 7,—22 —59-9 
7 $3 ‘BCl,... 1190—1124 1179; 1140 1045 109—151 11, —1 —75-9 
8 i. ‘BBr, 1190—1124 1190; 1140 1049 109-151 0 —1 —799 
9 (p-Me-C,H,‘0),PO ......... 1295 1190; 1164 970-9 —_ _ — 

1 ya .BF, ... 1205—1163 1190; 1166 1031 90—132 —-2 60-1 
ll ,BCl, ... 1190—1149 1182; 1160 1037 105—146 8, 04 — 66-1 
12 ,BBr,... 1190—1149 1182; 1159 1040 105—146 8, 5& —691 
13 (p-Cl-C,H,:O),PO ......... 1302 1215; 1190 969-1 — ~ — 
14 (p-Cl-C,H,-O),PO,BCl, ... 1190—1149 1188; 1160 1033 112—153 27, 30 —63-9 
15 ve .BBr, ... 1190—1149 1181; 1159 1036 112—153 34, 31 —66-9 
16 (2,4-Cl,C,H,‘O),PO......... 1312 1217 970-0 = — — 
17 ri ,BCl, 1205—1163 1189 1027 107—149 28 —57 
18 4 ,BBr, 1220—1163 1218; 1166 1035 92-149 5, 51 —65 
19 (PhO),POCI ...........00000+: 1300 1179; 1157 966-4 = _ — 
20 - + Ta 1337 1179; 1144 = 970-9 —37 0, 13 —465 
930-1 36-3 
21 (p-Cl-C,H,O),POCI ...... 1304 1185; 1160 970-9 — — — 
29 > .BCl, 1342 1188; 1160 1035 =%  -& 6 081 
23 PhO-POCI, ...........0006++- 1302 1181; 1160 946-9 one _ — 
4 heer Queers 1342 1172; 1156 = 990-1 —40 9, 4 —43-2 
5 p-Cl-C,H,-O-POCI, ......... 1305 1188; 1161 950-6 — _ — 
26 " ,BCl,... 1348 1182; 1157 982-0 —48 6, 4 —31-4 
RR cats eitin tania adiedcte 1299 " me _ _ 
Ste MRRiaPn ese 131] a —12 _ 
lille 1271 — 
— ha eee 1289 —18 =n 
| ew ee 1182 * ’ om o . 
Se sccacinindateae 1073 _ 109 — — 
ORI ocoviissccvesosees 1258 1025 - _ — 
, ? ae 1133 1057 125 _ —32 
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complex was filtered off at 20°, washed with pentane, and kept at 20°/0-1 mm. forlhr. It (43) 
was stable at 100° for 1 hr., but on being heated to 200° gave sublimed complex (2-82 g., 65-69%) 
(Found: Br, 88-2; B, 2-3%), boron tribromide (0-35 g., 17-5%), and a residue of phosphory| 
bromide (0-8 g., 34-99%) (Found: Br, 85-3%). 

Triphenylphosphine Oxide-Boron Trichloride Complex.—Triphenylphosphine oxide (2-37 g, 
1 mol.) in methylene dichloride (20 c.c.) was added dropwise to boron trichloride (1-2 g., 1-2 mols) 
at —80°. The white complex (3-2 g., 94-9%), m. p. 207—208° (Found: Cl, 26-2; B, 2-8; p 
7°8. C,,H,,OCI,BP requires Cl, 26-9; B, 2-7; P, 7-9%), was filtered off at 20°, washed with 
pentane, and kept at 20°/0-1 mm. for 3 hr. 

Infrared Spectra.—The spectra of the compounds listed in Table 2 were measured on q 
Grubb-Parsons double-beam spectrometer with a sodium chloride prism. The spectra of the 
solids were measured in chloroform solutions and of the liquids in capillary fillings; some 
solids were examined in Nujol suspension. 


We thank Mr. H. Pyszora for the infrared spectral measurements, and the National College 
of Rubber Technology (Northern Polytechnic) for providing facilities for these. 


NORTHERN POLYTECHNIC, Hottoway Roap, 
Lonpon, N.7. [Received, August 12th, 1959.] 





151. Kinetics and Mechanism of the Decomposition of Complex 
Cyanides of Iron(tt) and Molybdenum(t1v). 


By S. ASPERGER, I. MuratI, and D. Pavtovic. 


The photodecomposition of the hexacyanoferrate(11) ion to aquopenta- 
cyanoferrate(11) ion and the analogous reaction involving release of a cyanide 
group from an octacyanomolybdate(Iv) ion are both reversible in darkness. 
The energy of activation of the decomposition of aquopentacyanoferrate(1) 
ion in the dark at elevated temperature amounts to 28-2 kcal./mole and is 
higher by 8-4 kcal./mole than that of the hexacyanoferrate(11) ion. The rate 
of formation of ferrous ions from the aquopentacyanoferrate(I1) ion in the 
dark at elevated temperature is about 60 times slower than the rate of 
decomposition of the aquopentacyanoferrate(I1) ion under the same conditions. 
This suggests the presence of an intermediate complex cyanide of iron(t1!). 
In ultraviolet light the rates differ only by a factor of two because the 
proposed complex is unstable in this light. 


In an earlier publication! a kinetic study of the photodissociation of potassium hexa- 
cyanoferrate(11) ion in aqueous solution was described. It was reported that the pH of 
such solutions increased on exposure to ultraviolet light and that in darkness the reaction 
was reversible. The kinetic data obtained supported the reaction scheme: 


H,0 
Fe(CN)s*- =e Fe(CN),.H,O°-+CN- ........ W 
CN-+H,OmpeeMHCN+OH- ........... @ 


MacDiarmid and Hall? have also measured the pH effects in solutions of potassium 
hexacyanoferrate(11). They found that the pH of solutions which had been kept for some 
time in the light did not decrease in the dark. They observed further that after short 
exposure to light the reversibility was much smaller than we had found. We therefore 
repeated some of the previous measurements of the reversibility of the reaction (1) and 
carried out new measurements under different conditions, using two methods for the 
determination of aquopentacyanoferrate(11) ion. It was found that the reaction was 
always reversible when the conditions were such that no appreciable decomposition of the 
aquopentacyanoferrate(I1) ion occurred, as was the case in our previous work. 


* ASperger, Trans. Faraday Soc., 1952, 48, 617. 
* MacDiarmid and Hall, J. Amer. Chem. Soc., 1953, 75, 5204. 
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The kinetics of decomposition of octacyanomolybdate(Iv) ion in ultraviolet light, and 
the kinetics of the reverse reaction in darkness, have been measured and an analogy with 
the decomposition of hexacyanoferrate(1) has been found. 

The rate of decomposition of aquopentacyanoferrate(I1) in acid and neutral solution 
at elevated temperatures and under the influence of ultraviolet light was determined and 
compared with the rate of formation of ferrous ions. The latter rate was much the smaller. 
Therefore the presence of an intermediate complex cyanide of iron(I) is postulated. 

Decomposition of the Hexacyanoferrate(11) Ion in Ultraviolet Light.—A typical change of 
pH of a 0-1m-solution of potassium hexacyanoferrate trihydrate (Merck, analytical grade) 
exposed to ultraviolet light from a Philips Philora HO2000 mercury lamp is shown in Fig. 1, 
curve 1. The reaction conditions are described in the Experimental part of the paper. 
It was previously shown ! by spectrographic measurements that under similar conditions 
the mercury lines at 365 my were the photoactive part of the spectrum. It can be seen 
from Fig. 1 that on transference of the irradiated solution to darkness the pH reverts to 


Fic. 1. Change of pH of a 0-1m-solution of KyFe(CN), exposed to ultraviolet light (curve 1), and the change 
of the concentration of Fe(CN);,H,O*~ (curve 2). Broken lines are changes in the dark. Curve 3 
represents the slow thermal reaction in the dark. Temp.: 20°. 














@ 
= 
10+ 2 ; ' : 
Speer EY g 

\ Fs 

wa} 7 

/ NA Ex 

*| \\ is 2 

. \\ = 
S q 2 
5 . - 
z | \ 42% 

x= 

a K ra 
Rec > 

y 3 aan NI, tse te Saye ae g 

a as : 

a _— 7 : 

1 et ‘ . 

re: raed 300 400 
Time (min.) 


the value given by slow decomposition in darkness of a non-irradiated solution. When 
the logarithm of the concentration of aquopentacyanoferrate(11) was plotted against the 
reaction time the same type of kinetics was obtained (Fig. 1, curve 2). The calculations 
of the concentrations of aquopentacyanoferrate(I) ion were made as previously described, 
with the supposition that with only brief irradiation times all side-reactions can be 
neglected. 

Since aquopentacyanoferrate(I1) ion reacts with nitrosobenzene,* giving the violet 
complex Fe(CN),,C,H;*NO*-, it was possible to follow the light reaction and the reverse 
reaction in darkness by spectral measurements. The optical density of the violet complex 
at 528 mu (maximum of absorption) was determined in the 4th minute (—E,) by means 
of a Unicam S.P. 500 Quartz Spectrometer. Fig. 2 shows the change of E, during reaction 
in the light and the reverse reaction in the dark (at 20° + 0-1°). The same reaction 
pattern as in Fig. 1 was obtained. The reversibility was not as complete as in Fig. 1. 
Undoubtedly the calculations of the concentration of Fe(CN),;,H,O%~ on the basis of the pH 
measurements gave only approximate results. 

Experiments were also made by exposing aqueous solutions of potassium hexacyano- 
ferrate(11) to the ultraviolet light of the Philora mercury lamp for several hours. In 


_ * Baudisch, Ber., 1929, 62, 2706; ASperger, Murati, and Cupahin, J., 1953, 1041; Emschwiller, 
Compt. rend., 1953, 286, 72. 
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darkness the pH remained constant for a few hours but then decreased very slowly and 
returned after two days to almost its initial value. Under such conditions the decreage 
of pH does not mean that the reaction was reversible since a precipitate of Fe(OH), was 
also formed. The same happened when the solutions of hexacyanoferrate(II) ion were 
exposed briefly in a quartz vessel to the ultraviolet light of a mercury quartz lamp or to 
sunlight for a few minutes only. 


Fic. 2. Change of the concentration of Fe(CN),,H,O*- during exposure of a 0-1m-solution of K «Fe(CN), 
to ultraviolet light, and the reverse reaction in the dark. Curve 2 represents the slow decomposition 0 
0-Im-K,Fe(CN), in the dark. E, is the optical density of Fe(CN);,C,H,NO*- in the 4th minute at 
528 mu. Temp.: 20° 
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Decomposition of Octacyanomolybdate(tv) Ion in Ultraviolet Light.—Aqueous solutions 
of octacyanomolybdate(Iv) ion, exposed to ultraviolet light, decompose readily and free 
cyanide ions are formed. The pH of irradiated solutions will therefore increase. As 
pointed out by Adamson and Sporer,‘ a complicated reaction sequence is clearly involved, 
since the original yellow solution develops a red colour which with prolonged irradiation 
changes to green and finally to pale blue. The mechanism seems to be analogous to that 
of the decomposition of the hexacyanoferrate(11) ion. In the first reaction stage a cyanide 
ion is released. When the conditions were mild enough and no further decomposition 
took place the reaction was reversible in the dark. This was not the case with the irradiated 
solutions which acquired a pale blue colour. The pH of these blue solutions remained 
constant for some time but began to decrease slowly after a couple of days, probably 
because of the formation of basic cyanides.® 

A 0-05m-solution was exposed to the ultraviolet light of the Philips Philora HO2000 
mercury lamp, the conditions of irradiation being the same as in the measurements 
reported in the previous section (see also Experimental). The group of mercury lines at 
365-5 mu was again the main photoactive source. Fig. 3 shows the change of absorption 
at 580 mu. At that wavelength the yellow solution absorbs very little while the products 
absorb appreciably. At intervals aliquot parts were withdrawn and the optical densities 
measured as quickly as possible: during the measurements the fast reverse reaction took 
place, so that the measurements were not easily reproducible. However, it can be seen 
(Fig. 3) that the reaction was reversible in the dark, though not completely so. 

Rate of Decomposition of Aqueous Solutions of Sodium Aquopentacyanoferrate(i).— 
Influence of pH. The kinetic measurements were made at 40° + 0-1°. Sodium aquo- 
pentacyanoferrate(11) was used as a 0-001m-solution in a phosphate-citric acid buffer at 
the required pH. At intervals aliquot parts were withdrawn, quickly cooled to 20°, and 
poured into a 0-004M-solution of nitrosobenzene kept at 20°. The determination of aquo- 
pentacyanoferrate(11) was then carried out as described in the Experimental part. First- 
order rate constants were invariable only up to 40% of decomposition and afterwards 


* Adamson and Sporer, J. Amer. Chem. Soc., 1958, 80, 3865. 
5 Gmelin’s ‘“‘ Handbuch d. anorg. Chem.,” Vol. 53, Berlin, 1935, pp. 201-202. 
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started to decrease, probably because a reversible reaction ot lower complex cyanides with 
cyanide ions re-formed aquopentacyanoferrate(I1) ion. The average first-order rate 
constants were plotted against pH (Fig. 4). Decomposition is fastest at pH 3:55. A 





Fic. 3. 


Change of optical density at 580 mp 


of a 0-05m-solution of K,Mo(CN),,2H,O in 
ultraviolet light (full line) and in the dark 


Fic. 4. Dependence of the vate of 


decomposition of a 0-001M-solution 


of Na,Fe(CN),,H,O (in phosphate— 
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similar influence of pH was previously observed in the decomposition of potassium hexa- 
cyanoferrate(11) catalysed by mercuric ions. The slow reaction at pH 4:5 is probably 
caused by the reverse reaction of lower complex cyanides with hydrogen cyanide. (At 
that pH all cyanide ions are in the form of hydrogen cyanide.) The action of hydrogen 
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ions is even more complex since in acid solutions H,Fe(CN);,H,O- and HFe(CN),;,H,0?- 
should predominate. The larger the number of protons in the complex, the smaller is 
the probability of a cyanide group’s leaving the complex ion. The result of all these 
influences is an optimum pH for the rate of decomposition. 

Influence of temperature. The influence of temperature on the rate of decomposition 
of aquopentacyanoferrate(11) ion was measured at pH 3-55 (maximum velocity). Fig. 5 
shows the dependence of logy, [(a — %,)/(a — %2)] on (f, —¢#,), where a@ is the initial 


® ASperger and Pavlovic, J., 1955, 1449. 
perg 
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concentration of aquopentacyanoferrate(II) ion. Straight lines were obtained up to 
40%, decomposition, the slope being 0-4343%,, where , is the rate constant. The rate 
constants were: 8-33 x 10°, 1-28 x 10%, 2-55 x 10%, 4-66 x 10%, 9-17 x 10, ang 
1-58 x 10° sec. at 25°, 30°, 35°, 37°, 40°, and 45°, respectively. 

An Arrhenius plot was made and the energy of activation calculated to be 28-2 kcal./mole 
by the method of least squares. The energy of activation previously determined (ASperger 
et al.3) for the decomposition of hexacyanoferrate(I1) ion in neutral solutions was 
19-8 kcal./mole. 

The vate of formation of ferrous ions. In acid solutions the decomposition of sodium 
aquopentacyanoferrate(I1) leads to ferrous ions. The rate of formation of ferrous ions 
has been compared with the rate of decrease of the concentration of aquopentacyano- 
ferrate(I1) ion reported above. 

The formation of ferrous ions was followed by means of the 2,2’-bipyridyl reagent 
which was added in excess to 0-00lmM-sodium aquopentacyanoferrate(I1) solution in 
phosphate-citric acid buffer. The first-order rate constants were determined from the 

E 


expression ; log. E — 3, where Ey, E, and E,, are optical densities at the reaction times 
— 





ty, t, and tf , respectively, at 520 my (maximum absorption of the red complex formed with 
bipyridyl). The extinction coefficient of the red complex was found to be 8450 1. cm 
mole at 520 my. Calculation of E,, gave a measure of the concentration of ferrous ion 
equivalent to the initial concentration of aquopentacyanoferrate(II) ion. 

Kinetic measurements were made at 40°. At pH 4-0 the first-order rate constant was 
9-25 x 10° sec.. 

Comparison of this rate constant with that for the disappearance of aquopentacyano- 
ferrate(11) ion at the same pH and temperature (5-4 « 10“ sec. at 40°, see Fig. 4) shows 
the former to be about 60 times slower than the latter. This indicates the existence of 
an intermediate complex cyanide, probably with four cyanide groups. The existence of 
such ion has not been reported as yet. According to Kimball? this ion would have the 
configuration d*sp (irregular tetrahedron). 

Rate of decomposition in ultraviolet light. Aqueous solutions of sodium aquopentacyano- 
ferrate(11) (0-001) were exposed to the ultraviolet light of a Philips Philora HO2000 mercury 
lamp under the conditions used in irradiation of potassium hexacyanoferrate(11) solutions. 
The emission spectrum of the mercury lamp was recorded through the glass wall of the 
thermostat and the cells filled with water and 0-001m-solution of sodium aquopentacyano- 
ferrate(I1), respectively; a Zeiss Universal spectrograph was used.* The blackening of 
the photographic plate showed that the main photoactive source was again the group of 
lines at 365-5 my, because the shorter wavelengths were completely absorbed by the glass 
of the light source, thermostat, and vessel. The mercury lines at 390-64, 398-40, and 
410-81 my are of very low intensity and need not be considered. A Unicam S.P. 500 quartz 
spectrometer was used and the extinction coefficient of the sodium aquopentacyanoferrate(t) 
solution at 365-5 my was found to be 250 1. cm.+ mole; the calculated absorption of a 
0-001m- solution (p = 22 cm.) was 68-3%. 

Under the influence of the ultraviolet light decomposition to ferrous ions took place. 
The rate of decomposition was followed by measuring (a) the rate of disappearance of 
Fe(CN),;,H,O®- by the above kinetic method with nitrosobenzene, and (b) the rate of 
formation of ferrous ions by means of the bipyridyl reagent, which was added to aliquot 
parts withdrawn from the reaction solution. The absorption of the red complex formed 
with bipyridyl was then determined at 520 my and the concentration of ferrous ions was 
calculated as already described. The first-order rate constants were calculated from the 
expression [p(x — *,) + logy A,/A,]/(t, — 4), valid for medium absorptions. In this 

* Spectrograms made by Professor K. Weber in the Institute for Forensic Medicine of the University 
of Zagreb. 

7 Kimball, J. Chem. Phys., 1940, 8, 188. 
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expression ¢ is the molar extinction coefficient of the aquopentacyanoferrate(II) ion at 
365-55 my, A, and A, are the absorptions at the same wavelength at reaction times ¢, and é,, 
respectively, and (x, — 2) is the change of concentration of aquopentacyanoferrate(m1) 
jon when method (a) was used, or the change of the ferrous ions concentration when 
method (b) was applied. Unfortunately, the kinetic measurements could be carried 
only to about 32% of decomposition since ferrous ions with aquopentacyanoferrate(1!) ion 
give a blue-green colour which increasingly interferes with measurements. Further, when 
the rate was measured on the basis of disappearance of aquopentacyanoferrate(II) ion, 
then for some unknown reason the reaction rate increased slightly during initial decom- 
position but soon began to decrease normally. The first-order rate constants were 
therefore determined between 7% and 32% of decomposition. The tabulated results 
show that the rate of the decomposition of aquopentacyanoferrate(I1) ion is about twice 
as large as the rate of the formation of ferrous ions. (In the thermal reaction the analogous 
ratio of rates was 60:1.) It may be concluded that in ultraviolet light an intermediate 
complex cyanide (presumably with four cyanide groups) is also formed, though in much 
smaller quantities than in the thermal decomposition. 


(a) Rate of decomposition of a 0-001m-solution of Na,Fe(CN);,H,O im ultraviolet light at 
20° and pH 6-15. (b) Rate of formation of ferrous ions under the same conditions. 


(a) Decompn. of (6) Formation of 
Fe(CN),;,H,O*%- (%) 10° (sec.-) ferrous ions (%) 10° (sec.-) 

7-0 5-04 8-3 2-62 
12-6 5-00 12-7 2-32 
19-2 5-00 17-5 2-45 
25-6 5-20 21-7 1-94 

31-6 5-39 
Average 5-13 Average 2-33 

EXPERIMENTAL 


Materials.—Potassium hexacyanoferrate(11) trihydrate was Merck’s analytical grade. 
Potassium octacyanomolybdate(1v) dihydrate was prepared according to ‘“ Inorganic 
Syntheses” * [Found: Mo, 19-4. Calc. for K,Mo(CN),,2H,O: Mo, 19-35%]. Sodium aquo- 
pentacyanoferrate(11) was prepared according to Hofmann,*® though the method was somewhat 
modified. To the sodium nitroprusside, Merck’s analytical-grade sodium hydroxide was 
added, instead of sodium carbonate as required by the procedure, because the subsequent 
addition of methanol otherwise precipitated sodium carbonate in large quantities together 
with the sodium aquopentacyanoferrate(11) and we were not able to get a pure product by 
recrystallization from methanol. When sodium hydroxide was added, a pure product was 
obtained [Found: Fe, 20-6. Calc. for Na,Fe(CN),,H,O: Fe, 20-5%]. 

Spectrophotometry.—Absorption-intensity measurements were made with a Unicam quartz 
spectrophotometer S.P. 500, 10 mm. cells being used. 

Kinetics in Ultraviolet Light.—A glass cell (12 x 12 x 2 cm.) containing the solution freshly 
prepared in the dark was placed in a water-thermostat (20° + 0-1°), and the solution stirred. 
Before reaching the cell the light of a Philips Philora HO2000 mercury lamp had to pass through 
the 6 mm. thick glass of the water thermostat, through 1 cm. of the water layer, and through 
the 3 mm. thick glass of the cell. Under similar conditions it was previously shown by spectro- 
graphic measurements ! that for the solutions of potassium hexacyanoferrate(11) the photo- 
active light was the group of mercury lines at 365-5 my. The same group of lines was the 
main photoactive source for the solutions of aquopentacyanoferrate(1I) ions. 

Determination of Aquopentacyanoferrate(11) Ion.—A 0-004m-solution of nitrosobenzene 
and one of sodium aquopentacyanoferrate(11) of a known concentration (between 10 and 10™°m), 
buffered to pH 4-1 by a phosphate-citric acid buffer, were placed in a water-thermostat at 
20° + 0-1° and after thermal equilibrium had been attained they were mixed in equal volumes. 
The optical density of the violet reaction product Fe(CN),,C,H,*NO* was determined in the tenth 
minute at 600 my (=£,,). The maximum absorption of the violet complex is at 528 my, but 


* Audrieth, Inorg. Synth., 1950, 8, 160. 
* Hofmann, Annalen, 1900, $12, 1. 
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at 600 mp the absorption is still appreciable and the absorption of the unchanged aquopenta. 
cyanoferrate(I1) is small. By plotting £4, against the initial concentration of aquopentacyano. 
ferrate(11) a calibration curve was obtained which was practically a straight line for the initia] 
concentrations of Fe(CN),;,H,O* up to 0-001m. This method permitted determination of 
aquopentacyanoferrate(I1) ion in a couple of minutes and was adequate because the hexacyano- 
ferrate(11) ion, if present, could not interfere since it does not react with nitrosobenzene. The 
determination of aquopentacyanoferrate(11) ion in presence of other complex cyanides will be 
reported later. 

Determination of Ferrous Ions.—Known quantities of ferrous ions in the form of Mohr’s 
salt were added to the phosphate-citric acid buffer at pH 4—5. 2,2’-Bipyridyl reagent was 
then added in excess and after 5—8 min. the optical density of the red complex at 520 my was 
measured. By plotting known concentrations of ferrous ions against optical densities a straight 
line was obtained, which showed that the solutions obey the Beer-Lambert law. The extinction 
coefficient was found to be 8450 1. cm.~? mole at 520 mu, and was used for determination of the 
unknown concentration of ferrous ions. 


The authors thank Mr. B. Brdar for assistance in some experiments and Professor H. 
Ivekovié for his interest. 
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152. Alkaloids of Calabash Curare and Strychnos Species. Part I, 
Chemistry and Structure of Hemitoxiferine-I and Toxiferine-I, includ- 
ing the Preparation of Toxiferine-I. 


By A. R. Batrerssy and H. F. Hopson. 


Degradation of toxiferine-I with dilute acid yields two crystalline salts. 
One of these is named hemitoxiferine-I and has been shown to be identical 
with alkaloid A 8 from Strychnos toxifera; the chemistry of this alkaloid is 
studied, leading to the proof of its identity with caracurine-VII methochloride. 
Hemitoxiferine-I has been dimerised in the presence of hot pivalic acid to 
give toxiferine-I readily and in good yield. Since caracurine-VII is the 
Wieland—Gumlich aldehyde (IV), hemitoxiferine-I has structure (V); the 
structure of toxiferine-I can then be derived. The dimerisation of the 
Wieland-Gumlich aldehyde base by pivalic acid has been examined. 


TOXIFERINE-I was one of the first crystalline alkaloids to be isolated from Strychnos 
toxifera** and was subsequently separated from a sample of calabash curare! of 
Venezuelan origin. This quaternary alkaloid is a powerful physiological agent and though 
extensive tests have not been possible in the past, owing to the minute amounts of material 
available, the pharmacological results obtained so far? show that toxiferine-I warrants 
careful examination as a neuromuscular blocking agent. 

At the outset of the present study, little chemical work had been done on toxiferine-I 
and the then available knowledge can be summarised as follows. 

Toxiferine-I chloride was assigned the empirical formula C,)H,,ON,Cl by Wieland, Bahr, 
and Witkop;! King* gave C,,H,,ON,C1,3H,O for the air-dried salt. von Philipsborn, 
Schmid, and Karrer suggested that the alkaloid has a Cy, molecule, that is CygHyg—4g0.N,7* 
for the cation,® because of several strong similarities between the properties of toxiferine-I 


1 (a) Wieland, Bahr, and Witkop, Annalen, 1941, 547, 156; (b) Schmid and Karrer, Helv. Chim. 
Acta, 1947, 30, 1162. 

® Herring and Marsh, Fed. Proc., 1951, 10, 309; Paton and Perry, Brit. J. Pharmacol., 1951, 6, 299. 

3 King, J., 1949, 3263. 

* von Philipsborn, Schmid, and Karrer, Helv. Chim. Acta, 1956, 39, 913. 

5 Bernauer, Berlage, Schmid, and Karrer, ibid., 1958, 41, 1202. 
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and those of curare alkaloids with established Cy molecular formule. On the basis of 
colour reactions and ultraviolet spectra, toxiferine-I was assigned ® the methyleneindoline 
chromophore (I) as also were C-dihydrotoxiferine, C-alkaloids H, and the tertiary alkaloid 
caracurine-Va. It was known? that toxiferine-I undergoes a change on treatment with 
dilute aqueous acid at room temperature, and the reaction product showed two spots when 


4 Me Me 
N Cc-- N N NMe, Cl 
~ “., Me H 
(I) 7 


(11) (111) 


chromatographed on paper. The two products were not isolated, but the faster-running 
material gave the characteristic colour reactions of orange with ceric sulphate and 
citron yellow with cinnamaldehyde-hydrochloric acid. 

The present investigation started with alkaloid A 8, the isolation of which from 
S. toxifera bark has been briefly described; * our work on the isolation will be published 
in full in a subsequent paper. The striking colour reactions of alkaloid A 8 were identical 
with those described above for the product from toxiferine-I; accordingly the chemistry 
of toxiferine-I, particularly the effect of dilute acid upon it, was further investigated. This 
was made possible by the generosity of Dr. James Walker of the National Institute for 
Medical Research, who provided us with the collection of alkaloids isolated by the late 
Dr. H. King. The infrared spectrum of toxiferine-I chloride showed absorption bands 
indicating, in agreement with the ultraviolet evidence, the presence of C=C double bond(s) 
and, importantly, of hydroxyl group(s). The position of the C=C double-bond adsorption 
band in toxiferine-I corresponds exactly to that shown by the carbazolenine (II). 

Chromatographic separation of the products of treatment of toxiferine-I with dilute 
acid gave two crystalline salts; that of lower mobility on the column, which is chromato- 
graphically indistinguishable from caracurine-II methochloride (see below), has been 
reserved for further study. The more mobile product has now been shown * to be identical 
with alkaloid A 8. Thus, in A 8 a readily available alkaloid related to the rare toxiferine-I 
was available. 

Of the sixty or so alkaloids isolated from calabash curare and Strychnos species,® only 
the tertiary base caracurine-VII shows the same ultraviolet absorption and characteristic 
colour reactions as given by alkaloid A8. This led to a direct comparison between 
alkaloid A 8 chloride and caracurine-VII methochloride, and the two were identical. Since 
caracurine-VII can be obtained in admixture with caracurine-II by treatment of 
caracurine-Va with dilute aqueous acid,® it follows that caracurine-Va is nortoxiferine-I. 

Alkaloid A 8 has ultraviolet absorption characteristic of an indoline which is replaced 
in 0-1N-hydrochloric acid by the benzenoid absorption of the indolinium cation. In known 
hexahydro-$-carbolines 1° and in the simple system (III) which we have synthesised," the 
indoline nitrogen atom is not protonated under these conditions owing to the field effect 
of the closely placed, positively charged nitrogen atom. Alkaloid A 8 thus cannot contain 
the hexahydro-8-carboline system. Treatment of the alkaloid with acetic anhydride at 
80° yielded a product with ultraviolet absorption characteristic of N-acylindolines; the 
indoline nitrogen atom is therefore secondary. The infrared spectrum of the alkaloid 
chloride shows absorption corresponding to >NH, OH, and alkene groups. Oxidation of 

* The proof of identity in cases thus marked was by colour reactions, Ry values in two solvent 
systems, ultraviolet and infrared spectra, and where possible by m. p. and mixed m. p. 


® Kebrle, Schmid, Waser, and Karrer, Helv. Chim. Acta., 1953, 36, 102. 
? Asmis, Bachli, Schmid, and Karrer, ibid., 1954, 37, 1993. 

8 Battersby and Hodson, Proc. Chem. Soc., 1958, 287. 

® Karrer, Bull. Soc. chim. France, 1958, 99. 

1 Hodson and Smith, J» 1957, 1877. 

" Battersby and Hodson, unpublished work. 
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the alkaloid on a micro-scale * by the Kuhn-Roth procedure did not yield propionic 
acid or higher homologues of this acid, showing that the alkaloid does not contain a C-R 
group where R is ethyl or a larger alkyl group. 

During our exploratory work on alkaloid A 8, the possibility that it might contain a 
carbinolamine function led to an investigation of its reaction with zinc and acetic acid. 
The product was a complex mixture which gave colour reactions totally different from those 
of the starting material. Accordingly, we examined the action of acetic acid alone on the 
alkaloid. Alkaloid A 8 heated at 120° with acetic acid in the absence of air yielded 
material with ultraviolet spectrum and colour reactions identical with those of toxiferine-I, 
Partition chromatography on cellulose of the reaction products allowed the isolation of 
toxiferine-I in 23% yield. By combining this result with those described above, the 
relations shown below are established. 


Toxiferine-I 


H,O+ 
H,O 
HOAc 
Methylation 


Caracurine-II methochloride Alkaloid A 8 = Caracurine-VII 





At this stage in our investigations, Karrer, Schmid, and their co-workers !3 showed by 
direct comparison that caracurine-VII is identical with the Wieland-Gumlich aldehyde 
([V). Alkaloid A 8 chloride is thus the Wieland-Gumlich aldehyde methochloride (V), 
which we have confirmed by rigorous comparison * with an authentic sample. The 
conversion of alkaloid A 8, C,,5H,,O,N,Cl, into toxiferine-I having a C,, molecule is thus a 
dimerisation; accordingly alkaloid A 8 is now named hemitoxiferine-I. 














(VIII) 


Closely related studies were being carried out concurrently by Karrer, Schmid, and 
their co-workers ™ on C-dihydrotoxiferine.t Degradation of this alkaloid with acid gives 
the labile hemidihydrotoxiferine, with colour reactions and ultraviolet spectrum identical 

t+ Though this name seems to be established by long use, it is a misnomer; C-dihydrotoxiferine is 
in fact 14-15 deoxytoxiferine-I. 


 Garbers, Schmid, and Karrer, Helv. Chim. Acta, 1954, $7, 1983. 

13 Bernauer, Pavanaram, von Philipsborn, Schmid, and Karrer, ibid., 1958, 41, 1405. 

™ Bernauer, Schmid, and Karrer, ibid., 1958, 41, 1408. 

15 Bernauer, Berlage, von Philipsborn, Schmid, and Karrer, Helv. Chim. Acta, 1958, 41, 2293. 
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with those of hemitoxiferine-I. With 5% acetic acid, hemidihydrotoxiferine is reconverted 
into C-dihydrotoxiferine. Hemidihydrotoxiferine has infrared absorption indicative of 
>NH and aldehyde functions, whereas the C-dihydrotoxiferine cation, CyH,y,N,?*, does 
not have >NH absorption and does not contain oxygen. On the basis of this and other 
evidence, structures (VI) and (VII; R =H), respectively, were suggested for hemi- 
dihydrotoxiferine and C-dihydrotoxiferine. 

The firmly established relations and structures shown on page 738 being used in 
conjunction with this interpretation of the dimerisation, structure (VII; R = OH) must 
be written for toxiferine-I chloride as we briefly reported earlier; § (cf. ref. 15) this structure 
accommodates the pure methyleneindoline chromophore of the alkaloid and the presence 
of hydroxyl group(s) noted above. Soon afterwards the structure of hemidihydrotoxiferine 
was proved ° to be (VI) by chemical correlation with the Wieland—Gumlich aldehyde (IV). 

Further investigation of the product from the reaction of hemitoxiferine-I (alkaloid A 8) 
with acetic acid led to the isolation in about 50% yield of a crystalline chloride showing 
ultraviolet absorption and colour reactions identical with those of toxiferine-I. However, 
its Ry value on paper was greater than that of toxiferine-I (VII; R = OH) and its infrared 
spectrum showed a strong ester-carbonyl absorption at 1730 cm.1. This product is 
almost certainly di-O-acetyltoxiferine-I chloride (VII; R = OAc), and it therefore seemed 
probable that a higher yield of toxiferine-I might be obtained from hemitoxiferine-I 
with an acid such as pivalic acid in which there is strong steric hindrance of acylation. 
Hemitoxiferine-I chloride was treated at 120° with pivalic acid in the absence of air to give, 
in one step, 72% of pure toxiferine-I chloride by direct crystallisation. This is much the 
simplest method available for the preparation of toxiferine-I and since the Wieland- 
Gumlich aldehyde is obtainable in quantity from stychnine,” toxiferine-I can readily be 
prepared for full pharmacological study. 

After our preliminary publication ® of the preparation of toxiferine-I from hemitoxi- 
ferine-I, Karrer, Schmid, and their co-workers described !” their study of this dimerisation. 
From hemitoxiferine-I with acetic acid and sodium acetate, a mixture of toxiferine-I, 
di-O-acetyltoxiferine-I, and caracurine-V methochloride (VIII) is formed. A second 
stage converts the last product into the first, and a third stage involves the hydrolysis of 
the diacetyl derivative. When the three stages are carried out without the isolation of 
intermediates, toxiferine-I is obtained in 62% yield. They also dimerised the Wieland- 
Gumlich aldehyde base (IV) under the same conditions to give caracurine-V, which is the 
tertiary base corresponding to structure (VIII). 

The pivalic acid method for the preparation of toxiferine-I (VII) not only eliminates 
the side reaction of acylation, but also avoids the formation of more than traces of 
caracurine-V methochloride (VIII). However, when the Wieland-Gumlich aldehyde 
free base is dimerised by treatment with hot pivalic acid, the product is mainly caracurine- 
V, together with a smaller amount of nortoxiferine-I, the tertiary base corresponding to 
structure (VII). The factors controlling the various possible ring closures are thus 
delicately balanced. 


EXPERIMENTAL 

Degradation of Toxiferine-I by Aqueous Acid.—A solution of toxiferine-I dichloride (7 mg.) 
in water (1-5 ml.) and 0-1Nn-sulphuric acid (0-6 ml.) was kept at room temperature in a stoppered 
tube for 7 days. The colour of the solution gradually became strong violet, being most intense 
after 3 days and later fading to a very weak brown. Percolation of the solution through 
a small column of ‘‘ Amberlite ’’ IRA-400 resin in the chloride phase removed sulphate anions, 
and the percolate and washings were evaporated to dryness at room temperature in a desiccator. 
Paper chromatography showed the presence of two components in the residue, the faster 
running material giving an orange reaction with ceric sulphate and the slower-moving product a 
violet reaction with this reagent. The total residue was dissolved in water-saturated ethyl 

16 Wieland and Gumlich, Annalen, 1932, 494, 191; Wieland and Kaziro, ibid., 1933, 506, 60; Anet 


and Robinson, J., 1955, 2253. 
17 Berlage, Bernauer, von Philipsborn, Waser, Schmid, and Karrer, Helv. Chim. Acta, 1959, 42, 394. 
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methyl ketone containing 10% (v/v) of methanol (total 2 ml.) and transferred to a column of 
powdered cellulose (2 g.; Whatman Standard grade). Elution with water-saturated ethy| 
methyl ketone containing 3% (v/v) of methanol and colour tests on the fractions obtained 
showed that the faster- and slower-moving components had been completely separated. Evapor- 
ation of the fractions containing the former gave crystalline material (3-3 mg.) which was shown 
to be identical with alkaloid A 8 (hemitoxiferine-I) by colour reactions (ceric sulphate and 
cinnamaldehyde-hydrochloric acid), ultraviolet spectrum, Ry values in two solvent systems, 
and infrared spectrum (Nujol). 

The slow component was also recovered crystalline by evaporation of the appropriate 
fractions and was indistinguishable chromatographically from caracurine-II methochloride; the 
latter was prepared from an authentic sample of caracurine-II hydrochloride. An aqueous solu- 
tion of this salt (ca. 1 mg.) was basified with sodium hydroxide, then saturated with potassium 
carbonate, and the caracurine-II base was extracted into chloroform. Evaporation of the dried 
extract left a gum which, in methanol, was treated with an excess of methyl iodide at room 
temperature. After 30 min., the solvents were removed and an aqueous solution of the residue 
was passed through ‘‘ Amberlite ’’ IRA-400 resin, chloride phase. After evaporation of the 
total percolate and washings, the residue was chromatographed on paper, giving only one spot 
(Ro 0-42 in solvent system ‘‘C’’ 38), Caracurine-II methochloride gave a violet colour with 
ceric sulphate and no colour with cinnamaldehyde—hydrochloric acid. 

By treatment of a sample of caracurine-II methochloride, derived from toxiferine-I, with 
picric acid in aqueous solution, caracurine-II methopicrate was precipitated; this crystallised 
from aqueous acetone as needles, m. p. >300° (Found: C, 58-1, 57-95; H, 4-6, 4-6. 
C5eH59Oi1gNi9 requires C, 58:3; H, 4-7%; CseH59O,,Nyo requires C, 57-45; H, 4-65%). 

Preparation of Hemitoxiferine-I Chloride (Alkaloid A 8 Chloride) —The Wieland—Gumlich 
aldehyde was prepared from strychnine by the method of Anet and Robinson.!* It was found 
essential to prevent the temperature of the nitrosation reaction from rising above 70°. More- 
over, the crude Wieland-Gumlich aldehyde base was best purified by percolating it in chloro- 
form over alumina (Peter Spence, Type ‘‘ H,” containing 6% of water). The base recovered 
by evaporation of the total percolate then crystallised readily from benzene. 

The pure base (1-1 g.) was dissolved in the least amount of methanol at 60°, and the solution 
was cooled to room temperature. After addition of methyl iodide (6 ml.), the mixture was kept 
for 10 min. at room temperature, then 30 min. at 0°, and the crystalline product was collected 
and dried to give the Wieland—Gumlich aldehyde methiodide (1-26 g.). Chromatographic 
examination of the mother-liquor showed that it contained more of the same salt. A solution 
of the methiodide (0-2 g.) in water (100 ml.) was percolated through ‘“‘ Amberlite ’’ IRA-400, 
chloride phase; evaporation of the solution and washings gave a quantitative yield of the 
Wieland—Gumlich aldehyde methochloride, [{a],,2* —43° (c 1-0, in water). This product was 
shown (as above) to be identical with alkaloid A 8 chloride. 

The Wieland—Gumlich aldehyde methopicrate crystallised from aqueous acetone as prisms, 
m. p. and mixed m. p. with alkaloid A 8 picrate, 233—235° (Found: C, 56-7; H, 5-0. 
C,,H,,0,N, requires C, 56-5; H, 49%). 

Action of Acetic Acid on Alkaloid A 8.—Alkaloid A 8 chloride (14 mg.) was heated at 90° for 
16 hr. with acetic acid (1 ml.) in an evacuated sealed tube. The acetic acid was removed under 
reduced pressure and the residue (13-7 mg.) was fractionated on cellulose powder (6 g.) in water- 
saturated ethyl methyl ketone containing 3% of methyl alcohol. The eluted fractions were 
examined by paper chromatography and on this basis were combined to give three main 
fractions. 

The slowest-moving fraction (4-3 mg.) by further chromatography under the same conditions 
as above gave crystalline toxiferine-I chloride identified (as above) with an authentic specimen. 
A portion was converted into the corresponding picrate which was recrystallised from aqueous 
acetone. The product had m. p. 276—278° (decomp.), unchanged on admixture with authentic 
toxiferine-I picrate having m. p. 278—280° (decomp.) in the same bath. 

Preparation of Toxiferine-I Chloride (VII; R = OH).—The Wieland—Gumlich aldehyde 
methochloride (0-5 g.) was heated with pivalic acid (4 ml.) at 120° for 16 hr. in an evacuated 
sealed tube. After evaporation of the pivalic acid under reduced pressure, water (2 ml.) was 
added and the resultant solution was again evaporated to dryness. The total residue from two 
such experiments was dissolved in the smallest volume of hot ethanol, and the solution was 


148 Schmid, Kebrle, and Karrer, Helv. Chim. Acta., 1952, 35, 1864. 
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evaporated under nitrogen until crystallisation started. After the solution had been kept for 
1 hr. ‘at 0°, the crystals were collected and dried, to give pure toxiferine-I chloride (0-72 g.; 
72%), shown to be identical (as above) with the natural alkaloid (Found: C, 62-55; H, 7-15; 
Cl, 9-25. Calc. for CygH,,O,N,Cl,,4H,O: C, 63-4; H, 7-2; Cl, 935%). The partially synthetic 
toxiferine-I chloride had [a],,2* —529° (c 1-0, in water); Amax 293 mu, Amin, 237 my (log e, 4-61, 
3.75, respectively, in ethanol). 

Toxiferine-I picrate, prepared from the foregoing chloride, crystallised from aqueous acetone 
as orange plates, m. p. 278—-280° (decomp.) (Found: C, 58:3; H, 5-0. Calc. for Cs,H5g0,Njo: 
C, 58:3; H, 4-7%). 

Berlage et al.1? record the m. p. of toxiferine-I picrate as 257—-260° (decomp.). We find that 
decomposition occurs at 250—260°, dependent upon the rate of heating, and continues slowly 
as the temperature is raised; the constant recorded here, which was determined in an evacuated, 
sealed, soft-glass capillary, is that of the sudden flowing and frothing of the sample. This 
constant which is reproducible and is a good criterion of the purity of the material is clearly that 
recorded by Wieland e¢ al.!* (270°) and by King * (278°). 

Action of Pivalic Acid on the Wieland-—Gumlich Aldehyde.—A solution of the Wieland- 
Gumlich aldehyde base (0-3 g.) was heated at 120° for 18 hr. with pivalic acid (4 ml.) in an 
evacuated sealed tube. The pivalic acid was removed under reduced pressure, water (50 ml.) 
was added to the residue, and the solution was made basic with ammonia. Exhaustive extrac- 
tion with chloroform and evaporation of the extract under reduced pressure gave a brown gum 
which was dissolved in benzene-chloroform (9:1 by vol.) and adsorbed on alumina 
(Peter Spence, Type ‘‘ H,” containing 12% of water; 25g.). Elution with the same benzene— 
chloroform mixture gave pure caracurine-V (153 mg.), identified (as above) with authentic 
material. Chloroform and chloroform containing 2% of methanol eluted a number of unidentified 
substances. Finally, elution with methanol gave a brown resin (31 mg.) which was treated with 
methanol (2 drops) and methyl iodide (0-5 ml.). After 15 min., the methanol and methyl 
iodide were evaporated under reduced pressure and a solution of the residue in water was passed 
through “‘ Amberlite ’’ IRA-400 resin, chloride phase. The eluate, reduced to dryness in vacuo, 
gave a semicrystalline residue shown by ultraviolet spectrum, paper chromatography, and 
colour reactions to be mainly toxiferine-I chloride. 


Grateful acknowledgment is made to the Curator of Forests, British Guiana, and to 
Dr. R. A. E. Galley and Dr. P. C. Spensley of the Tropical Products Institute for supplies of 
Strychnos toxifera bark, to Dr. James Walker ‘for generous gifts of alkaloids, to Professor P. 
Karrer for samples of caracurines VII and II, and to the Medical Research Council for financial 
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153. The Adsorption of Alcohols at Hydrocarbon—Water Interfaces. 
By F. Franks and D. J. G. Ives. 


The dependence of the interfacial tension between a pure hydrocarbon 
and water upon temperature indicates that AH and AS for interface formation 
pass through a pronounced maximum at about 34°c. Small additions of 
methanol, ethanol, or n-propanol, but not of n-butanol, produce elevations 
in interfacial tension at 10° and 25°, but not at 40°: further additions lead 
to normal ‘‘ Gibbsian adsorption” at the interface with accompanying 
depression of interfacial tension. These effects are discussed in terms of 
current views on the structure of water and its modification by solutes. 


TE process of forming a liquid-liquid interface involves the transfer of two substances 
from initial bulk-phase states tp a final “ interfacial state.’’ Studies of this process 
should be capable of providing information about any of these states, providing that 
difficulties of interpreting experimental results can be overcome. Thus, when an interface 
is formed, two sets of interactions between like molecules are partially replaced by inter- 
actions between unlike molecules, which may establish preferred orientations and confer 
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a degree of organised structure upon the interfacial zone. The systems are complex, and 
the study of one process can hardly be expected to provide intelligible information about 
three states (two bulk and one interfacial) simultaneously: only with prior knowledge of 
two of them can reliable conclusions conceivably be reached about the third. It is doubtful] 
if this desirable situation has yet been attained. Water, more often than not, is one of the 
components of the two-phase liquid systems which are of principal interest. But water 
is a very anomalous liquid with a structure of its own which alters with temperature in a 
way not yet fully understood. If the second liquid consists of polar molecules carrying 
functional groups, it may present its own structural problem, and what happens at the 
interface may be as much a function of the dissimilar structures of the two liquids as of 
specific interactions operating across the interface. A further complication arises from 
the fact that no two liquids are completely immiscible and there is the possibility that 
each may be significantly modified by the amount of the other that it is able to dissolve, 
These may be the reasons why there is at present little information about the thermodynamic 
functions of interface formation; there are no clear-cut questions which thermodynamics 
might be expected to answer. It may also be significant that it is an exacting experimental 
task to determine these functions, for accurate measurements of interfacial tension over 
a range of temperatures are needed. Few of the accepted methods of measuring surface 
tension are readily adaptable to the study of interfaces, particularly under the rigorous 
conditions needed to exclude the vitiating effects of traces of surface-active impurities. 

It is perhaps not surprising that data of the requisite kind are scanty and present a 
picture of inconsistency or, alternatively, of specific effects of potential interest. Thus 
Harkins e¢ al. measured interfacial tensions between many organic liquids and water and 
found that, as a general rule, there was a linear variation with temperature. There were 
cases, however, in which the tension reached a maximum between 30° and 40° (heptalde- 
hyde, non-l-yne, “ higher paraffin ’’). In contrast with the bulk of Harkins’s results, later 
work * has shown that the tensions of halogenated benzenes and toluenes against water 
lead to curves concave to the temperature axis. 

Progress would seem to depend on simplifying the experimental systems. If water 
is retained as one principal phase, the other must be the simplest kind of liquid which is 
immiscible with it, and the obvious choice is a paraffin hydrocarbon of low molecular 
weight. But once the interfacial tensions have been measured over a temperature range, 
there is little else that can be done with this system unless it is adopted as a standard of 
reference with which others may be compared. This is the procedure which has been used 
in the present work, the changes in behaviour resulting from the addition of a third compo- 
nent to the standard system being followed systematically. At first sight it might seem 
that the use of a third component would only add complication and introduce new effects 
to cloud the issue further. But the idea has been so to choose the third component that it 
might serve as an “ indicator” of the state of affairs at the interface and perhaps in the 
aqueous phase as well. It should therefore not be highly surface active, it should be 
predominantly soluble in the aqueous phase and be as “‘ compatible ’’ with it as possible; 
it should be used in extremely low concentrations and should lend itself to setting up 
non-standard systems differing from the standard one in a graded and systematic way. 
Only the lower aliphatic alcohols meet these requirements, and their suitability is further 
indicated by the fact that they are known to have a perceptible effect upon hydrocarbon- 
water interfaces at very low concentrations.’ The use of an electrolyte as an “‘ indicator” 
in this way might be of great interest, but would involve complications arising from the 
electrical double layers set up in response to electrostatic forces. It may well be that 
such considerations cannot be excluded, since studies of the electrophoresis of hydrocarbon 


1 Harkins and Humphrey, J. Amer. Chem. Soc., 1916, 88, 246; Harkins, Clarke, and Roberts, ibid., 
1920, 42, 700; Harkins and Cheng, ibid., 1921, 48, 35. 

* Jasper and Wood, J. Phys. Chem., 1955, 59, 541; Jasper and Seitz, ibid., 1958, 62, 1331. 

% Jordan and Taylor, Trans. Faraday Soc., 1952, 48, 346. 








» and 
ibout 
ge of 
bt ful 
»f the 
Vater 
-ina 
rying 
t the 
as of 
from 
that 
olve, 
amic 
mics 
ental 
Over 
rface 
Tous 


nta 
Thus 

and 
were 
ilde- 
later 
ater 


ater 
‘h is 
ular 
nge, 
d of 
ised 
1po- 
eem 
ects 
ut it 
the 


ble; 

up 
ray. 
her 
on- 
yr” 
the 
hat 
on 


nd., 








1960) Alcohols at Hydrocarbon—Water Interfaces. 743 


droplets has shown that the oil phase in contact with an aqueous medium carries a negative 
charge * for which there is no well-established explanation.‘ 

It was not to be expected that any very clear-cut results would emerge, but there is an 
obvious need for studies of this kind conducted at various temperatures. The only 
extensive investigations 5° of the effects of alcohols of low molecular weight on oil—water 
interfaces have been carried out at a single temperature and cannot give any information 
about enthalpy and entropy effects. 

In the present work, the drop-volume method has been applied, in a manner described 
in the experimental section, to the determination of interfacial tensions, with a probable 
error of -+-0-04 dyne cm." between 10° and 40°c. The method has the advantages that a 
fresh interface is created for each determination, that the results are independent of 
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contact angle at the glass—liquid interface or, below a critical limit, of rate of drop-growth, 
and that it is relatively easy to maintain the high standards of purity required. The 
water used had a conductance about twice that due to self-ionisation, and every effort was 
made to achieve and maintain similar standards of purity for the other components, all 
of which were stored and manipulated under an atmosphere of pure nitrogen. Under 
these conditions it was possible to reproduce all the measurements within the limits of 
error of one experiment, provided that the liquid phases were always thoroughly 
equilibrated with each other, and to obtain significant results for a range of alcohol concen- 
trations between 1072 and 10 mole 1.1. The hydrocarbon phase used was initially a 
large stock of purified “‘ hexane fraction from petroleum, special for spectroscopy,” but 
in the later work pure n-octane and pure n-hexane were used with no alteration in the 
nature of the results. 

The first result of major interest is illustrated in Fig. 1, which shows the interfacial 
tension between n-hexane and water from 25° to 40°; it is seen that the experimental 
points (each the mean of at least ten determinations) give, within the indicated 
experimental error, a smooth curve of very characteristic shape. It is obvious that the 
entropy of interface formation passes through a very pronounced maximum at about 
34°. This effect has already been reported; ’ it is much more likely to be due to the water 
than the hydrocarbon layer and calls to mind suggestions that have been made ® that there 
may be a change in the structure of water near this temperature. 

4 Taylor and Wood, Trans. Faraday Soc., 1957, 58, 523. 

5 Bartell and Davies, J. Phys. Chem., 1941, 45, 1321. 

® Hutchinson and Randall, J. Colloid Sci., 1952, 7, 151. 


? Franks and Ives, Nature, 1959, 188, 316. 
5 Feates and Ives, J., 1956, 2798. 
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Results for hexane-aqueous alcohol systems are recorded in Figs. 2—6, in terms of the 
differences of interfacial tension, Ay, from that of the standard, alcohol-free system. Their 
remarkable nature is clearly apparent. Thus, the addition of a trace of methanol (10-1 
mole 1.) to the hexane-water system causes a marked elevation of interfacial tension at 
10° and at 25°, but not at 40°; Ay, after passing through a peak of about +-1-2 dyne 


Fic. 3. Ethanol: 1, 10°; 2, 25°; 3, 40°. 


Fic. 4. m-Propanol: 1, 10°; 2, 25°; 3, 25°. 
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Fic. 5. n-Propanol in 0-1n-hydrochloric acid: 
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cm. (which is about 30 times the experimental error), levels off at about +0-4 dyne 
cm. before becoming negative and embarking upon normal, “ Gibbsian”’ behaviour. 
At 40° these outstanding effects have vanished, and they are also abolished by the presence 
of hydrochloric acid in the aqueous phase. The ethanol-water system shows similar 
behaviour, but the peak is not so high, and has been displaced to a higher alcohol concen- 
tration. The n-propanol-water system continues the trend established by the two lower 
members of the homologous series; an additional curve, relating to n-octane as the hydro- 
carbon, provides evidence that the phenomena are not adventitious functions of some 
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impurity in this phase. It has also been found that the presence of hydrochlori¢ acid 
again dispels the abnormalities in this system (Fig. 5). The n-butanol—-water system shows 
none of these effects; at all three temperatures there is no elevation of interfacial tension, 
and the curves may be regarded as “ normal.” 

The validity of these results might be questioned on the grounds that the concentrations 
of hexane, and of nitrogen, dissolved in the aqueous phase exceed those of the alcohols, 
at least in the ranges where the abnormalities occur. But these are constant factors 
common to all the cases, whether there are abnormalities or not, and the objection can 
hardly be sustained in view of the regularity of the maximum elevations of interfacial 
tension, and of the threshold concentrations of alcohol above which Ay becomes negative. 
This can be seen from the data assembled in Table 1. There can be no reasonable doubt 


TABLE 1. 
Alcohol Maximum Ay (dyne cm.) Threshold concn. (mole 1.-*) 
Temp. 10° 25° F a 
| RR rrreppe ee res 1-08 1-08 6-7 x 10° 85 x 10° 
FE vcccbsttnosesceecteh 0-70 0-72 3-0 x 10° 40 x 10° 
POG cscccisbiborsedeseths 0-49 0-43 0-55 x 10% 0-3 x 10° 


that here is an interesting phenomenon which, however difficult it may be to interpret, at 
once suggests that there is a radical difference between the state of the hexane—water 
interface at 15° and its state at 40°. The same conclusion could be drawn from the direct 
study of this interface, in absence of any third component, as inspection of Fig. 1 clearly 
indicates. 

In order to evaluate thermodynamic functions for interface formation, measurements 
spaced more closely on the temperature scale are desirable, but the labour involved in 
simultaneously filling in the concentration scale equally adequately for a number of 
systems is very great. The hexane-aqueous propanol system has therefore been selected 
for this more detailed study, since it shows all the features of interest in a concentration 
range normally considered “ accessible,” where the experimental difficulties are corre- 
spondingly less. The measurements concerned are shown in Table 2, together with the 


TABLE 2. Interfacial tensions (dyne cm.*). 


Hexane-water + n-propanol 





Concn. of n-propanol (mole 1-1)" 





Temp. 10 10-5 6 x 10% 103 

, 10° 51-17 51-48 51-88 51-42 
Hexane-water 15 50-91 51-23 51-33 51-14 
Temp. Y 20 50-67 50-97 51-08 50-87 
25° 50-19 25 50-42 50-70 50-83 50-58 
27 50-15 27 50-32 50-60 50-73 50-48 
29 50-07 29 50-22 50-50 50-63 50-39 
32-2 49-84 32 50-08 50-32 50-47 50-19 
33-7 49-58 33 50-03 50-26 50-40 50-13 
34-75 49-42 34 49-98 50-18 50-33 50-07 
35-9 49-23 35 49-91 50-09 50-24 49-99 
37 49-15 36 49-85 49-96 50-04 49-91 
38 49-17 37 49-81 49-88 49-92 49-85 
39 49-12 39 49-74 49-75 49-77 49-75 
40 49-05 40 49-72 49-71 49-72 49-70 


data used in plotting Fig. 1, and some derived thermodynamic functions are assembled in 
Table 3, for temperatures between 25° and 40°. 

The behaviour of these systems so far recorded suggests that it is permissible to regard 
this temperature interval as one within which some transition of state takes place. For 
the standard hexane-water system (on the left of Table 3), it appears that the transition 
is quite sharp, and is marked by a very large enhancement of AH and AS for interface 
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formation, which strongly suggests that some sort of “‘ melting ”’ accompanies this process, 
The same effect is seen when n-propanol is added to the system, but it becomes rather legs 
pronounced, and it is noteworthy that outside the rather narrow transition region the 


TABLE 3. Thermodynamic functions of interface formation. 


Concn. of n-propanol (mole 1.-) 








0 6 x 10° 10-* 

ee oe = ~~ on = 

Temp. AG AH TAS AS AG AH TAS AS AG AH TAS AS 
25° = 50-19 57-7 75 25 65083 65-7 14-9 5-0 _ — — wet 
26 —_ — — _ _ _— _ —_ 50-52 67-0 16-5 5-5 
27 50-15 57-7 75 25 50-73 65-7 15-0 5-0 50-47 67-0 16-5 5-5 
29 50-07 63-7 13-6 45 50-63 65-7 15-1 50 50:36 67-0 16-6 5-5 
31 49-96 743 243 80 50:52 65-7 15-2 5-0 50-24 67-0 16-7 5-5 
33 49-72 101-8 652-1 170 5040 71:8 21-4 70 50:13 68-5 18-4 6-0 
34 _— _— —_ —_ 50-33 75-0 24-7 80 50:07 71-6 21-5 7-0 
35 49-37 94-1 44-7 145 650-24 93-9 43-7 145 49-99 74-7 24-7 8-0 
36 —_— — _ — 50-04 99-5 49-5 16-0 49-91 71-6 21-6 7-0 
37 = 49-15 69-3 20-2 65 49:92 80-9 31-0 10-0 49°85 68-5 18-6 6-0 
38 — — _ — 49-84 73-2 23-3 75 49-79 65-4 15-6 5-5 
39 49-07 60-0 10-9 3-5 49-72 68-5 18-7 6-0 49-74 65-4 15-6 55 


AG, AH, and TAS are in erg. cm.-*; AS in erg. cm.~* deg.-. 


presence of the alcohol itself enhances AH and AS. It is as if the alcohol rather “ smeared 
out” the melting process. These effects are clearly seen in Fig. 7, where AH is plotted 


Fic. 7. 1, Hexane-water; 2,6 x 10-°m-propanol; 3, 10-*m-propanol. 
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against temperature; the curves for AS, with adjustment of scale, are practically 
superposable on these curves. 
DISCUSSION 

In general, it can hardly be disputed that these phenomena must be derived from the 
peculiarities of the aqueous phase, but there is some difficulty in deciding whether they are 
to be attributed to the bulk phase or are characteristic of the interface, and what rdle is 
to be assigned to the alcohol. It is desirable first to consider the relevant information in 
the literature. 

“ Discontinuities ” in surface tension-concentration curves for solutions have been 
observed before,*™ and it has been shown by Prigogine and Defay ™ that surface-tension 


® Ramsay and Shields, Phil. Trans., 1893, A, 184, 622. 
10 Ramsay and Aston, Trans. Roy. Irish Acad., 1902, 32, A, 93. 
11 Morgan and Scarlett, J. Amer. Chem. Soc., 1917, 89, 2280. 
12 Prigogine and Defay, Bull. Soc. chim. belges, 1944, 58, 115. 
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and vapour-pressure deviations from ideality should have opposite signs. If this principle 
js applicable to interfacial tensions against a hydrocarbon phase, the positive deviations 
from ideality now observed suggest that very dilute alcohol-water systems should show 
negative deviations from Raoult’s law. But within the range of compositions within 
which these systems have been studied, the deviations are positive; then if the inference 
js acceptable, the partial vapour pressure curves must cross the Raoult’s law line at some 
very low concentration. This is not forbidden by the Duhem—Margules equation, and 
the opinion may be held that it is very likely. There is no doubt that alcohols interact 
with water by hydrogen bonding and it is possible that at very low concentrations the 
molecules of the alcohol may be able to “ build in” to the water structure; this is almost 
certainly true of methanol, which is the least abnormal of the alcohols in regard to its 
entropy of vaporisation from aqueous solution.’* If this can be accepted, then in the lower 
temperature range, where there can be little doubt that water has a co-operative, pseudo- 
crystalline structure, a sudden breakdown might be expected within quite a narrow range 
of conditions, in particular, of alcohol concentration. Such a breakdown, occurring when 
the water structure can no longer tolerate an increasing alcohol content, might well be 
marked by a transition from negative to positive deviations. The partial molar volumes 
of alcohols in water are notorious for their irregularities, but have not yet been determined 
for the very low concentrations which would be of greatest interest; attention is being 
given to this matter. In general, there is evidence that in many systems containing 
alcohols particular interest attaches to the low alcohol end of the concentration range,’ 
and it seems to be the case that for aqueous-alcoholic systems in particular no comprehen- 
sive physical picture from the structural point of view is available. This uncertainty 
obscures the application of the Gibbs equation to the interfacial tension problem, for it 
would have to be applied in the form I; = — @y/éy;, and there is no knowledge of how the 
chemical potential, y;, varies as a function of concentration at the dilutions concerned. 
The Gibbs-Duhem equation allows 0y;/0c; to become infinite at zero concentration, and 
there is evidence that activity coefficients indeed assume extreme values at high dilutions.!® 

Little progress can therefore be made without directing attention to the properties of 
water in the bulk phase, and very particular interest attaches to possible changes between 
25° and 40°. A case has been made ® that some sort of collapse of order occurs, involving 
a transition, without loss of cohesion or extensive breaking of hydrogen bonds, from what 
may be called a pseudo-crystalline structure of the kind suggested by Bernal and Fowler,}” 
to a more randomised state, in which entropy and energy are enhanced by the bending of 
hydrogen bonds, such as that pictured by Lennard-Jones and Pople.4*® The strongest 
evidence for this was provided by the dependence of heat capacity }® and of the pressure 
coefficient of viscosity °° upon temperature. This may now be supplemented by evidence 
from the thermal conductance of water,24 which appears to be quite differently dependent 
upon temperature on either side of 30°. It is of special interest that surface and interfacial 
tension effects are consistent with this hypothesis. Fig. 8 shows values for AH and TAS 
for the formation of the water-air interface, calculated from the unsmoothed surface 
tensions measured at 1° intervals by Moser; 2 they are quite remarkable and suggest that 
above 35° a more disordered surface is produced than below this temperature. A some- 
what different effect can be found in the measurements of Howard and McAllister * of 


18 Frank and Wen, Discuss. Faraday Soc., 1957, No. 24, 133. 

™ Barker, J. Chem. Phys., 1952, 20, 794. 

% Moelwyn-Hughes and Missen, J. Phys. Chem., 1957, 61, 518. 

® Butler, Trans. Faraday Soc., 1937, 38, 229. 

" Bernal and Fowler, J. Chem. Phys., 1933, 1, 515. 

'*® Lennard-Jones and Pople, Proc. Roy. Soc., 1951, A, 205, 155. 

 Ginnings and Furukawa, J. Amer. Chem. Soc., 1953, 75, 552. 

* Bridgman, ‘‘ The Physics of High Pressures,” Bell, London, 1949, p. 346. 
*t Trontasev, Doklady Akad. Nauk S.S.S.R., 1956, 111, 1014. 

*2 Moser, Ann. Phys., 1927, 82, 993. 

** Howard and McAllister, A.I.Ch.E. Journal, 1957, 3, 325. 
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surface tensions of acetone-water mixtures; for dilute acetone solutions, the entropy of 
surface formation rises from 0-10 erg cm.~? deg."! at 20° to 0-22 at 35°, and decreases to a 
level value of 0-14 erg cm. deg above 40°. 

No effects of this kind can be seen in the measurements of interfacial tensions between 
n-paraffins and water made by Hassan, Nielson, and Calhoun * or by Michaels and Hauser, 
but in this case AS is small, and rather high accuracy of measurement is needed to observe 
its dependence on temperature; certainly a very marked effect is apparent in the present 
work. But the influence of pressure on the interfacial tension between n-decane and water 
gives a decisive indication; * at 23-55°, the isotherm passes through a maximum near 
400 atm., and then falls, so that at 700 atm., the tension is Jower than its normal value at 
l atm. All the other isotherms, above 50°, however, are uniformly rising curves. With 
the benzene-water system, on the other hand, the isotherms have positive slopes at the 
lower temperatures, negative at the higher. Although these effects are embarrassingly 
various, they all go to confirm the complexity of the water structure problem and support 
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the view that the temperature range 30—40° is a critical one within which something 

rather decisive happens. 

The work of Frank and Evans * on the hydration of nonpolar molecules in aqueous 
solution is relevant to the present problem. In order to explain the very large entropies 
of evaporation of such solutes, it was necessary to conclude that they promote the natural 
tendency of water to be ice-like, so that each solute molecule can be pictured as forming a 
nucleus for an “ iceberg ”’; no specific hydration forces are involved, but only a stabilising 
effect whereby the open structure of the “ iceberg” is packed out and protected from the 
crushing effect of thermal bombardment. This kind of solute—solvent interaction is quite 
abnormal and peculiar to water in the lower range of temperatures; with rising tem- 
perature the abnormality decreases and there is a tendency for a transition to the normal 
solute-solvent interaction (which tends to depress AS of vaporisation of the solute) to occur. 
This change in the interactions with temperature may well explain the minima that have 


** Hassan, Nielson, and Calhoun, J. Petr. Technol., 1953, 5, 399. 


*8 Michaels and Hauser, J. Phys. Colloid Chem., 1951, 55, 408. 
#6 Frank and Evans, J. Chem. Phys., 1945, 18, 507. 
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been reported for partial molar volumes *’ and solubilities * of hydrocarbons in aqueous 
solution, plotted against temperature. 

Frank and Evans's theory provided a basis for the linear relationship, observed by 
Barclay and Butler,” between the entropy and enthalpy changes associated with the 
evaporation of a solute from dilute solution. The available data lead to three linear 
plots: one for non-polar solutes, one for polar solutes, and another for alcohols (and 
amines). The “ alcohol line ’’ has a characteristic slope, suggesting a mode of interaction 
with water peculiar to the alcohols. The alcohols fall upon the line in the order of the 
homologous series, the point for methanol falling near to that for the evaporation of pure 
water, through which the line passes. At the other end, the line approaches that for 
nonpolar solutes, and n-pentyl alcohol falls on both. It is thus indicated that the lowest 
member of the series, methanol, is indeed rather water-like, but with increasing length of 
hydrocarbon chain, the alcoho] molecules tend to assume hydrocarbon-like properties. 

These ideas lend themselves to application to our own results, and lead to the following 
interpretation of them. 

The pure hexane—water system being considered first, the most striking result is the 
indication of some sort of melting process, with large AH and AS, which accompanies, and 
is a function of, interface formation. It occurs over quite a narrow temperature range, 
centred on 34°, so that at both lower and higher temperatures, no such melting is involved 
when interface is generated. Comparison of Figs. 7 and 8 shows that there is no such 
melting in the surface formation of water; AH and AS do not pass through a peak with 
rising temperature, but they do show a great inflection. This is entirely consistent with 
the view that below about 34° there is an increase in order when the surface of water is 
formed; it might be said that a freezing process, liberating heat, depresses the positive 
value of AH and, involving a decrease in entropy, depresses the positive value of AS. 
What might otherwise be regular curves thus develop large kinks by being ‘‘ pushed down ” 
at temperatures below 34°. The picture may be completed by noting that for the 
n-hexane-air interface, AH is a linear function of temperature between 0° and 60°, and 
AS is constant.®® 

The question arises, why does water behave so differently when it makes an interface 
with the two ostensibly inert phases, hydrocarbon and air? The simplest answer is that 
one is a condensed phase and the other is not. 

At the lower temperatures, it is suggested that the hydrocarbon-water interface is 
covered by an “icy”’ layer of water molecules entirely similar in nature to Frank and 
Evans's icebergs which are known to surround hydrocarbon molecules in aqueous solution. 
This is but an extrapolation of Frank and Evans’s idea, and has already been suggested for 
another kind of interface.84_ This is supported by the fact that AH and TAS (or AS) at, 
say, 25° (cf. Table 3) are very low in value, far lower than for the surface formation of water 
at the same temperature (cf. Fig. 8). Then it may be supposed that the hydrocarbon 
phase stabilises the ice-likeness of water in its vicinity mainly by a sort of packing-out, or 
reinforcement, lending protection against thermal disruption. It is very important to 
note that what might be called, in general, the “ Frank and Evans effect” in no way 
depends upon any interaction forces operating between unlike molecules; only water-— 
water forces are concerned. This is emphasised by Claussen’s ** exercises in synthesising 
model clathrate cages by building together primary tetrahedral water-—associate units, 
which correspond so well with “‘ icebergs’ and with known crystalline hydrates. Thus, 
the suggested icy layer over the hydrocarbon phase does not depend on any hydrocarbon- 
water forces; rather the contrary, 

* Masterton, J. Chdm. Phys., 1954, 22, 1830. 

*8 Bohon and Claussen, J. Amer. Chem. Soc., 1951, 78, 4181. 

* Barclay and Butler, Trans. Faraday Soc., 1938, 84, 1445. 

% Jasper, Kerr, and Gregorich, J. Amer. Chem. Soc., 1953, 75, 5252. 


*t Grahame, J. Chem. Phys., 1955, 78, 1725. 
™ Claussen, ibid., 1951, 19, 259, 662, 1425. 
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Another important point is that the primary tetrahedral unit of water association, 
and all the more complex cages or sheets that further association may form, involve a 
degree of “ contra-association’”’; in the simplest terms the water molecules do not all 
point one way, molecular dipoles are not all aligned so as to give each other the maximum 
support. This is why the dielectric constant of water is increased under high pressures8 

Now, if one considers interaction between the hydrocarbon phase and water molecules, 
it is obvious that these will be maximal at some preferred orientation of the water molecules 
with respect to the surface of the phase; what it actually is (hydrogens inwards, hydrogens 
outwards ?) is quite secondary. The point is that such an interaction, which must be quite 
considerable (for work of adhesion is far from negligible), will, to minimise potential energy, 
require all the water molecules to adopt the same orientation and point in the same 
direction. This is inconsistent with the arrangement of the water molecules in the icy 
layer, in which, by the dictates of “ tetrahedral hydrogen bonding,” some will point 
inwards and some outwards. This may be why, over a narrow temperature range only, 
interface formation may involve an “ unfreezing,”’ or what might be called a “ rotational 
melting,” occurring when non-co-operative hydrocarbon—water interactions overcome 
co-operative water—water interactions. A similar thing could not happen at the water-air 
interface because the air phase is too “ dilute’ and cannot exert any significant forces 
on anything. 

It is relevant that the fact that the entropy of interface formation is positive (with 
some notable exceptions) has led to a statement * that the interfacial layer is more 
disordered than the bulk phase from which it was generated. This is untenable, fora 
reversible process can be imagined in which an idealised surface is generated with no change 
in degree of order; it would be endothermic and would necessarily involve an increase in 
entropy. Ifa standard AS for such an idealised process were known, then greater values 
would indicate increased disorder. For associated liquids at least, there is little doubt 
that surface zones tend to be more ordered than bulk phases.* 

To attempt an interpretation of the behaviour of alcohol-containing systems, it is 
first noted that abnormalities in the interfacial tension—concentration isotherms disappear 
(a) at about 35°, (6) with increase in alcohol concentration, (c) with increase in length of 
the hydrocarbon chain of the alcohol, and (d) on addition of a large excess of the strong 
electrolyte, hydrochloric acid. These salient facts can be considered in turn. 

(a) The outstanding effect of very low concentrations of the three lower alcohols is to 
increase AG for interface formation, and there can be little doubt that in this region the 
alcohol molecules are effectively repelled from the interface. This must mean that they 
are preferentially retained in the bulk of the aqueous phase. The enhancement of surface 
tensions by ionic solutes is interpreted in this way; Harkins and MaLaughlin * have 
calculated that in dilute electrolyte solutions there is a solute-free surface layer one mole- 
cule thick, into which ions may be forced as the concentration is increased. No information 
is available about possible preferred orientations in the surface layer or about the effect 
of temperature. In this case it is the forces of solvation of ions which are responsible. 
For the case of the alcohols, the forces of hydrogen bonding come to mind, but these are 
very much weaker. Something more seems to be needed, and is found in the suggestion 
that the lower alcohols can, at low enough concentrations, be tolerated as components 
of the co-operative water structure. Then, over quite a narrow range of rising temperatures, 
release of the alcohol molecules might be expected. Alternatively, similar arguments 
might be presented that alcohol molecules locked in Frank and Evans’s “ icebergs ” are 
naturally very hydrophilic, but cease to be so when, with rising temperature, this abnormal 
solute-solvent interaction weakens and disappears. In either case, a marked change in 


33 Hamann, “‘ Physico-chemical Effects of Pressure,” Butterworths, London, 1957, p. 104. 
34 Stephan, Wied. Ann., 1896, 29, 655. 

33 Good, J. Phys. Chem., 1957, 61, 810. 

%* Harkins and McLaughlin, J. Amer. Chem. Soc., 1925, 47, 2083. 
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solute-solvent interaction at about 35° is postulated, and evidence for it is provided by 
heat capacity-composition isotherms which, for alcohol-water mixtures, undergo a 
complete change of shape at about this temperature.*” A simpler explanation of the 
effective repulsion of the alcohol molecules from the interface is that the supposed ice-like 
layer acts as a barrier which is vulnerable to rising temperature. It is clear that evidence 
is wanting to decide between these conjectures. 

(b) With increasing alcohol concentration, the interfacial tension isotherms, for the two 
lower members, pass through a peak and then descend to a plateau where Ay is still positive. 
It is likely that two influences are needed to explain this, one raising and the other lowering 
the free energy of interface formation. On the other hand, the comparative sharpness of 
the peak suggests that it is caused by something akin to a phase transition, or order- 
disorder transformation, perhaps leading to a modified interface. In this case, the whole 
of the curve after the peak has been traversed could be regarded as normal, but shifted 
with respect to a horizontal axis which is no longer relevant. Against this, however, is 
the fact that at 10° and at 25° the interfacial tension in this ‘‘ normal” section is 
appreciably higher than that for the alcohol-free system, in contrast to what is found at 
40°. It has been suggested that the lower alcohols can “ build in” to the water structure 
with a difficulty which increases with the number of carbon atoms in the molecule. This 
might also apply to the kind of ordered water layer which is believed to exist at the hydro- 
carbon surface; the peak might then represent a re-arrangement of this layer to admit 
alcohol molecules to a limited number of sites. If so, the results are consistent with a 
greater tolerance for the more water-like alcohol, and a reason is perhaps found for the 
decreased sharpness of the “ melting point” of the layer (cf. Fig. 7), and the increased 
values of AH and AS outside the melting range. 

(c) Sooner or later, with rising alcohol concentration, preferred, “‘ Gibbsian ’’ adsorption 
at the interface supervenes, just as if a barrier to it had been overcome, or as if the alcohol 
molecules had been released from bondage in the aqueous phase. The tendency for this 
adsorption to occur must, however, be present all the time and must exert some effect at 
all concentrations, the more the higher the alcohol. With n-butanol it appears to be 
strong enough to be decisive, and with the other alcohols, to play a part consistent with 
their chain length, as shown by the “ threshold concentrations’ noted in Table 2. 

(d) It is well known that the kind of order promoted by ionic solutes in aqueous solution 
is incompatible with the ordinary water structure and that, outside of their hydration 
zones, ions have a structure-breaking effect. That a heavy excess of strong electrolyte 
abolishes all the abnormal effects that have been observed supports the view that they 
are to be explained in some such way as has been attempted. 


EXPERIMENTAL 

The Drop-volume Apparatus.—The interfacial-tension measurements were made by means 
of the apparatus illustrated in Fig. 9, based upon a design due to Taylor.** The clean dry 
apparatus was set up in its rigid mounting frame and the tap S2 alone was lubricated with a 
thin film of Apiezon L grease; no liquids came into contact with this tap. The barrel of the 
“ Agla’’ micrometer syringe was attached by means of a Polythene sleeve, and the whole 
apparatus was flushed out with purified nitrogen for 30 min. The reservoir containing the 
equilibrated phases was attached to B by means of a glass spiral and nitrogen pressure was 
used to fill B with hexane, the unlubricated tap S1 being kept closed. The reservoir was then 
connected to the top of D and the aqueous phase forced into the apparatus until it overflowed 
at the syringe barrel. The syringe plunger was at this moment inserted and, simultaneously, 
tap S2 opened, so that the Vessel C filled with the aqueous phase. When it was nearly full, 
S2 was closed and the connection at D loosened, so that bulb A filled. The reservoir was then 
removed and D stoppered. 

Next, the joint Q was loosened and hexane allowed to fill the rest of the apparatus from B; 


* Staveley, Hart, and Tupman, Discuss. Faraday Soc., 1953, No. 15, 130. 
* Taylor, Thesis, London, 1952. 
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when the joint was wetted with hexane, it was secured. By loosening the stopper at D, more 
hexane was allowed to flow until the interface between the phases was some 3 cm. below the jet, 
Finally excess of aqueous phase was withdrawn from 4, the nitrogen supply connected to 4, 
and the whole apparatus was transferred to the thermostat bath which was regulated to better 
than +0-02° c. 

The jet consisted of a length of thick-walled Pyrex tubing which was polished with jeweller’s 
rouge on a high-speed lathe, until the diameter was constant to within 0-001 cm. The end of 
the tube was set in an alloy of low melting point and ground with carborundum powder on a 
high speed drill, until microscopical examination showed freedom from flaws. The jet satisfied 
the requirement ** that V/r* should lie between 1-2 and 2-6. 

Method of Measurement.—To measure the drop volume, the nitrogen flow at A was stopped, 
and a drop was grown by opening tap S2. Before the drop broke away, the tap was closed and 





Fic. 9. 
Micrometer 
syringe 
r 
Pump iv 
09 d hs 
D 8 3 
: S2 
ui Cc 





























the jet examined by means of a cathetometer for perfect wetting. Growth was then continued 
by use of the micrometer at a rate of 0-012 ml. min.“!, until the drop broke away; the micro- 
meter reading was then taken. Another drop was then grown quite rapidly to about 2/3 of 
its break-away volume, again by use of the micrometer, and was left suspended for a period 
ranging from 3 min. to 24 hr. The length of this period was found to have no effect upon the 
final drop-volume, thus showing the absence of slow, surface-ageing effects. 

Density Determinations.—These were carried out using a modified Sprengel pyknometer 
having a volume of 15 ml. Before it was filled, dry, purified nitrogen was passed through it for 
15 min. The solution under test was introduced by nitrogen pressure from the reservoir, 
which was suspended in the thermostat bath. 

Preparation of Solutions.—Alcohol solutions were made up by weight in conductance water 
and allowed to reach equilibrium with hexane in the thermostat. The volume ratio of aqueous 
to organic phase was kept constant at about 10:1. It was assumed throughout that the 
alcohol concentration in the equilibrium solution was the same as in the solution originally 
prepared,* since the partition coefficient of ethyl alcohol is 20 and that of butyl alcohol >5. 
The air in the equilibrium reservoir was displaced by nitrogen and the reservoir placed in the 
thermostat for 24 hr. and gently agitated. 

Interfacial tensions were evaluated by means of the relation 
Vg (D — a) V 
me 98 92) 
8® Adam, “ The Physics and Chemistry of Surfaces,’’ Oxford University Press, 1941, p. 378. 
4° Washburn ef al., J. Amer. Chem. Soc., 1940, 62, 1454. 











whe 
and 
fror 


Mi 





ne jet, 
to 4 
better 


eller’s 
nd of 
"ona 
tisfied 


Pped, 
d and 








(1960) Alcohols at Hydrocarbon—Water Interfaces. 753 


where D and d are the respective densities of the aqueous and oil phases, V is the drop volume 


rv 
from the results of Harkins and Brown.‘ A typical set of measurements is shown in Table 4. 


: V\. P . , 
and 2r is the outside diameter of the jet. ¢ eS is a correction factor obtained by interpolation 


TaBLE 4. Interfacial tension between hexane and water at 25-00° + 0-02°. 


Micrometer readings, Micrometer readings, 
cm.’ x 5 x 10° Residuals, * Fa cm.* x 5 x 108 Residuals, x x 

1487 —3 9 1490 0 0 
1477 —13 169 1490 0 0 
1498 +8 64 1485 —5 25 
1484 —6 36 1490 0 0 
1488 —2 4 1490 0 0 
1499 +9 81 1491 +1 1 
1500 +10 100 —- — lt 

1490 +4 489 


Probable error = +0-67454/[%?/n(m — 1)] = +1:2 ~ 40-08%. 
V/r* = 0-2980/0-1250 = 2-384; ¢(V/r*) = 0-26332; (D — d) = 0-3275 
y = 0-2980 x 981-2 x 0-3275 x 0-2633/0-5000 = 50-43 + 0-04 dyne cm.". 


Purification of Materials—Hexane. As n-hexane was not readily available, most measure- 
ments were carried out with British Drug Houses Ltd. “‘ Hexane fraction from petroleum, 
special for spectroscopy.” A sample of each batch used was tested by ultraviolet absorption 
spectrum. Absence of absorption between 210 and 700 my indicated freedom from unsaturated 
halogen derivatives, alcohols, phenols, and ethers. The material was shaken with concentrated 
sulphuric acid, then with a 0-1Nn-solution of potassium permanganate in 10% sulphuric acid 
and finally with a 0-1N-solution of potassium permanganate in 10% sodium hydroxide. It was 
washed with water, dried over sodium wire, and distilled. The fraction boiling between 65° 
and 70° was collected. 

Shortly after commencing the experimental work, it was found that successive batches of 
hexane varied in density. Evans ** found that the interfacial tension of this particular grade 
of hexane against water varies by as much as 0-3 dyne. cm. for different batches. A gas- 
liquid chromatogram was run on several batches and varying amounts of several isomers of 
hexane and heptane could be identified. Several batches were therefore mixed and the stock 
mixture used for all interfacial tension determinations. 

n-Octane. Laboratory reagent grade n-octane was treated with chlorosulphuric acid for 
2 days and fractionated (b. p. 125°). 

Methanol. ‘‘ AnalaR”’ methanol was treated with sodium hydroxide solution containing 
iodine. The mixture was set aside for 1 day and then poured into a quarter of its volume of 
10% silver nitrate solution, shaken for several hours, and finally distilled after the silver oxide 
had settled. The alcohol was dried by heating it under reflux with 3 g./l. of aluminium amalgam 
until the whole of the aluminium had reacted. It was then slowly distilled (2 drops/sec.), the 
first 50 ml. and the last quarter being rejected. The column used for all alcohol purifications 
was a 200 cm. x 2 cm. column packed with Fenske helices. A stream of purified nitrogen was 
passed through the apparatus and the alcohol was stored over nitrogen (b. p. 64-5°/758 mm.). 

Ethanol. ‘‘ AnalaR’”’ ethanol was distilled with 5 ml. of concentrated sulphuric acid and 
20 ml. of water per litre. The distillate was refluxed with 10 g. of silver nitrate and 1 g. of 
potassium hydroxide per litre for several days and finally distilled. The alcohol was dried by 
refluxing it over 600 g. of freshly ignited calcium oxide per litre and subsequently shaking the 
mixture for 24 hr. at room temperature. The alcohol was then fractionally distilled (b. p. 
78-2°/756 mm.). 

n-Propanol. As no “ AnalaR”’ grade material was available, commercial n-propanol was 
refluxed with 5 g. of concentrated sulphuric acid and 20 ml. of water per litre. The alcohol was 
distilled and refluxed with 10 g. of silver nitrate and 1 g. of potassium hydroxide per litre for 
Several days. It was then dried with aluminium amalgam and fractionally distilled (b. p. 
97-2°/771 mm.). 

n-Butanol. ‘‘ AnalaR ”’ n-butanol was treated with sodium hydrogen sulphite solution and 


“ Harkins and Brown, J. Amer. Chem. Soc., 1919, 41, 499. 
“ Evans, Trans. Faraday Soc., 1937, $8, 794. 
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then boiled for 4 hr. with a 10% solution of sodium hydroxide. The separated alcohol was 
washed with water and all remaining alkali was neutralised with hydrochloric acid. The product 
was dried by refluxing it with 600 g. of freshly ignited calcium oxide per litre and subsequently 
shaking the mixture for 24 hr. at room temperature. The alcohol was then fractionally 
distilled (b. p. 117-7°/762 mm.). 

Water. Ordinary laboratory distilled water was first redistilled over alkaline potassium 
permanganate and then over phosphoric acid. Spray was centrifuged off from the steam by 
forcing it at speed through a spiral. The steam was condensed in a quartz condenser and the 
distillate collected in a seasoned Pyrex flask. The whole operation was carried out as a 
continuous process and the distillation from the phosphoric acid and subsequent condensation 
were carried out in an atmosphere of purified nitrogen. Water prepared by this method hada 
conductance of about 1 x 107 ohm™cm.7. The water-still used had the advantage that the 
conductance cell was placed in such a position that the resistance of the water could be measured 
both before it was collected and also before it was withdrawn from the storage flask for 
experimental runs. 

Hydrochloric acid. ‘‘ AnalaR’”’ sodium chloride was freed from bromide and _ iodide 
impurities by adding chlorine water to a solution in conductance water. The solution was then 
boiled until all the liberated bromine and iodine had been expelled. The recrystallised product 
was treated with concentrated sulphuric acid. The liberated hydrogen chloride was passed 
through a cold trap and absorbed in conductance water. The solution was then boiled to give 
constant-boiling hydrochloric acid. 

Nitrogen. Nitrogen from a cylinder of “‘ oxygen-free nitrogen ’’ was first freed from dust 
by filtering through cotton wool. It was then passed over soda lime and bubbled through a 
solution of potassium hydroxide and then through phosphoric acid. Finally it was scrubbed 
with conductance water. 
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154. Radiation Chemistry of Carbohydrates. Part I1I.* The 
Effect of gamma-Radiation on Aqueous Solutions of v-Fructose. 
By G. O. PHILLIPs and G. J. Moopy. 


The degradation of D-fructose in aqueous solution by ®Co y-radiation 
has been examined by measuring the changes in acidity, absorption spectra, 
and optical rotation with dose. Hydrogen peroxide and carbon dioxide 
formation have also been measured. Paper chromatographic and radio- 
active tracer methods revealed that the main products were glucosone, 2-oxo- 
gluconic acid, oxalic acid, and two-carbon aldehydic fragments. Isotope 
dilution and absorption spectra indicate the formation of three-carbon 
aldehydic fragments. 

By following the yield—dose curves for the main products, the primary 
and secondary products are identified. These products are considered to 
arise from at least three types of degradation process: (a) oxidation of the 
primary alcohol group at position 1 to form glucosone, which is then con- 
verted into 2-oxogluconic acid (there is also evidence of a similar process 
occurring at position 6); (6) direct scission between C;,) and C;,) to form 
two- and four-carbon aldehydic fragments which are subsequently oxidised ; 
(c) symmetrical scission of the molecule to form glyceraldehyde and 
glycerosone. 


THE chemical action of ionising solutions on D-fructose has received only scant attention. 

No study has been reported of the products. Khenokh ! observed an absorption maximum 
* Part II, 1958, 3534. 

1 Khenokh, Doklady Akad. Nauk S.S.S.R., 1955, 104, 746. 
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at 265 my for solutions of D-fructose exposed to gamma-radiation. Other changes 
accompanying the irradiation of p-fructose solutions have, however, not been described. 
Combrisson and Uebersfeld * detected a characteristic paramagnetic resonance spectrum 
in solid D-fructose after irradiation with pile-neutrons, and it was observed by Williams, 
Geusic, Wolfrom, and McCabe * that the paramagnetic resonance spectra of {-D-fructo- 
pyranose and L-sorbose were similar. In the present work the chemical changes accom- 
panying gamma-irradiation of dilute aqueous solutions of D-fructose are reported. 


RESULTS AND EXPERIMENTAL 


The ®Co source, irradiation vessels, dosimetric techniques, and the chromatographic, 
spectroscopic, and isotope dilution methods were similar to those previously described. Two 
dose rates were employed in the investigation. In the large cell (vol. 150 ml.) the dose rate 
was 1:43 x 10!7 ev min. ml.1, and in the small cell (vol. 40 ml.) 1-03 x 10% ev min. ml... 

Chromatographic Analysis of Irradiated Solutions.—A 0-055m-solution (150 ml.) of D-fructose 
was irradiated to a total energy input of 3 x 10?* ev, and then chromatographed with butan-1- 
ol-acetic acid—water (4: 1:5). The chromatogram showed some streaking when sprayed with 
p-anisidine but this feature was not as marked as with p-glucose.* Four spots were apparent; 
pink, Rp 0-15; brown, Ry 0-18, glucosone; yellow, Ry 0-23, fructose; brown-yellow, Ry 0-30. 

A solution (150 ml.) of [#*C]fructose (7:73 millimoles and specific activity 6-45 uc/millimole) 
was irradiated in oxygen to a total dose of 24-6 x 10%2ev. After chromatography in butan-l-ol— 
acetic acid—water, the autoradiographs showed two further spots, at Ry 0-34 and 0-42, not 
previously revealed with p-anisidine. 

Rate of Formation of Acid: Initial Rate-——The rate of formation of acid in oxygenated 
solutions showed a gradual rise with energy input, and the yield was independent of concen- 
tration over a ten-fold range. If the acid is assumed to be monobasic, the initial rate corre- 
sponds to G(acid) 1-1. For evacuated fructose solutions (5-5 x 10m to 5-5 x 10m), the acid 
yield was lower than in oxygen, and the initial rate corresponds to G(acid) 0-4. The results are 
shown in Fig. 1. 

Acid Yields at High Energy Inputs.—0-055m-Solutions (150 ml.) of fructose were irradiated 
to doses varying from 2 to 20-5 x 10° ev/ml. Volatile acid was measured by vacuum- 
distillation of the solutions at <35° and collection of the distillate in a receiver cooled in liquid 
air. The residue after distillation was examined for non-volatile acid. Total acid was estimated 
on a portion of the whole irradiated solution. The results are shown in Fig. 2. Very small 
amounts of volatile acid are formed at doses less than 2 x 10%° ev/ml., whereas at 20 x 107° 
ev/ml. volatile acid constitutes about 37% of the total acid. 

Rate of Carbon Dioxide Formation.—The gas stream leaving the irradiated solution was 
passed through barium hydroxide solution, and the amount of carbon dioxide formed deter- 
mined as barium carbonate. The threshold energy input for formation of carbon dioxide 
appears to be in the region of 4 x 10° ev/ml. Thereafter its rate of formation increases 
with dose (Fig. 2). 

Absorption Spectra of Irradiated Solutions.—A typical ultraviolet absorption spectrum for 
fructose solutions (40 ml.) irradiated in oxygen is shown in Fig. 3, with a maximum absorption 
at 285—290 mu, which on addition of potassium hydrogen carbonate shifts to 295 my but does 
not increase in intensity. The minimum at 245 my, on addition of potassium hydrogen car- 
bonate, does not change in either position or intensity. Addition of hydrochloric acid to the 
irradiated solution does not affect the position or intensity of the maxima or minima. However, 
fructose solutions (40 ml.) irradiated in vacuo show maximum absorption at 265 my and a 
minimum at 225 my, and there is little change on addition of alkali (Fig. 3). 

The rate of formation of the absorbing substances with energy input was measured in oxygen 
and ina vacuum (Fig. 4). For the same energy input, the peak at 265 my is formed faster than 
at 290 mu. In oxygen and in a vgcuum there was evidence of a slow post-irradiation process, 
and the absorption maxima continued to increase for several days after irradiation had ceased 
(Table 1). 


* Combrisson and Uebersfeld, Compt. rend., 1954, 288, 1397. 
* Williams, Geusic, Wolfrom, and McCabe, Proc. Nat. Acad. Sci., U.S.A., 1958, 44, 1128. 
* Phillips, Moody, and Mattok, J., 1958, 3522. 
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TABLE 1. Change in absorption spectrum after irradiation. 
Energy input Optical density 
Condition of system At end of the irradiation After 170 hr. 
Evacuated : (265 my) 1-15 1-54 
Oxygenated . (290 my) 0-30 0-38 
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Fic. 1. Acid production during irradiation of D-fructose solutions. Dose vate 1-03 x 10" ev min. 
ml, 
In oxygen: O, 55 x 10°m; A, 5-5 x 10M. 
Inavacuum: x, 5-5 x 10m; @, 5:5 x 107M. 


Fic. 2. Production of acid and carbon dioxide during irradiation of D-fructose solutions (5-5 x 107m) 
in oxygen. 


A, Total acid; B, non-volatile acid; C, volatile acid; D, carbon dioxide. 
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Fic. 3. Ultraviolet absorption spectra of irradiated D-fructose solutions 
A (O), In oxygen; energy input 3-0 x 10% ev. B (A), Irradiated solution with added hydrochloric acid. 
C (x), Irradiated solution with added potassium hydrogen carbonate. D (()), In vacuo; energy input 
1-3 x 10% ev. E (Q), Irradiated solution with added potassium hydrogen carbonate. 


Fic. 4. Increase in ultraviolet absorption with energy input during irvadiation of D-fructose solutions 
(ml.). Dose vate 1-03 x 10" ev. min. ml.— 


oye in vacuo at 265 mu. 5 5-5 x 10% in oxygen at 290 my. 
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Formation of Hydrogen Peroxide.—The rate of formation of hydrogen peroxide with energy 
input was measured by the colorimetric method ° for oxygenated fructose solutions (40° ml.). 
Initially the rate of formation was constant up to a dose of ca. 3 x 10 ev/ml. (Fig. 5). The 
initial rate corresponds to G(H,O,) 2-0. When irradiation ceased, the peroxide decreased at 
arate of 4 x 10 molecules min.' ml. until no peroxide could be detected. 

Changes in Optical Rotation.—During irradiation of oxygenated fructose solutions (150 ml.) 
the optical rotation increases with energy input (Table 2). 


TABLE 2. Change in optical rotation for oxygenated fructose solutions (5-5 x 10-m). 
[a]p initial = —92-5° (2 dm. tube). 
Dose (10 evfmll.) .....00..2c..eccescesceeseves 2 43 8-5 11-8 20-5 
[a]p —177-4° —61-8° — 42° —37-2° — 18-2° 
Hours of post-irradiation 48 — 72 72 
—57° _ —34° —16-1° 
Estimation of the Products by Isotope Dilution.—To estimate the products, isotope dilution 
was applied directly to the untreated irradiated solutions. In a typical experiment, an aqueous 
solution (150 ml.) of fructose (7-81 millimoles) of specific activity 5-06 uc/millimole was irradiated 
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Fic. 5. Formation of hydrogen peroxide during irradiation 
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at a dose rate of 1-43 ev min. ml. in oxygen for 24 hr. The following constituents were 
estimated : 

Fructose. (a) As p-fructosazone. Carrier -p-fructose (0-86 millimole) was added to the 
irradiated solution (10 ml.) together with phenylhydrazine (2 ml.) and acetic acid (1-5 ml.), and 
the whole was boiled for 40 min. The solid, after being washed with benzene (50 ml.) and 
recrystallised seven times from ethanol, had m. p. 199—200° and constant specific activity 
1-72 uc/millimole. 

(b) As 1,2:4,5-di-O-isopropylidene-p-fructopyranose.* The irradiated solution (5 ml.) 
was distilled under reduced pressure at <35°, and the distillate collected in a vessel cooled in 
liquid air. The residue, after drying over phosphoric oxide, was treated with carrier fructose 
(1-22 millimoles), dry acetone (6 ml.), and concentrated sulphuric acid (0-02 ml.), and the mixture 
was shaken for 24 hr. The acetone was removed under reduced pressure, and the residue 
extracted three times with ether. Each ether extract was washed successively with dilute 
sulphuric acid (1: 10) and dilute sodium hydroxide, then dried (Na,SO,) and evaporated. The 
residue, recrystallised seven times from light petroleum (b. p. 60—80°), had m. p. 112—113° 
and constant specific activity 0-73 uc/millimole. 

Formaldehyde. Half the distillate obtained from the estimation of di-isopropylidene- 
fructose was treated with carrier formaldehyde (0-233 millimole) and 10% dimedone solution 
(5 ml.). After 24 hr. the precipitate was filtered, and after recrystallising twice from ethanol 
had m. p. 189° and specific activity 2-5 x 10 yc/millimole. 

Glucosone. Carrier glucosone (0-3 millimole), phenylhydrazine (1-5 ml.), and acetic acid 
(1 ml.) were added to the irradiated solution (10 ml.). After 2 hr. the precipitate was filtered 
off and washed with benzene (50 ml.); after six recrystallisations from ethanol it had m. p. 
200° and specific activity 0-34 uc/millimole. 

Glyoxal. The irradiated solution (10 ml.) was treated with phenylhydrazine (1-5 ml.), 

* Eisenburg, Ind. Eng. Chem., Analyt., 1943, 15, 327. 


on Bates, ‘‘ Polarimetry, Saccharimetry and the Sugars,” U.S. Govt. Printing Office, Washington, 
» p. 483. 
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acetic acid (1 ml.), and carrier glyoxal (1-85 millimoles). Eight recrystallisations from benzene 
gave glyoxal bisphenylhydrazone, m. p. 169°, and constant specific activity 0-037 uc/millimole 
D-Avabinose. The irradiated solution (10 ml.) and carrier p-arabinose (0-585 millimole) 
were refluxed for 30 min. with diphenylhydrazine (0-5 ml.) in ethanol (5 ml.).?_ After 24 hr. the 
solution was filtered, and the solid recrystallised seven times from ethanol to give arabinog 
diphenylhydrazone, m. p. 198° and specific activity 5 x 10 uc/millimole. 
1,3-Dihydroxyacetone. The irradiated solution (10 ml.) with carrier 1,3-dihydroxyacetone 
(1-17 millimoles) was boiled with phenylhydrazine (1-5 ml.) and acetic acid (1 ml.} for 5 min, 
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Fic. 7. Rate of destruction of D-fructose in irradiated oxygenated solutions; dose rate 1-03 x 10" ev. 
min.“ ml.-}, 
D-Fructose, estimated as (A) osazone, and (B) as 1,2:4-5-d.-isopropylidenefructose. 


Fic. 8. Rate of formation of products during irradiation of D-fructose solution in oxygen. 
A, Two-carbon fragment; B, p-glucosone. 








eo 
& 
_ 4 
“ 
~ 
> 
iS) 
& 
~ 
° 
o& 
g 
ed 
of 
“” 
° 
~ 
eo 
2 
; 
Q 


Product (0 molecules /ml.) 


The solid, after six recrystallisations from benzene, had m. p. 128° and constant specific activity 
0-065 uc/millimole. 

Oxalic acid. In an independent experiment an aqueous solution (150 ml.) of fructose 
(7-73 millimoles and specific activity 6-45 uc/millimole) was irradiated in oxygen to a total dose 
of 24-6 x 10% ev. The irradiated solution (5 ml.) was freeze-dried and carrier oxalic acid 
(0-96 millimole) added. Eight recrystallisations from hot water gave pure oxalic acid, m. p. 
101° and constant specific activity 0-06 uc/millimole. 

D-Glucuronolactone. Another portion of the above solution (10 ml.) was freeze-dried, and 
carrier D-glucuronolactone (0-8 millimole) added; eight recrystallisations from hot water gave 
pure D-glucuronolactone, m. p. 175° and specific activity 1 x 10 uc/millimole. Table 3 shows 
the yields of products at two different energy inputs under fully oxygenated conditions. 

Rate of Formation of Products.—Accurately known amounts of irradiated [™C]fructose 

7 Neuberg and Wohlgemuth, Z. physiol. Chem., 1902, 35, 31. 
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solution (150 ml.; 7-73 millimoles) of specific activity 6-45 yc/millimole which had received 
progressively increasing doses of radiation (dose rate 1-43 x 10!” ev min. ml.) were chromato- 
graphed in butan-1-ol—acetic acid—water (4: 1 : 5), and the activities of the spots were measured. 
The rate of decomposition of the fructose with energy input was measured, and also the rate 
of formation of glucosone, Rp 0-18, and the unidentified products with Rp 0-15 and 0-30 severally. 
The results are shown in Fig. 6. 

Individual estimations by means of the isotope dilution method were carried out for the 
two-carbon fragment (as glyoxal bisphenylhydrazone), glucosone, and unchanged fructose 
after varying doses. Fructose solution (240 ml.; 13-31 millimoles) of specific activity 7-2 
uc/millimole was irradiated in six 40 ml. portions, each to a successively increasing dose in the 
range 2°39—44-9 x 10 ev/ml. The dose rate was 1-03 x 10 ev min.+ ml.7. At each dose 
level fructose, glucosone, and the two-carbon fragment were estimated by applying the isotope 
dilution method to the untreated irradiated solution. These compounds were estimated as 
1,2:4,5-di-isopropylidenefructose and fructosazone, glucosazone, and glyoxal bisphenyl- 
hydrazone. The results are shown in Figs. 7 and 8. 


DISCUSSION 


When aqueous solutions of D-fructose are irradiated with gamma radiation, chromato- 
graphy indicates several products. In butan-1l-ol-acetic acid-water the following spots 
were detected with f-anisidine; pink, Ry 0-15; brown, Ry 0-18; yellow, Ry 0-23; yellow- 
brown, Ry 0-30. The spot at Ry 0-23 is due to unchanged fructose. Two further products 
shown by autoradiography had Ry 0-34 and 0-42 severally. It is probable that the two 
compounds with Rp 0-15 and 0-18 are formed by oxidation of the primary alcohol group 
at C;,) in fructose, the former being due to 2-oxogluconic acid and the latter to glucosone. 
The chromatographic behaviour of these compounds is identical with the two spots under 
consideration (Ry 0-15 and 0-18). The presence of glucosone was confirmed by isotope 
dilution (Table 3), and further evidence provided by comparison of the values obtained 
for fructose estimated as di-O-isopropylidenefructose and as fructosazone. Any glucosone 
present would contribute to the latter value only, since it forms the same osazone as 
fructose, and at 3 x 10° ev (Table 3a) and 24-6 x 10” ev (Table 30) the difference between 
the two values compares favourably, within experimental limits, with the direct estimation 
of glucosone. After its formation there is doubtless rapid conversion of glucosone into 
2-oxogluconic acid, particularly when oxygen is passing through the solution. The 
overall shapes of the yield—dose curves (Fig. 6) for glucosone and the product responsible 
for the spot Ry 0-15 on the chromatogram also support the view that these products are 
inter-related in this way. Glucosone behaves as a primary product and as it is degraded 
the compound with Ry 0-15 is formed, and its molecule suffers extensive degradation only 
at high energy inputs. We consider, therefore, that the spot at Ry 0-15 is due to 2-oxo- 
gluconic acid. Oxidation of the primary alcohol group at position 6 would lead in a similar 
fashion to 5-oxo-L-gulonic acid, which may be responsible for the spot of Ry 0-30 detected 
with -anisidine. Previously * it was shown that 5-oxogluconic acid had Ry 0-28 in 
butan-l-ol-acetic acid—water, and this compound might reasonably be expected to behave 
similarly to 5-oxo-L-gulonic acid which has yet to be examined directly. Moreover, the 
amounts of 2- and 5-oxogluconic acid available are insufficient for application of the isotope 
dilution method of estimation. Figs. 1 and 2, however, indicate that acid formation is 
an important feature of the radiation degradation of fructose solutions. During initial 
stages of the degradation the main acid fraction is non-volatile, but production of carbon 
dioxide and volatile acid increases at high doses. It appears accordingly that formic acid 
and carbon dioxide are not produced in the primary process, and thus comprise lower 
degradation products. ; 

A further product appears to be a two-carbon aldehydic fragment which was estimated 
by isotope dilution as glyoxal bisphenylhydrazone. Glyoxal and glycollaldehyde give 
tise to the same osazone,’ and their separate detection is not possible by this method alone. 

® Wohl and Neuberg, Ber., 1900, 38, 3095. 
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TABLE 3. Products formed on irradiation of aqueous solutions of D-fructose with 
gamma-radiation in oxygen. 


7-81 millimole 
3-0 x 10% ev. (Volume 

150 ml.) 

Specific 
Carrier activity Yield 
(milli- (wc/milli- (milli- 


(a) Initial fructose 
Energy input 


Product moles) mole) moles) 
Fructose 
(i) Di-O-isopropyl- 

idenefructose... 1-22 0-73 6-18 
(ii) Fructosazone ... 0-86 1-72 6-57 
p-Glucosone ......... 0-3 0-34 0-32 
p-Arabinose............ 0-585 0-005 0-01 
1,3-Dihydroxy- 

a 1-17 0-065 0-45 

SE Abdvnveaterseni 1-85 0-037 0-62 
Formaldehyde ...... 0-233 00-0025 0-04 





7-73 millimoles 
24-6 x 1078 ev. (Volume 


(b) Initial fructose 
Energy input 


120 ml.) 
Specific 
Carrier activity Yield 
(milli- (uc/milli- (milli- 
Product moles) mole) moles) 
Fructose 
(i) Di-O-isopropyl- 
idene fructose 1-17 0-516 1-22 
(ii) Fructosazone ... 0-89 0-77 1-46 
p-Glucosone ......... 0-30 0-3 0-17 
p-Arabinose ......... 0-94 0-01 0-04 
1,3-Dihydroxy- 

MOGNEIND: i.cbkis es. 1-01 0-15 0-59 
p-Glucurone ......... 0-80 1-0 x 10° 1-2 x 19 
J. eae 2-18 0-045 0-56 
Formaldehyde ...... 0-233 0-046 0-12 
fg ee 0-96 0-06 0-62 


It is likely that both compounds are present, with glycollaldehyde predominating initially 


owing to direct scission between Ci) and C;4) of the fructose. 
amount may be formed through scission of the 2,3-bond in glucosone. 


In the later stages a further 
Subsequent 


degradation of 2-oxogluconic acid in a similar fashion leads to oxalic acid, the presence 


of which was established by isotope dilution (Table 3). 
by further oxidation of the two-carbon aldehydic fragments. 


Oxalic acid may also be formed 
On the basis of these 


considerations the following inter-related degradation processes may be distinguished 


at this stage: 


H,°OH HO CO,H 
=O =O =O 
OH-C-OH OH-C-H OH-C-H 
H-C-OH > H-C-OH _—_ H-C-OH 
—OH H-C-OH H-C-OH 
CH,°OH CH,°OH CH,°OH 
D-Fructose Glucosone 2-Oxogluconic acid 
Y ’ ’ 
CH,°OH HO " 
CHO i CHO > CO 3H 
Glycollaldehyde Glyoxal Oxalic acid 





al 
-++ Four-carbon fragment 


The yield—dose for the two-carbon fragment (Fig. 8) shows features similar to that 
obtained with glucosone, and indicates that it is mainly formed by a primary process, thus 


leading to the formation of a four-carbon fragment at an early stage. 


Although a four- 


carbon fragment has not been identified, there is some paper chromatographic evidence 
(spot Ry 0-42) that it is formed. Appreciable amounts of erythrose were not observed in 
the irradiated solutions, and isotope dilution estimations of this compound proved 


unsatisfactory. 


The small amount of formaldehyde produced at low energy inputs indicates that there 
is no direct scission between Cg) and Cy) by a primary process. The amount of formalde- 
hyde increases at high doses, as would be expected if it were a lower degradation product. 


The amount of D-arabinose formed is negligible. 
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The ultraviolet absorption spectrum of fructose solutions irradiated in oxygen is more 
complex than that of similarly irradiated glucose solutions. The peak at 285—290 my in 
the spectrum of the fructose solutions moves to higher wavelengths on addition of alkali. 
The complexity of the spectrum arises from the contributions of the several absorbing 
products in the solution. The presence of three-carbon fragments was revealed by isotope 
dilution assays involving the addition of carrier 1,3-dihydroxyacetone and estimation as 
glycerosazone. This osazone may be formed from glycerosone, reductone, glyceraldehyde, 
or dihydroxyacetone, all of which may be present in the irradiated solution. The last 
compound (formed by isomerisation of glyceraldehyde) shows absorption at 265 my and 
proved to be the main constituent responsible for the absorption spectrum of irradiated 
glucose solutions.4 Glucosone, in alkali, also shows an absorption maximum at this 
wavelength, while 2-oxogluconic acid, in alkali, enolises and the solution shows an 
absorption maximum at 275 my. In irradiated fructose solutions, however, the spectra 
of these compounds are masked owing to the presence of other products which absorb 
at higher wavelengths. One product which may account for this behaviour and be formed 
by scission between Ci) and Cy) in fructose may be reductone. This compound exhibits 
astrong absorption maximum at 287 my in alkali Thus two major absorbing constituents 
may be formed by symmetrical scission of the fructose molecule: 


H,*OH CH,‘OH — 
| 
=O =O = *OH 
HO*CH CHO CHO 
ees eee - 
HC:OH Se CHO HOH 
HC:OH HC-OH 1 =O 
CH,*OH CH,°OH CH,*OH 


For the decomposition of fructose, calculated from the values given in Fig. 7, G is 4-0, 
which is of the same order as the rate of consumption of glucose (G 3-5) under comparable 
conditions. The primary degradation pattern which has been elucidated may therefore 
be summarised : 





Fructose 
Glycollaldehyde Glucosone Glycerosone 
= 3 i 
4-Carbon fragment Glyceraldehyde 


Another primary process may involve oxidation of the primary alcohol at position 6 
to form 5-oxo-L-gulonic acid, since there is now accumulating evidence, from glucose, 
p-sorbitol,® and p-mannitol ?® that the primary alcohol groups are more reactive than 
secondary alcohol groups towards free radicals formed by the action of radiation on water. 
The detailed mechanism of these processes will be considered later. 
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155. Radiation Chemistry of Carbohydrates. Part IV The 
Effect of gamma-Radiation on Aqueous Solution of Sucrose. 


By G. O. PuILtips and G. J. Moony. 


Yield—dose curves obtained from isotope dilution and paper chromato- 
graphic methods reveal that glucose and fructose are primary products of 
y-irradiation of aqueous sucrose solutions, together with smaller amounts 
of glucosone and gluconic acid. Glucuronic acid, 2-oxogluconic acid, 
arabinose, and two- and three-carbon aldehydic fragments arise in secondary 
processes. In the final stages carbon dioxide and formic acid are formed. 
Hydrogen peroxide is produced continuously. 

The amounts of volatile and non-volatile acid formed, and changes in 
optical rotation and absorption spectra, were determined. Thus, the 
degradation of sucrose is related to two types of oxidative scission of the 
disaccharide linkage. 


HyYDROLYsSIS occurs during irradiation of sucrose in aqueous solution and acid is produced? 
Changes in the ultraviolet absorption spectrum have also been noted,® and the overall 
change in optical rotation was proposed by Wright as a pile-radiation dosimeter! 
However, except recently by Wolfrom, Binkley, and McCabe,® the chemical effects of 
irradiation of sucrose have not been investigated. These workers irradiated 50° concen- 
trated sucrose solutions in open aluminium containers without oxygenation. Previous 
papers in this Series described the radiative degradation of dilute aqueous glucose ® and 
fructose.1 The study is now extended to sucrose, under comparable conditions, which is 
of particular interest in respect of the sterilisation of food.? The products have been 
identified and estimated by paper chromatographic and radioisotopic tracer methods, 
and yield—dose curves for the main products have enabled primary and secondary products 
to be recognised. 


RESULTS AND EXPERIMENTAL 


The source of gamma-radiation, and experimental and dosimetric techniques, were described 
in Part I. The dose rate into the large irradiation cell (150 ml.) was 1-43 x 10%’, and into the 
small cell (40 ml.) was 1-03 x 10” ev ml.? min.“}. 

Chromatographic Analysis of Irradiated Solutions.—A solution (150 ml.; 2-9 x 10°) of 
sucrose was irradiated in oxygen at a dose rate of 1-43 x 10% ev ml.“! min. for 120 hr.; the 
pH fell to 2-2 and [a),, from +66-5° to +29°. The irradiated solution, chromatographed in 
butan-l-ol-acetic acid—water (4: 1:5) and sprayed with p-anisidine revealed three spots in 
addition to unchanged sucrose Ry 0-14, yellow-brown. These had Rp 0-18 (brown), 0-23 
(yellow-brown), and 0-28 (brown). When the solution afte1 irradiation at high energy inputs 
(ca. 16 x 108 ev) was similarly examined, the spot of Ry 0-14 due to sucrose was tinged slightly 
pink. 

Rate of Acid Formation: Initial Rate.—The rate of acid formation was similar to that for 
glucose and fructose and showed a gradual increase with energy input (Fig. 1). The yield was 
independent of sucrose concentration in the range 2-9 x 10 to 2-9 x 10m and independent 
of dose rate within the range 1-03—1-43 x 10!7 ev ml. min.“1. On the assumption that the 
acid is monobasic, G(acid) in oxygen is 1-2—1-3. For evacuated solutions G(acid) is 0-4—0-5 
(Fig. 1). 

Acid Yields at High Energy Inputs.—Oxygenated sucrose solutions in 150 ml. portions were 
irradiated to doses ranging from 6 to 18-4 x 10®°ev/ml. At successive increasing energy inputs, 


Part III, Phillips and Moody, preceding paper. 

Reinhard and Tucker, Radiology, 1929, 12, 151. 

Khenokh, Doklady Akad. Nauk. S.S.S.R., 1955, 104, 746. 

Wright, Discuss. Faraday Soc., 1952, 12, 60. 

Wolfrom, Binkley, and McCabe, J. Amer. Chem. Soc., 1959, 81, 1442. 

Phillips, Moody, and Mattok, J., 1958, 3522. 

Proc. U.N. Food and Agricultural Organisation Food Irradiation Conference 1958, in the press. 
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the total, volatile, and non-volatile acid were estimated in the irradiated solutions as described 
previously for fructose. The results are shown in Fig. 2. Only very small quantities of 
volatile acid were produced below 2 x 10° ev/ml., but the amounts increased at higher doses. 


At 18-4 x 10% ev/ml. the volatile acid constituted 34% of the total acid (Fig. 2). 


TABLE 1. Change in optical rotation of oxygenated sucrose solution (2-9 x 10m) 
on irradiation. 
[alp = +66-5° initially. 


Energy input (10° ev/ml.) ...... 6 8-35 10-3 18-4 
LEER, os 0bsccscsctcondpessanstecceneesiiens +44-0° +31-0° +29-0° +11-5° 


TABLE 2. Change in absorption spectrum after irradiation. 
Energy input Optical density at 275 mp 
System (104 ev) after irradiation after 180 hr. 
Cuygenated — .....c.cscisverestese 19-6 0-35 0-74 


Carbon Dioxide.—Carbon dioxide produced during irradiation was estimated as barium 
carbonate. Fig. 2 shows also the rate of formation of carbon dioxide with increasing dose. 

Changes in Optical Rotation.—A portion of the irradiated solution used for acid estimations 
was used to follow the change in optical rotation with dose (see Table 1). At the end of an 
irradiation to a total energy input of 8-35 x 10?° ev/ml., the optical rotation continues to fall 
during 168 hr. from [a], +31° to +25°. 
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Fic. 1. Acid production during irradiation of sucrose solutions. 


© In vacuo (2-9 x 107m) ee rate 

Y In oxygen (4-9 x 10-*m) 2 (1-03 x 107 ev min. ml. 
O In oxygen (2-9 x ae iT wey rate j 

x In oxygen (2-9 x 10m) J 1-43 x 107 ev min. ml. 


Dose(/0~° ev/mi.) 


Fic. 2. Formation of acid and carbon dioxide during the irradiation of oxygenated sucrose solutions 
(2:9 x 10-2); dose rate 1-43 x 10‘? ev min. ml... 


A (QO), Total acid; B (Q@) non-volatile acid; C (A) volatile acid; D (x) carbon dioxide. 


Ultraviolet Absorption Spectra of Irradiated Solutions.—When irradiated in oxygen the 
solution showed a selective absorption maximum at 275 my, and a minimum at 245 my. On 
addition of potassium hydrogen carbonate solution, the maximum moved to 295 my and 
increased in intensity; the minimum did not change its position (Fig. 3). Addition of 
hydrochloric acid moved the absorption maximum to 265 my (Fig. 3). Sucrose solutions 
irradiated in vacuo showed an absorption maximum at 265 my (Fig. 3). The rate of increase 
of the absorption maxima with energy input for oxygenated and evacuated solutions is shown 
in Fig. 4. The change in ultraviolet absorption after irradiation had ended (Table 2) indicates 
the existence of a post-irradiation process in oxygen. 

Formation of Hydrogen Peroxide.—The rate of formation of hydrogen peroxide with dose is 
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shown in Fig. 5. The yield was independent of concentration within a ten-fold range, and the 
rate of formation remained initially constant. The rate decreased after the formation of 
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Fic. 3. Ultraviolet absorption spectra of irradiated sucrose solutions. 
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Fic. 4. Increase in ultraviolet absorption at 275 and 265 mp during irradiation by aqueous sucrose; 
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Fic. 5. Formation of hydrogen — during irradiation of sucrose solutions; dose rate 
1-43 x 10" ev min. ml... 
O, 29 x 10%mM; x, 2-9 x 10-*m. 
Fic. 6. Rate of formation of products during the irradiation of oxygenated sucrose solutions. 
A (OQ), Sucrose (x 10-*); B (A), D-glucose + a amas ; ¢(Q), D-fructose; D (x), product of 
PF O28. 













2 x 10! molecules/ml., and at high energy inputs the rates of degradation and formation were 
similar. The initial rate corresponds to G(H,O,) 2-0. A post-irradiation decrease in concen- 
tration of hydrogen peroxide was observed; the rate was 2 x 10" molecules mi. min.?. 
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Rate of Formation of Products——Accurately known amounts (0-05 ml.) of oxygenated 
[iC}sucrose solution (4:19 millimoles; specific activity 10-5 uc/millimole in 150 ml.) which had 
received progressively increasing doses of radiation were chromatographed in butan-1l-ol- 
acetic acid-water (4: 1:5) and the radioactivity of the spots was measured. The rate of 
formation with energy input was measured for fructose at Ry 0-23, combined glucose and 
glucosone at Rp 0-18, and the brown spot of Rp 0-28. The rate of decomposition of sucrose 
with energy input was also measured. The results are shown in Fig. 6. At the end of the 
irradiation, after a total energy input of 22-5 x 10** ev (dose rate 1-43 x 10!” ev min. ml.~) 
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Fic. 7. Rate of formation of D-fructose and D-glucose in oxygenated sucrose solutions; dose rate 
1-03 x 107 ev min. ml... 
O, D-Glucose; xX, D-fructose 
Fic. 8. Rate of formation of products in oxygenated sucrose solutions; dose rate 1-03 x 10" ev 
min.~ ml.-. 
C v-Glucosone; A v-gluconic acid; © v-arabinose; x D-glucuronic acid; Y glyoxal. 


the concentration of degradation products was measured in the whole irradiated solution by 
isotope dilution analysis. The full analysis, which is typical of similar measurements reported 
in this paper is given below. 

Glucose. The irradiated solution (10 ml.) was freeze-dried, carrier glucose (1-0 millimole), 
acetic anhydride (1 ml.), and sodium acetate (0-1 g.) were added, and the mixture was heated 
at 100° for 2 hr. Addition of ice-water (5 ml.) deposited impure penta-O-acetate which after 
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ten recrystallisations from ethanol had m. p. 134° and constant specific activity 1-54 x 10 
uc/millimole. 

Glucosone. The irradiated solution (5 ml.) was treated with carrier glucusone (0-3 millimole), 
phenylhydrazine (1 ml.), and acetic acid (0-5 ml.) and left for 2 hr. The yellow-brown 
precipitate was filtered, washed with benzene (50 ml.), and recrystallised six times from ethanol 
to give glucosazone, m. p. 201° and constant specific activity 1-33 x 107 uc/millimole. 

Fructose. The procedure detailed in the preceding paper gave 1,2:4,5-di-O-isopropylidene 
fructose, m. p. 113—114°, and constant specific activity 0-057 u.c/millimole. 
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Formaldehyde. The distillate obtained from the estimation of fructose was treated with 
10% dimedone solution (5 ml.) and carrier formaldehyde (0-233 millimole). Working up as 
in the preceding paper gave the dimedone derivative, m. p. 188°, and specific activity 1-9 x 192 
uc/millimole. 

D-Gluconolactone. The irradiated solution (5 ml.) was treated with carrier gluconolactone 
(1-14 millimoles) and excess of calcium carbonate, and filtered after three days. Calcium 
gluconate was precipitated with ethanol and removed. Eight such precipitations gave pure 
gluconate of constant specific activity 1-06 x 107 uc/millimole. 

D-Glucurone. The irradiated solution (5 ml.) was freeze-dried and treated with carrier 
glucurone (0-54 millimole). Nine recrystallisations from hot water gave pure D-glucurone, 
m. p. 175°, and constant specific activity 1-7 x 10? uc/millimole. 

D-Arabinose. The irradiated solution (5 ml.) and carrier arabinose (0-47 millimole) were 
refluxed for 30 min. with diphenylhydrazine (0-5 ml.) in ethanol (5 ml.).6 Next morning the 
solid was separated and on recrystallisation eight times from ethanol gave pure arabinose 
diphenylhydrazone, m. p. 197°, of constant specific activity 1:17 x 10 uc/millimole. 

Glyoxal. The irradiated solution (5 ml.) with carrier glyoxal (2-08 millimoles) was treated 
with phenylhydrazine (1-5 ml.) and acetic acid (1 ml.). Eight recrystallisations of the product 
from benzene gave glyoxal bisphenylhydrazone, m. p. 170° and constant specific activity 
3-1 x 10 uc/millimole. 

Dihydroxyacetone. The irradiated solution, carrier dihydroxyacetone (0-9 millimole), 
phenylhydrazine (1 ml.), and acetic acid (0-5 ml.) were boiled for 10 min. After 24 hr. glycer- 
osazone was collected; recrystallised seven times from benzene it had m. p. 129° and constant 
specific activity 7-2 x 10 uc/millimole. 

Total hexose. The irradiated solution (5 ml.), carrier fructose (0-9 millimole), phenyl- 
hydrazine (1 ml.), and acetic acid (0-5 ml.) were boiled for 40 min. The glucosazone which 
separated after 15 hr., when washed with benzene (100 ml.) and recrystallised eight times from 
ethanol, had m. p. 202° and constant specific activity :2-2 x 10 uc/millimole. 

The results are shown in Table 3. 


TABLE 3. Products formed by gamma-irradiation of oxygenated solutions of sucrose. 


Initial sucrose 4-19 millimoles. Energy input 22-5 x 107? ev. 
Specific Specific 

Carrier activity Yield Carrier activity Yield 
(milli- (wc/milli- (milli- (milli- (uc milli- (milli- 
moles) mole) moles) Product moles) mole) moles) 
57 x 10° 0-31 p-Arabinose 0-47 17x 10? ~=— 0-08 
‘54 x 107 0-36 Dihydroxyacetone 0-96 . 10° = 0-65 
+33 x 107! 0-19 Glyoxal 2- . 107% 0-86 
4 xi 0-04 Formaldehyde ... 0- ‘ 10 0-12 
‘06 x 107 0-28 Total hexose , . 107% 0-94 


p-Glucurone ... 
p-Gluconic acid 


1 
1 
1 
1 


Paper-chromatographic estimation showed the presence of 0-22 millimole of sucrose. 

Estimation of Initial Rates of Formation of Products—For this purpose four portions of 
{*Cjsucrose (1-09 millimoles in 40 ml. of water; specific activity 9-16 uc/millimole) were 
irradiated separately in oxygen to total energy inputs of 2-84, 5-8, 11-72, and 17-6 x 10% ev 
(dose rate 1-03 x 107 ev min.* ml.*), then analysed for glucosone, glucose, fructose, D-arabinose, 
glyoxal, formaldehyde, p-glucurone, and p-gluconolactone without preliminary treatment as 
described above. In addition, sucrose was estimated as octa-O-acetate by the method of 
Tatlow et al.° A typical analysis after an energy input of 2-84 x 10*! ev is given. 

The irradiated solution (4 ml.) was freeze-dried, carrier sucrose (0-80 millimole) added, 
together with a cold mixture of glacial acetic acid (0-75 ml.) and trifluoroacetic anhydride 
(2-5 ml.). After 5 hr. in the cold and 3 days at room temperature, saturated sodium hydrogen 
carbonate solution was poured into the mixture, and the whole extracted three times with 
chloroform (20 ml.). The combined extracts were dried (MgSO,) and evaporated to a syrup, 
which readily crystallised. Eight recrystallisations from ethanol gave octa-O-acetylsucrose, 
m. p. 86—87° and constant specific activity 1-0 uc/millimole. 

The results are shown in Figs. 7, 8, and 9. 


8 Neuberg and Wohlgemuth, Z. physiol. Chem., 1902, 35, 31. 
* Tatlow, Bourne, Stacey, and Tedder, J., 1949, 2977. 
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DIscussION é 

The degradation products formed when sucrose is irradiated in dilute aqueous solution 
were readily detected by paper chromatography in butan-l-ol-acetic acid-water. The 
streaking produced on spraying with #-anisidine is considerably less than is observed with 
irradiated glucose solutions, and four constituents were detected: yellow-brown, Rr 
0-14, sucrose; brown, Ry 0-18, glucose; yellow-brown, Ry 0-23, fructose; brown, Rr 0-28. 
The autoradiographs revealed no further products, and the pattern was identical with that 
of the sprayed chromatograms. After irradiation to higher energy inputs (>16 x 10” ev) 
the spot at Ry 0-14 due to sucrose became more pink, probably owing to the presence of 
2-oxogluconic acid which runs identically with sucrose in this solvent. We also observed 
that the [!C]sucrose (supplied by the Radiochemical Centre, Amersham) contained small 
amounts of glucose and fructose owing to self-decomposition. Similar self-decomposition 
has been observed with several [C]sugars by us and other workers,” and we are investig- 
ating these processes. By counting of paper chromatograms the hexose content was 
shown to comprise less than 0-5% of the total sample. Nevertheless, since our experiments 
involved assaying small amounts of these hexoses by isotope dilution, every sample of 
[MCjsucrose was purified by paper chromatography before use, and the ['C]sucrose 
recovered by elution and freeze-drying. 

In view of these precautions our results indicate definitely that hydrolysis to fructose 
and glucose is an important feature of the action of radiation on aqueous sucrose solutions. 
Wolfrom, Binkley, and McCabe 5 also observed hydrolysis when more concentrated sucrose 
solutions (50°%%) were irradiated, and found that the extent of apparent hydrolysis increased 
with increasing dose and varied with the temperature. The irradiations were carried out 
in open aluminium containers at ambient temperatures without oxygenation, and the 
degree of apparent hydrolysis measured by the copper reduction method of Somogyi." 
The only products detected by these workers were D-fructose and D-glucose, the former by 
paper chromatography and the latter as the penta-acetate. Beyond these general 
observations, it is not possible to make a closer comparison of our results and those of 
Wolfrom e¢ al.® in view of the different experimental conditions. 

In our experiments the yield—dose curves for fructose and glucose were computed by 
isotope dilution (Fig. 7) and counting of paper chromatograms (Fig. 6); they indicate that 
fructose and glucose are primary products formed at comparable rates. The isotope 
dilution results give initial G values for glucose and fructose as 1-5—1-6, and for fructose 
there is reasonable agreement between the two methods, since the initial G(fructose) is 1-4 
from paper-chromatogram counts. For glucose, however, the initial G values given by 
the two methods do not agree. The paper-chromatogram counts (Fig. 6) show a higher 
rate of formation than does isotope dilution (Fig. 7), which indicates that another product 
is formed which has the same Ry as glucose. We consider that the presence of glucosone 
(Rp 0-18 in butan-l-ol-acetic acid—water) in the irradiated solution is responsible for the 
divergence, and its presence was confirmed by isotope dilution (Table 3). The yield—dose 
curve for this compound obtained from individual isotope dilution experiments (Fig. 8) 
shows that it is a primary product with initial G value 0-6. When allowance is made for 
its presence of this compound in the composite spot at Rp 0-18, the initial G(glucose) from 
paper-chromatogram counts is 1-5, in excellent agreement with isotope-dilution value. 

The other products detected in small amounts in irradiated sucrose solutions are 
gluconic acid, glucuronic acid, arabinose, and two-carbon and three-carbon aldehydic 
fragments. The yield—dose curve for these products which are present in small amount 
indicate that gluconic acid is the only primary product (initial G 0-4) among them. The 
remainder appear to be secondary’ products formed by degradation of fructose and glucose 
liberated in the initial step. Their rates of formation increase sharply with dose at a stage 
where there is observable degradation of the primary products. The pattern of radiation 


Personal communication, Professor E. J. Bourne, Dr. H. Weigel, and Dr. R. J. Bayly. 
™ Somogyi, J. Biol. Chem., 1952, 22, 195. 
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degradation of these hexoses *® described previously supports this view. Although a 
detailed yield-dose curve for the three-carbon fragment is not presented, the previoys 
results with glucose and fructose support the view that it is a secondary product. 

The primary formation of gluconic acid and glucosone simultaneously with glucose and 
fructose may be accounted for by two types of oxidative scission of the disaccharide 
linkage at a and b. The former leads to fructose and gluconic acid, and the latter to 
glucose and glucosone. A similar type of process may be envisaged for the degradation 
of aqueous dextran with gamma-radiation.” If the two types of scission occurred to a 
comparable extent, the amounts of the four main products would be of the same order, 
The results show, however, that while comparable amounts of gluconic acid and glucosone 
are formed, the proportions of glucose and fructose are higher. It appears, therefore, that 
hydrolysis is the dominant process but accompanied, to a smaller extent, by the oxidative 
scission already described. During the later stages of the degradation gluconic acid and 
glucosone are probably also formed by secondary attack on the primary products, glucose 
and fructose respectively. For gluconic acid particularly, the yield—dose curve at high 


CH,-OH 
re) HO-CH, Oo 


OH Le o- HO 
HO : ; CH,-OH 


a b 
OH OH 
doses (Fig. 8) indicates an appreciable contribution to the yield from glucose. From the 
detailed degradation patterns of these hexoses »* it is probable that glyoxal, glucuronic 
acid, and arabinose are also secondary products from glucose. The unknown spot of Rp 
0-28 and 2-oxogluconic acid, previously identified as degradation products from fructose, 
are probably derived from this source in the present system. On the basis of the present 
results, therefore, the over-all degradation pattern for sucrose may be formulated as follows: 








Sucrose 
Glucose 2» Gluconic acid Glucosone <«———— Fructose 
Glyoxal Glucuronic Arabinose 2-Oxogluconic Product Rp 0-28 
acid acid 


The yield—dose curves (Fig. 2) for carbon dioxide and volatile acid support the view ! that 
carbon dioxide and formic acid are final products in the degradation. 

The absorption spectrum of sucrose solutions irradiated in oxygen shows features 
similar to those for irradiated fructose solutions. The absorption maximum appears at 
275 my and moves to 295 my on addition of alkali (Fig. 3). Addition of acid, however, 
to the irradiated sucrose causes the peak to shift to 265 my; and this behaviour has not 
previously been observed for irradiated fructose solutions. Although the spectrum is 
complex owing to the presence of several constituents, the similarities between the spectra 
and those of irradiated glucose and fructose solutions indicate that secondary products 
formed from these hexoses are mainly responsible. 


UNIVERSITY COLLEGE, CATHAYS PARK, CARDIFF. [Received, July 29th, 1959.] 


12 Phillips and Moody, J., 1958, 3534. 
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‘Vio 
- By F. BELL. 
€ and Although a naphthaquinone toluene-p-sulphonimide was hydrolysed by 
laride nitric acid to the 1,2-quinone, this reagent nitrated various N-toluene-p- 
‘er to sulphonylanisidines. Some of the sulphonylanisidines were converted into 
lation § quinones by chromic acid but the sulphonamido-group remained intact 
| toa during these reactions. 
order, 9-METHOXY-N-TOLUENE-)-SULPHONYL-1-NAPHTHYLAMINES are readily oxidised to 1,2- 
osone naphthaquinone 1-toluene-p- -sulphonimides,! ¢.g., (I), and it appeared possible that the 
, that latter might by hydrolysis be made to yield o-quinones. It was found that the toluene-p- 
lative sulphonimido-group could be most conveniently removed by use of nitric acid and in this 
land — way 4chloro- and 4-bromo-1,2-naphthaquinone (II) were ae obtained. 
Ucose NHTos = 
high Oo - CO 
Br 
(II) 
An attempt was next made to ied this reaction to similarly substituted 
N-toluene-f-sulphonyl-o-anisidines, which were prepared according to the accompanying 
h flow sheet. First it was found that 4-nitro-2-methoxy-N-toluene-p-sulphonylaniline 
abs (VII) with nitric acid underwent, not oxidation, but further nitration the second nitro- 
c 
of Rp Pron _NHTos NHTos NHTos NHTos 
tose OMe _,0:N we Nort sau OMe 
esent 3.N 
lows: 
—— - r " at) Br av) Bry) 2 va) 2 vin) 
NH, NHTos NHTos oF os ™~ HTos | 
Be fF: FH OMe a OMe 
fe) cl Oo 
| Br Br s) 
(VIII) (IX) 4 Cl xn (XII) (X11) 
NH, NHTos NHTos NH, NHAc NHAc 
OMe OMe af: OMe OMe OMe 
—S 
0-28 Cl Cl 1 Bo oe 
(XIV) (xv) xv © (xVII)~ (XVI) © 
that NHT os NHTos NH, NHTos NH, 
Some OMe OMe OMe OMe OMe 
Se ed 
tures ae Br Br Br 
rs at Br Br Cl Cl 
ever, (XIX) (XX) (XXI) (XX) 
S not Tos = p-C,H,Me-SO, 3 
oo group entering position 6 (XIII). This may be contrasted with the nitration of the 
acts corresponding acetyl derivative to the 4,5-dinitro-derivative and underlines the much 
more powerful directing action of the toluene-p-sulphonamido-group than of the acetamido- 
group. The quantitative comparisons made by Orton and Bradfield * and Bradfield and 





19.) Jones,? which suggest that the two groups have almost the same directing power, are true 
only for the rather unusual conditions of substitution which they used. 


1 Bell, J., 1959, 524. 
* Orton and Bradfield, J., 1927, 986. 
® Bradfield and Jones, J., 1928, 3073. 
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Monobromination of 2-methoxy-N-toluene-f-sulphonylaniline was best accomplished 
by use of N-bromosuccinimide in pyridine. This 4-bromo-derivative (III) with nitric aciq 
gave a mixture of nitro-derivatives (IV and V), and so chromic acid in acetic acid was 
employed for oxidation. There was obtained then in small yield a compound regarded 
as (IX). 

Similarly oxidation of 4,5-dichloro-2-methoxy-N-toluene-p-sulphonylaniline (XV) by 
chromic acid gave a complex mixture from which was isolated a quinone regarded as (X1), 
Oxidation of 4,5-dibromo- (XX) and 4-bromo-5-chloro-2-methoxy-N-toluene-f-sulphony}- 
aniline (X) led to no definite products. 

Madesani* states that bromination of o-methoxyacetanilide yields the 5-derivative, 
In our hands his method led principally to the 4-derivative (cf. the tritylation of this 
compound 5), although, in agreement with Madesani, we find the dibromination to lead 
to the 4,5-dibromo-derivative. 


EXPERIMENTAL 


4-Chlovo-1,2-naphthaquinone.—Nitric acid (1 c.c.) in acetic acid (2 c.c.) was added to a warm 
solution of 4-chloro-1,2-naphthaquinone 1-toluene-p-sulphonimide ! (1 g.) in acetic acid (10 c.c)), 
The resultant yellow solution was diluted to yield an orange-yellow precipitate, which after 
recrystallisation from acetic acid formed needles, m. p. 134—136°, alone or mixed with 4-chloro- 
1,2-naphthaquinone prepared by the method of Fieser and Dunn.* The latter was kindly 
supplied by Mr. H. G. Heller, A. H.-W. C., who has shown the description of this compound by 
Hodgson and Elliott 7 to be in error. 

4-Bromo-1,2-naphthaquinone 1-Toluene-p-sulphonimide (I).—Fuming nitric acid (2 c.c.) in 
acetic acid (4 c.c.) was added to a warm suspension of 4-bromo-2-methoxy-N-toluene-p- 
sulphonyl-l-naphthylamine (2 g.) in acetic acid (20.c.c.). The immediate red precipitate 
(1-6 g.; m. p. ca. 206°) gave the imide as red prisms, m. p. 212—214°, on recrystallisation from 
acetic acid (Found: C, 52-3; H, 3-4. C,,H,,O,NSBr requires C, 52-3; H, 3-1%). This 
compound was readily converted by nitric acid in acetic acid into 4-bromo-1,2-naphthaquinone, 
m. p. ca. 150°, the identity of which was confirmed by preparation of the quinoxaline 
derivative, needles, m. p. 186° (from acetic acid), and by conversion into 2-hydroxy-1,4- 
naphthaquinone anil, m. p. 266°, and 2-hydroxy-1,2-naphthaquinone, m. p. 186—188° (Fries 
and Schimmelschmidt ® give m. p. 154°, 186°, 265°, and 189° respectively). 4-Bromo-2-ethoxy- 
N-toluene-p-sulphonyl-l-naphthylamine may be used in this preparation. 

Nitration of 2-Methoxy-N-toluene-p-sulphonylaniline.—(a) Fuming nitric acid (1-25 c.c.) in 
acetic acid (2-75 c.c.) was added to the compound (2-5 g.) in warm acetic acid (20 c.c.). The 
slightly impure 4-nitro-derivative, m. p. 170—174° (2-1 g.), soon crystallised (lit.,2° m. p. 175°). 
This nitro-compound was unchanged when heated with an excess of sulphuryl chloride or with 
an excess of chlorine in acetic acid. (b) Fuming nitric acid (2 c.c.) in acetic acid (2 c.c.) was 
added to the nitro-compound (2 g.) in warm acetic acid (20 c.c.), and after $ hr. the mixture was 
diluted. The precipitate was repeatedly recrystallised from acetic acid to give rosettes of pale 
yellow prisms, m. p. 190—194°, of the 4,6-dinitro-derivative (XIII) (Found: C, 46-3; H, 37. 
C,4H,,;0,N,S requires C, 45-8; H, 3-5%), which was immediately hydrolysed by cold sulphuric 
acid to 2-methoxy-4,6-dinitroaniline, m. p. 178° (acetyl derivative, m. p. 204°). 

2-Bromo-6 - methoxy - 4 - nitro-N -toluene-p-sulphonylaniline (V1).—N - Bromosuccinimide 
(1 mol.) was added to 2-methoxy-4-nitro-N-toluene-p-sulphonylaniline in pyridine. After 
3 hr. the product was precipitated by addition of hydrochloric acid; it was recrystallised from 
acetic acid, eluted from alumina by ethyl acetate, and again recrystallised from acetic acid, 
forming pale yellow needles, m. p. 156° (Found: C, 42-1; H, 3-3. C,,H,,0O;N,SBr requires 
C, 41-9; H, 3-2%). 

Bromination of 2-Methoxy-N-toluene-p-sulphonylaniline-—N-Bromosuccinimide (1 mol.) was 


4 Madesani, Gazzetta, 1932, 62, 56. 

5 Chuchani, J., 1959, 1753. 

® Fieser and Dunn, J. Amer. Chem. Soc., 1937, 59, 1019. 

7 Hodgson and Elliott, 7., 1935, 1850. 

8 Heller, Dissertation for the Associateship of the Heriot-Watt College, 1959. 
® Fries and Schimmelschmidt, Annalen, 1930, 484, 270. 

10 A.-G. Anilinfabrik., D.R.-P. 157,859; 163,516. 
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added to the compound in pyridine; after a short while, the whole was treated with dilute 
hydrochloric acid. The residual brown plastic mass was dissolved in boiling ethanol and 
allowed to crystallise. The first crop (1-2 g.) was essentially unchanged material; the second 
crop (1-9 g.), on two further recrystallisations from ethanol, gave the 4-bromo-derivative as 
plates, m. p. 114° (Found: C, 47-8; H, 4:2. Calc. for C,,H,,O;,NSBr: C,47-2; H, 3-9%), 
alternatively obtained from 4-bromo-2-methoxyaniline, which was prepared by Madesani’s 
method.‘ This base is described by Madesani as 6-bromo-2-methoxyaniline but the true 
structure is given by Kohn." Chromic acid (1 g.) in water (2 c.c.) was added to a warm solution 
of this monobromo-compound (0-6 g.) in acetic acid (6 c.c.). After the brisk reaction the 
mixture was diluted and the precipitate purified by repeated recrystallisation from acetic acid, 
to give in small yield golden-yellow prisms, m. p. 206—208° (Found: C, 44-0; H, 3-1; OMe, 0. 
Cy3H,pO,NSBr requires C, 43-8; H, 28%). This compound, which gives a damson colour 
with concentrated sulphuric acid, is probably 2-bromo-5-toluene-p-sulphonamido-1,4-benzo- 
quinone (IX). 

Nitration of 4-Bromo-2-methoxy-N-toluene-p-sulphonylaniline.—Fuming nitric acid (1 c.c.) in 
acetic acid (1-5 c.c.) was added to the compound (1 g.) in warm acetic acid (10 c.c.). The 
mixture was allowed to cool and the crop separated by fractional crystallisation into cream- 
coloured needles, m. p. 224—227°, of the 6-nitro-derivative (IV) (Found: C, 42-2; H, 3-2. 
C,,H,;0;N,SBr requires C, 41-9; H, 32%), and pale yellow prisms, m. p. 200—203° of the 
5-nitro-derivative (V) (Found: C, 42-0; H, 3-4%); the latter was alternatively prepared by 
interaction of 2-methoxy-5-nitro-N-toluene-p-sulphonylaniline (XII) (Found: C, 52-2; H, 4-5. 
C,,H,,O;N.S requires C, 52-2; H, 43%) and N-bromosuccinimide in pyridine. The compound 
(XII), prepared from 2-methoxy-5-nitroaniline and toluene-p-sulphonyl chloride in pyridine, 
crystallised from acetic acid in prisms, m. p. 200—201°; it was unchanged by sulphury] chloride, 
and the bromination was incomplete. The crude bromination product was dissolved in acetone 
and passed down a column of alumina; the first fraction consisted of unchanged material; 
this was followed by an intermediate fraction, m. p. ca. 185°, and then by the 4-bromo- 
derivative. 

2-Methoxy-4,5-dinitro-N-toluene-p-sulphonylaniline.—Fuming nitric acid (1-5 c.c.), diluted 
with acetic acid (1-5 c.c.), was added to the 5-nitro-compound (XII) (1-5 g.) in hot acetic acid 
(25 c.c.), and the mixture kept just below the b. p. for 10 min. The crop obtained on cooling 
recrystallised from acetic acid to yield the dinitro-compound as prisms, m. p. 222—224° (Found : 
C, 46-0; H, 3-9. C,,H,,0,N,S requires C, 45-8; H, 35%). Dissolution of this in cold concen- 
trated sulphuric acid gave 2-methoxy-4,5-dinitroaniline, m. p. 188—189° (acetyl derivative, 
m. p. 163°). 

Chloro-compounds.—5-Chloro-2-methoxy-N-toluene-p-sulphonylaniline, obtained from the 
corresponding base and toluene-p-sulphonyl chloride in pyridine, crystallised from acetic acid 
in prisms, m. p. 140° (Found: C, 54:1; H, 4-4. C,,H,,O,;NSClI requires C, 53-9; H, 45%). 
Excess of sulphuryl chloride was added to this compound (XIV) and, after the reaction 
had ceased, the excess was distilled off. The residual 4,5-dichloro-2-methoxy-N-toluene-p- 
sulphonylaniline (XV) formed needles, m. p. 163°, from acetic acid (Found: C, 48-6; H, 3-9. 
C,4H,,0,NSCI, requires C, 48-6; H, 38%). This dichloro-derivative was obtained also by the 
action of excess of sulphuryl chloride on 2-methoxy-N-toluene-p-sulphonylaniline. With 
concentrated sulphuric acid it slowly gave 4,5-dichloro-2-methoxyaniline (XVI), which formed 
needles, m. p. 88°, from aqueous ethanol (Found: C, 44-6; H, 3-9. C,H,ONCI, requires 
C, 43-8; H, 3-6%). This base with cold acetic anhydride gave 4,5-dichloro-2-methoxyacetanilide 
(XVII), which crystallised from ethanol in prisms, m. p. 136—138° (Found: C, 46-2; H, 3-6. 
C,H,O,NCI, requires C, 46-1; H, 38%); this was alternatively prepared by dropwise addition 
of sulphury] chloride (2 mols.), diluted with chloroform, to a chloroform solution of 2-methoxy- 
acetanilide. 

Oxidation of 4,5-Dichloro-2-methoxy-N-toluene-p-sulphonylaniline—Chromic acid (2 g.) in 
water (4 c.c.) was added to a warm solution of the compound (1 g.) in acetic acid (10c.c.). The 
mixture was diluted and the precjpitate crystallised from acetic acid, to yield yellow plates, 
m. p. 207—210°, sparingly soluble in benzene. This compound appears to be 2-chloro-5- 
toluene-p-sulphonamido-1,4-benzoquinone (XI) (Found: C, 50-1; H, 34; OMe, 0. 
CysH,gO,NSCI requires C, 50-1; H, 32%). The mother-liquor contained material of lower 
m. p., which gave a deep-violet colour with concentrated sulphuric acid and had a perceptible 

™ Kohn, J. Org. Chem., 1953, 18, 530. 
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methoxyl content (4:8—6-6%). No definite product was isolated when 5-chloro-2-methoxy. 
N-toluene-p-sulphonylaniline was oxidised under the same conditions. 
4-Bromo-5-chloro-2-methoxy-N-toluene-p-sulphonylaniline.—(a) N-Bromosuccinimide (1 mol) 
was added to a solution of 5-chloro-2-methoxy-N-toluene-p-sulphonylaniline in pyridine, 
After a few minutes the product was precipitated by addition of hydrochloric acid and purified 
by recrystallisation from acetic acid. The 4-bromo-derivative (X) formed prismatic needles, 
m. p. 157—159° (Found: C, 43-6; H, 3:5. C,,H,,O,;NSCIBr requires C, 43-0; H, 3-3%), 
(6) 4-Bromo-2-methoxy-N-toluene-p-sulphonylaniline was dissolved in an excess of sulphury| 
chloride and the excess was then evaporated. The residual crystalline mass recrystallised 
from acetic acid, to yield a product, m. p. 157-—-159°, alone or mixed with that prepared as in (a), 
Oxidation of this bromochloro-compound with chromic acid in acetic acid gave only impure 
yellow material. 
5-Chloro-2-methoxy-4-nitro-N-toluene-p-sulphonylaniline—Fuming nitric acid (2 c.c.) in 
acetic acid (3 c.c.) was added to a warm solution of 5-chloro-2-methoxy-N-toluene-p-sulphony}- 
aniline (2 g.) in acetic acid (20c.c.). On cooling, the solution deposited the mononitro-derivative, 
which formed prisms, m. p. 173°, from acetic acid (Found: C, 47-4; H, 3-6. C,,H,,0;N,SCI 
requires C, 47-1; H, 3-6%), quickly hydrolysed by concentrated sulphuric acid to 5-chloro-2. 
methoxy-4-nitroaniline, needles (from ethanol), m. p. 133° (Found: C, 42-0; H, 44, 
C,H,O,N,Cl requires C, 41-5; H, 3-5%) [acetyl derivative, needles, m. p. 198°, from acetic acid 
(Found: C, 44-6; H, 3-5. C,H,O,N,Cl requires C, 44-2; H, 3-7%)]. Slightly more vigorous 
nitration gave 5-chloro-2-methoxy-4,6-dinitro-N-toluene-p-sulphonylaniline, which crystallised 
from ethyl acetate in almost colourless needles, m. p. 238—240° (Found: C, 41-8; H, 2-8, 
C,4H,,0,N,SCl requires C, 41-8; H, 30%), hydrolysed by cold sulphuric acid to 5-chloro-2- 
methoxy-4,6-dinitroaniline, which crystallised from ethanol in bright yellow needles, m. p. 
172—174° (Found: C, 33-5; H, 2-8. C,H,O;N,Cl requires C, 33-9; H, 2-4%). 
4,5-Dibromo-2-methoxyacetanilide* (10 g.) was hydrolysed by concentrated hydrochloric 
(20 c.c.) in boiling ethanol (50 c.c.) (1 hr.). After cooling, the hydrochloride of the base was 
collected and decomposed by aqueous ammonia to yield 4,5-dibromo-2-methoxyaniline, m. p. 
104°, which with toluene-p-sulphonyl chloride in pyridine gave 4,5-dibromo-2-methoxy-N- 
toluene-p-sulphonylaniline, needles, m. p. 170—172° (from acetic acid) (Found: C, 39-2; H, 31. 
C,,H,,0,NSBr, requires C, 38-6; H, 30%). No pure compound was isolated from the material 
obtained by oxidation of this sulphonanilide with chromic acid in acetic acid. 
4-Bromo-2-nitroanisole was prepared from o-nitroanisole by Kohn and Karlin’s method.” 
The crude product contained a small amount of 4,6-dibromo-2-nitrophenol. The recrystallised 
monobromo-compound was reduced by Kohn and Karlin’s method but the base was removed 
in steam. Towards the end of the distillation there was obtained a small amount of 5-bromo-4- 
chloro-2-methoxyaniline, which crystallised from ethanol in scales, m. p. 110° (Found: C, 35:8; 
H, 3-2. C,H,ONBrCl requires C, 35-6; H, 3-0%), and gave an acetyl derivative, needles (from 
ethanol), m. p. 138° (Found: C, 38-8; H, 3-4. C,H,O,NBrCl requires C, 38-8; H, 3-2%). 
The main product on solution in cold acetic anhydride gave 5-bromo-2-methoxyacetanilide, 
which crystallised from ethanol in plates, m. p. 124° (Found: C, 44-3; H, 4-1. C,H,,O,NBr 
requires C, 44-3; H, 4:1%) (Madesani‘* claimed to have isolated this compound by the 
bromination of o-acetanisidine but gives m. p. 159—160°). With toluene-p-sulphonyl chloride 
the base gave 5-bromo-2-methoxy-N-toluene-p-sulphonylaniline, prisms (from acetic acid), m. p. 
134° (Found: C, 47-5; H, 3-9. C,,H,,O,NSBr requires C, 47-2; H, 3-9%). The sulphonamide 
with N-bromosuccinimide in pyridine gave its 4,5-dibromo-derivative, m. p. 170—172° (above), 
with sulphuryl chloride gave the 4-chloro-derivative, prisms, m. p. 172—174° (from acetic 
acid) (Found: C, 43-1; H, 3-2. C,,H,,;O0,NSBrCl requires C, 43-0; H, 3-3%), and with fuming 
nitric acid in acetic acid gave the 4-nitro-derivative, prisms, m. p. 180—182° (from acetic 


acid) (Found: C, 42-4; H, 3-3. C,,H,,0;N,SBr requires C, 41-9; H, 3-2%). 


The author is indebted to Dr. D. M. W. Anderson for methoxy] determinations by his infrared 
method,'* to Dr. J. W. Minnis for the microanalyses, and to the Carnegie Trust for the 
Universities of Scotland for a grant. 
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157. Some Reactions of 14-Hydroxycodeine.* 
By A. C. CurRIE, JoHN GiLton, G. T. NEWBOLD, and F. S. SPRING. 


Reduction of 14-hydroxycodeinone and of some 14-acyloxycodeinones 
with sodium borohydride gives the corresponding 14-substituted codeines 
without their 6-epimers, but similar reduction of dihydro-14-hydroxy- 
codeinone and of its acetate gives a mixture of the related dihydrocodeine and 
dihydroisocodeine derivatives. Lithium aluminium hydride reduces 14- 
hydroxycodeine 6-toluene-p-sulphonate to deoxy-14-hydroxycodeine. This 
ester in 10% acetic acid gives mainly 14-hydroxyisocodeine, but with 70% 
acetic acid gives mainly the acetate of the isomeric 14-hydroxyallopseudo- 
codeine. 


SARGENT, SCHWARTZMAN, and SMALL! recently described the reduction of 14-hydroxy- 
codeinone (I) with sodium borohydride. They obtained an unsaturated diol, hydrogen- 
ation of which gave dihydro-14-hydroxycodeine B previously obtained? together with 
dihydro-14-hydroxycodeine C by catalytic hydrogenation of dihydro-14-hydroxycodeinone 
(III). Since borohydride reduction of codeinone gives a nearly quantitative yield of 
codeine,* Sargent e¢ al. inferred that the product obtained by similar reduction of 14- 
hydroxycodeinone is 14-hydroxycodeine (II). If this is correct, it follows that dihydro-14- 
hydroxycodeine B is 14-hydroxydihydrocodeine (IV) and that dihydro-14-hydroxycodeine 
Cis the 6-epimeric dihydro-14-hydroxyisocodeine (V). 


NMe NMe 
14] 8 
HO 
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MeO re) oO MeO re) 
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H OH 
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(IV) H OH H OH (Vv) 


Before the appearance of the paper by Sargent et al., we had prepared 14-hydroxy- 
codeine (II) by reduction of 14-hydroxycodeinone (I) with sodium borohydride or lithium 
aluminium hydride, and we had shown that catalytic reduction converts 14-hydroxy- 
codeine into 14-hydroxydihydrocodeine B. We had also found that reduction of dihydro- 
14-hydroxycodeinone (III) with sodium borohydride gives both dihydro-14-hydroxycodeine 
B and dihydro-14-hydroxycodeine C. In addition we observed that Oppenauer 4 oxidation 
of dihydro-14-hydroxycodeine B or C gives dihydro-14-hydroxycodeinone (III) in 53% 
and 19% yield respectively. This proves that the 6-hydroxyl groups in 14-hydroxydi- 
hydrocodeine B and C are axial («) and equatorial (8), respectively. It follows that the 
product obtained by metal hydride reduction of 14-hydroxycodeinone is correctly described 
as 14-hydroxycodeine (II). The mother-liquors from 14-hydroxycodeine did not contain 
even traces of 14-hydroxyisocodeine. Likewise Meerwein—Ponndorf reduction of 14- 
hydroxycodeinone gave 14-hydroxycodeine as sole product. When treated with methanol, 
14-acetoxycodeine 6-acetate is converted in part into 14-hydroxycodeine 6-acetate. 


* Some of the experiments described in this paper are the subject of patent applications. 


' Sargent, Schwartzman, and Small, J. Org. Chem., 1958, 28 1247. 

* Lutz and Small, ibid., 1939, 4, 220. 

* Gates, J. Amer. Chem. Soc., 1953, '75, 4340. 

* Rapoport Naumann, Bissell, and Bonner, J. Org. Chem., 1950, 15, 1103. 
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Reduction of 14-acetoxy-, 14-benzoyloxy-, 14-propionyloxy-, 14-butyryloxy-, ang 
14-valeryloxy-codeinone by sodium borohydride gave the 14-acyloxycodeines. However 
similar reduction of 14-acetoxydihydrocodeinone gave mainly 14-acetoxydihydroisocodeine, 
together with 14-acetoxydihydrocodeine. Acetylation of these epimeric diol mono. 
acetates gave the known diacetates. 

14-Hydroxycodeine gave a 6-toluene-p-sulphonate, acetylation of which gave 14 
acetoxycodeine 6-toluene-p-sulphonate, which was also obtained by toluene-p-sulphonyl- 
ation of 14-acetoxycodeine. Hydrogenation of 14-hydroxycodeine 6-toluene-p-sulphonate 
afforded the dihydro-ester which was also formed by esterification of dihydro-14-hydroxy. 
codeine. Acetylation of dihydro-l14-hydroxycodeine 6-toluene-f-sulphonate gave the 
14-acetate 6-toluene-p-sulphonate which was also obtained by esterification of 14-acetoxy. 
dihydrocodeine and by hydrogenation of the codeine diester. 14-Acetoxydihydrocodeine 


NMe 
CVn 
MeO oO 
(VI) (VII) 





6-toluene-f-sulphonate was converted into dihydro-14-hydroxycodeine 6-toluene-p. 
sulphonate by lithium aluminium hydride at 0°. In contrast, similar treatment of the 
6-toluene-p-sulphonate of either 14-acetoxy- or 14-hydroxy-codeine gave deoxy-l¢ 
hydroxycodeine (VI; R= OH). This compound is stable to hot dilute mineral acid and 
gave a 14-acetate, alkaline hydrolysis of which regenerated the original alcohol. Hydrogen- 
ation of deoxy-14-hydroxycodeine yielded deoxydihydro-14-hydroxycodeine (VII), whose 
14-acetate was also obtained by hydrogenation of 14-acetoxydeoxycodeine. In all these 
respects, deoxy-14-hydroxycodeine is an analogue of deoxycodeine E (VI; R = H), itself 
prepared by reduction of codeine toluene-p-sulphonate with lithium aluminium hydride.* * 

Treatment of 14-hydroxycodeine 6-toluene-p-sulphonate with 10° acetic acid gives, as 
major product, a diol, C,gH,,O,N, isomeric with 14-hydroxycodeine and on hydrogenation 








MeO 
(IX) 


affording 14-hydroxydihydroisocodeine (V). The new diol is therefore 14-hydroxyiso- 
codeine (VIII); it readily forms a diacetate from which the diol is regnerated by alkaline 
hydrolysis; methanol converts this diacetate partly into 14-hydroxyisocodeine acetate. 
Whereas 14-hydroxycodeine (II) is rapidly oxidised by manganese dioxide to 14-hydroxy- 
codeinone (I) in quantitative yield, similar treatment of 14-hydroxyisocodeine (VIII) 
gives only a 10% yield of this ketone after a prolonged reaction time. 

Treatment of 14-hydroxycodeine 6-toluene-f-sulphonate with 70% acetic acid gives, 
as principal product, the monoacetate of a diol, C,,H,,O,N. Further acetylation of this 
monoacetate gives a diacetate, isomeric with 14-acetoxycodeine acetate and 14-acetoxyiso- 
codeine acetate. The monoacetate is considered to be 14-hydroxyallopseudocodeine & 
acetate (IX; R = H, R’ = Ac) and its formation (involving a structural change) from 14+ 
hydroxycodeine 6-toluene-p-sulphonate is considered to be an Sy2’ displacement without 
inversion.’ The related diacetate (IX; R = R’ = OAc) with methanol regenerates the 


5 Rapoport and Bonner, J. Amer. Chem. Soc., 1951, 78, 2872. 
® Karrer and Widmark, Helv. Chim. Acta, 1951, $4, 34. 
? Stork and Clarke, J. Amer. Chem. Soc., 1956, 78, 4619. 
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monoacetate (IX; R=H, R’= Ac). 14-Hydroxyallopseudocodeine (IX; R= R’ = 
H), obtained by alkaline hydrolysis of both the mono- and the di-acetate, is oxidiséd by 
manganese dioxide to 14-hydroxypseudocodeinone (X). Partial hydrogenation of this 
ketone (X) gave dihydro-14-hydroxypseudocodeinone (XI) together with a phenol, 
presumably formed by hydrogenolysis. Further hydrogenation of dihydro-14-hydroxy- 
pseudocodeinone afforded the allopseudo-diol (XII; R = R’ = H) which is also obtained 
by hydrogenation of the unsaturated diol (IX; R=R’=H). 14-Hydroxypseudo- 
codeinone (X) was directly reduced by sodium borohydride to the dihydro-diol (XII; R = 
R’ =H), which on Oppenauer oxidation afforded dihydro-14-hydroxypseudocodeinone 
(XI) in good yield; Rapoport et al.* showed that under the same conditions dihydroallo- 
pseudocodeine was oxidised whereas its epimer was unaffected. This confirms the view 


MeO re) MeO 
(XI), (X11 


NMe 








that the 8-hydroxy]l group is axial («) in the allopseudo-compounds. Acetylation of dihydro- 
14-hydroxyallopseudocodeine (XII; R = R’ = H) gave two isomeric monoacetates, each 
of which is hydrolysed to the parent diol by alkali. One of these monoacetates is the 
8-acetate (XII; R = H, R’ = Ac) since it is also formed by catalytic hydrogenation of the 
unsaturated 8-acetate (IX; R =H, R’ = Ac). The isomeric monoacetate is considered 
to be the 14-acetate (XII; R = Ac, R’ = H): it was recovered unchanged after attempted 
acetylation. 

A report on the pharmacology of some of the codeine derivatives described in this paper 
will appear elsewhere. 


EXPERIMENTAL 


Rotations were measured for chloroform solutions except where otherwise stated. Acetyl- 
ations were carried out as described for the preparation of 14-acetoxycodeine 6-acetate. Light 
petroleum had b. p. 60—80°. Infrared spectra were determined for Nujol mulls, and identities 
were confirmed by infrared comparison. 

14-Hydroxycodeine (I1).—(a) 14-Hydroxycodeinone ® (10 g.) was leached from the thimble 
of a Soxhlet apparatus by a boiling suspension of lithium aluminium hydride (10 g.) in ether 
(350 c.c.). After refluxing for 96 hr., the mixture was cooled to 0° and treated, with stirring, 
with ice. After being washed with water, the dried (Na,SO,) ethereal solution was evaporated 
to a gum (9-15 g.) which crystallised from benzene-light petroleum to yield 14-hydroxycodeine 
(8-0 g.) as prisms, m. p. 155—157°, [a,, —129-5° (c 1-75) (lit... m. p. 156—157°), vmx 3390 
cm. (OH) (Found: C, 68-6; H, 6-5. Calc. for C,,H,,O,N: C, 68-55; H, 6-7%). 

(0) A boiling solution of 14-hydroxycodeinone (1-0 g.) in dioxan (25 c.c.) was rapidly cooled 
to 15°. The suspension was treated, with stirring, with a solution of sodium borohydride 
(1-2 g.) in water (10 c.c.) added in one portion. The whole was stirred for 2 hr. at room temper- 
ature and diluted with aqueous 2N-sodium hydroxide (100 c.c.), and the product was isolated by 
means of chloroform. Crystallisation from benzene-—light petroleum gave 14-hydroxycodeine 
(850 mg.) as prisms, m. p. and mixed m. p. 156—157°, [a],, —132° (c 2-1). The hydrochloride, 
m. p. 263—264° (decomp.), separated when a solution of the base in chloroform-ether was 
treated with dry hydrogen chloride (Found: Cl, 9-7. C,gH,,O,N,HCl requires Cl, 10-1%). 

(c) 14-Hydroxycodeinone (4 g.) was added to a solution of aluminium isopropoxide (5 g.) in 
dry propan-2-ol (50 c.c.), and the stirred solution was distilled slowly (3 hr.) until the distillate 
was free from acetone. The excess of propan-2-ol was removed by distillation, the residue was 
diluted with water (30 c.c.) and basified with ammonia (d 0-88), and the product isolated in 
chloroform. Crystallisation from benzene-light petroleum gave 14-hydroxycodeine (2-75 g., 
69%) as prisms, m. p. and mixed m. p. 154—157°. 

* Freund and Speyer, J. prakt. Chem., 1916, 94, 135. 
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14-Acetoxycodeine 6-Acetate.—14-Hydroxycodeine (200 mg.) was heated on the steam-bath 
with acetic anhydride (2-5 c.c.) for 14 hr. The diacetate crystallised from benzene-light 
petroleum as blades (100 mg.), m. p. 198—200°, [a], — 126° (c 1-5) [lit.,t m. p. 199° (vacuum)}, 
Vmax, 1730 cm. (ester C=O) (Found: C, 66-35; H, 6-0. Calc. for C,,H,,0,N: C, 66-15; H, 
63%). The hydrochloride separated from methanol-ether as blades, m. p. 164—167° (decomp.) 
(Found: Cl, 8-2. C,,H,,O,N,HCI requires Cl, 8-15%). 

14-Hydroxycodeine 6-Acetate.—A solution of the diacetate (5 g.) in methanol (100 c.c.) was 
refluxed for 4 hr., concentrated to one-quarter bulk and cooled, 14-acetoxycodeine acetate 
(1-5 g.) separating as prisms, m. p. 190—200°. On further concentration, the mother-liquor 
yielded prisms, m. p. 140—150° (3 g.), which recrystallised from chloroform—light petroleum to 
yield 14-hydroxycodeine 6-acetate (1-5 g.) as prismatic needles, m. p. 155—156°, [a], — 220° (c 
6-0), Vinax, 3833 (OH) and 1742 cm.* (ester C=O) (Found: C, 67-2; H, 6-3. C,9H,30;N requires 
C, 67-2; H, 6-5%). Acetylation of this gave the diacetate, m. p. and mixed m. p. 198—200°, 
and hydrolysis with 5% methanolic potassium hydroxide gave 14-hydroxycodeine, m. p. and 
mixed m. p. 155—157°. 

Esters of 14-Hydroxycodeinone.—14-Hydroxycodeinone (2-0 g.) was heated with propionic 
anhydride (10 c.c.) on the steam-bath for 1 hr. with occasional shaking. Working up in the 
usual way followed by crystallisation of the product from benzene—light petroleum gave 14- 
propionyloxycodeinone (1-7 g.) as slightly yellowish needles, m. p. 182—183°, [a],, —91° (c 1-3), 
Vmax. 1733 (ester C=O) and 1684 cm.? (a$-unsaturated C=O) (Found: C, 68-6; H, 6-35. 
C,,H,,0,N requires C, 68-3; H, 6-3%). 

Butyric anhydride similarly (heating for 2} hr.) gave 14-butyryloxycodeinone (2-8 g.), needles 
(from chloroform—methanol), m. p. 152-5—153-5°, [a], —89° (c 2-0) vax 1736 (ester C=O) and 
1689 cm. (C:C-C=O) (Found: C, 69-3; H, 6-8. C,.H,,0,N requires C, 68-9; H, 6-6%). 

14-Hydroxycodeinone (3-0 g.) was heated with valeryl chloride (5 c.c.) and pyridine (10 c.c.) 
for 3 hr. on the steam-bath. The cooled solution was diluted with water (400 c.c.) and extracted 
with chloroform, and the product isolated in the usual way. A solution of the product in 
benzene was filtered through alumina (3 x 1 cm.). Evaporation and crystallisation of the 
residue from chloroform-—light petroleum gave valeryloxycodeinone (1-2 g.) as needles, m. p. 133— 
134°, [a], —77° (¢ 1-0), Vmax. 1726 (ester C=O) and 1692 cm. (C:C-C=O) (Found: C, 69-9; H, 
6-8. C,3;H,,O,N requires C, 69-5; H, 685%). Heating 14-hydroxycodeinone (2-95 g.) on the 
steam-bath with valeric anhydride (15 c.c.) for 24 hr. gave the same ester (1-5 g.), m. p. and 
mixed m. p. 133—134°. 

Preparation of 14-Acyloxycodeines.—The 14-acyloxycodeines described below were obtained 
in 80—90% yield by reduction of the corresponding 14-acyloxycodeinones in the conditions 
described for the preparation of 14-hydroxycodeine (method }): 

14-Acetoxycodeine (from 14-acetoxycodeinone 8), prismatic needles, m. p. 203—205° (from 
benzene-light petroleum), {«],, —64°, —61° (c 1-2, 1-0), vmx. 3610 (OH) and 1745 cm. (ester 
C=O) (Found: C, 67-4; H, 6-3. C,)9H,,0;N requires C, 67-2; H, 6-5% [hydrochloride (from 
methanol-ether), needles, m. p. 222—224° (decomp.) (Found: Cl, 8-7. C, 9H,,0;N,HC 
requires Cl, 9-0%)]. Acetylation gave the diacetate, m. p. and mixed m. p. 198—200°. 

14-Propionyloxycodeine (from chloroform-light petroleum), prismatic needles, m. p. 164— 
165-5°, [aJ,, —54°, —54° (c 1-0, 1-7), Vmax. 3571 (OH) and 1736 cm. (ester C=O) (Found: C, 
67-85; H, 6-8. C,,H,,O,;N requires C, 67-9; H, 6-8%) [hydrochloride, m. p. 165—170° (decomp.) 
(Found: Cl, 8-5. C,,H,,O;N,HCl requires Cl, 8-7%)]. Acetylation gave 14-propionyloxy- 
codeine 6-acetate, prismatic needles (from benzene-light petroleum), m. p. 153—154°, [a], —127°, 
—129° (c 1-7, 1-3), ¥max, 1742 cm." (ester C=O) (Found: C, 66-7; H, 6-4. C,,;H,,O,N requires 
C, 66-8; H, 6-6%) [hydrochloride, m. p. 215—220° (decomp.) (Found: Cl, 8-0. C,,H,,O,N,HCI 
requires Cl, 7-9%)]. 

14-Butyryloxycodeine (from chloroform-light petroleum), needles, m. p. 131—132°, [«],, —49° 
(c 1-0), ¥max, 3610 (OH) and 1733 cm. (ester C=O) (Found: C, 68-6; H, 6-7. C,,H,,O;N requires 
C, 68-55; H, 7-1%) (hydrochloride, m. p. 165° (decomp.) after softening at 150° (Found: Cl, 8-3. 
C,,H,,0,N,HCI requires Cl, 8-4%)]. 

14-Valeryloxycodeine (from chloroform-light petroleum), prismatic needles, m. p. 110— 
111°, [aj,, —47° (¢ 1-4), vax, 3472 (OH) and 1704 cm.* (ester C=O) (Found: C, 69-2; H, 68. 
Cy3H.,.0,N requires C, 69-15; H, 7-3%) [hydrochloride (from ethanol-ether), needles, m. p. 138— 
148° (decomp.) (Found: Cl, 7-8. C,3;H,,O,;N,HCI requires Cl, 8-1%)}. 

14-Benzoyloxycodeine (from 14-benzoyloxycodeinone *) separated from chloroform-light 
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petroleum as prismatic needles, m. p. 221—222°, [a],, —120°, —124° (c 1-2, 1-0), vax. 3546 (OH) 
1709 cm.~! (ester C=O) (Found: C, 71-5; H, 6-2; N, 3-0. C,;H,,0;N requires C, 71-6; H, 6-0; 
N, 33%) [hydrochloride (from ethanol-ether), blades, m. p. 177—180° (Found: Cl, 7-7. 
CysH,;0;N,HCI requires Cl, 7-8%)]. Acetylation gave 14-benzoyloxycodeine 6-acetate, prismatic 
needles (from ethanol), m. p. 194—195°, [a], —174°, —168° (c 2-0, 6-0), Vmax, 1748 (acetoxy 
C=O) and 1712 cm. (benzoyloxy C=O) (Found: C, 70-5; H, 5-6; N, 3-0. C,,H,,0,N requires 
C, 70-3; H, 5-9; N, 30%) [hydrochloride, needles (from ethanol-ether), m. p. 227—229° 
(decomp.) (Found: Cl, 7:3. C,;H,,O,N,HCI requires Cl, 7-0%)]. 

Dihydro-14-hydroxycodeine.—14-Hydroxycodeine (850 mg.) in acetic acid (25 c.c.) and 
water (25 c.c.) was shaken with hydrogen and platinum (from 150 mg. of platinum oxide) until 
absorption ceased. The filtered solution was evaporated under reduced pressure to small 
bulk, the concentrate was diluted with water and basified with ammonia (d 0-88), and the gum 
which separated isolated in ether. Crystallisation from benzene-light petroleum gave dihydro- 
14-hydroxycodeine (500 mg.) as felted needles, m. p. 140—141°, [aJ,, —169° (c 0-6), (aj, —138° 
(c 18 in 10% acetic acid) [lit..2 m. p. 145—145-5°, (aj, —136° (in 10% acetic acid)], 
Vmax, 3425 cm. (OH) (Found: C, 68-2; H, 7-1; N, 4-7. Calc. for C,,H,,0,N: C, 68-1; H, 7:3; 
N, 44%). The diacetate formed by acetylation separated from benzene-light petroleum as 
needles, m. p. 180-5—181-5°, [aj,, —211° (c 1-3), [a],, —127° (c 0-8 in 10% acetic acid) {lit.,* m. p. 
181—182°, [a], —127° (in 10% acetic acid)}, vmax, 1789 cm. (ester C=O) (Found: C, 66-3; H, 
6-8; N, 4:1. Calc. for C,,H,,O,N: C, 65-8; H, 6-8; N, 3-5%). 

14-A cetoxydihydrocodeine.—Hydrogenation of 14-acetoxycodeine (750 mg.) gave 14-aceloxy- 
dihydrocodeine (600 mg.) which separated from benzene-light petroleum as needles, m. p. 164— 
166°, {a|,, —202° (¢ 1-6), Vmax, 3448 (OH) and 1733 cm.™ (ester C=O) (Found: C, 66-5; H, 6-6; 
N, 4:3. Cy9H,,0;N requires C, 66-8; H, 7-0; N, 39%). The hydrochloride had m. p. 175— 
182° (decomp.) (Found: Cl, 8-8. C, 9H,,;0;N,HCI requires Cl, 9-0%). It gave the diacetate, 
needles (from benzene-light petroleum), m. p. 182—183° alone or mixed with the specimen 
described above, {a],, — 208° (c 2-0). 

Hydrogenation of 14-Acetoxycodeine 6-Acetate.—The acetate (1-135 g.) was hydrogenated as 
described above. Isolation in chloroform followed by crystallisation from benzene—chloroform, 
chromatography of a benzene solution on alumina (2 x 0-5 cm.), and crystallisation of the 
eluted solid from benzene-light petroleum gave 14-acetoxydihydrocodeine 6-acetate (1-1 g.) 
as prisms, m. p. 181-5—182-5° alone or mixed with a specimen prepared as described above, 
[a], —206° (c 1-0), [aJ,, —128° (c 0-9 in 10% acetic acid). 

Reduction of Dihydro-14-hydroxycodeinone with Sodium Borohydride.—The ketone (5-0 g.) was 
reduced with sodium borohydride (3 g.) in the usual way and the product was isolated by using 
chloroform, as needles, m. p. 147—150°. Fractional crystallisation of this solid from benzene— 
light petroleum gave two compounds; the less soluble is dihydro-14-hydroxyisocodeine, which 
separated as needles, m. p. 167—168°, {a],, — 142° (c 1-3), {a],, —125° (c 1-3 in 10% acetic acid) 
{lit.,2 m. p. 166—167°, [a],, — 152° (in 10% acetic acid) }, vinx, 3509 and 3425 cm. (OH) (Found: 
C, 68:15; H, 7-4. Calc. for C,,H,,0,N: C, 68-1; H, 7-°3%). Acetylation of this diol gave the 
diacetate which separated from benzene-light petroleum as needles, m. p. 199—201°, [a],, —191° 
(c 1-4), [aJ,, —110° (c 1-6 in 10% acetic acid) {lit.,2 m. p. 203°, [a],, —107° (in 10% acetic acid)}, 
Vmax, 1736 cm.~1 (ester C=O) (Found: C, 65-6; H, 6-9. Calc. for C,,H,,O,N: C, 65-8; H, 6-8%). 
The hydrochloride separated from ether-ethanol as needles, m. p. 197—-201° (decomp.) (Found: 
Cl, 7-8. C,,H,,O,N,HCl requires Cl, 8-1%). The more soluble compound is dihydro-14- 
hydroxycodeine, which forms needles, m. p. 141—142° alone or mixed with the product obtained 
by catalytic hydrogenation of 14-hydroxycodeine, and has [«],, —170° (c 1-2), [a], —142° (c 1-5 
in 10% acetic acid) (Found: C, 68-2; H, 7-5. Calc. for CjgH,,0,N: C, 68-1; H, 7-3%); it 
gave 14-acetoxydihydrocodeine 6-acetate, prisms (from benzene—light petroleum), m. p. and 
mixed m. p. 180-5—181-5°, [a),, —211° (c 1-3), [a],, —128° (c 0-7 in 10% acetic acid). 

Reduction of 14-Acetoxydihydrocodeinone with Sodium Borohydride.—14-Acetoxydihydro- 
codeinone ® (2-0 g.) was reduced with sodium borohydride by the usual method. The crude 
product was isolated by means of chloroform and crystallised from benzene-light petroleum to 
give needles, m. p. ca. 130°. Six récrystallisations of this product from the same solvent gave 
14-acetoxydihydroisocodeine as needles, m. p. 180—182° (300 mg.), [a],, —177° (¢ 1-3), vmax. 3650 
(OH) and 1724 cm. (ester C=O) (Found: C, 67-25; H, 6-7; N, 4:0. C, 9H,,O,;N requires C, 
66-8; H, 7-0; N, 3-9%); it gave the diacetate, m. p. and mixed m. p. 199—201°. 

The earlier mother-liquors from the recrystallisation of the solid of m. p. 130° were allowed 
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to evaporate spontaneously. A mixture of needles (predominating) and hard prisms separated, 
The prisms (m. p. 135—160°) were mechanically separated and crystallised from benzene-light 
petroleum to give prismatic needles, {a],, —200° (c 2-1), m. p. 165—166° alone or mixed with 
14-acetoxydihydrocodeine prepared by catalytic hydrogenation of 14-acetoxycodeine, which 
afforded a diacetate, m. p. 180-5—181-5° alone or mixed with a specimen prepared by hydrogen- 
ation of 14-acetoxycodeine 6-acetate. 

14-Hydroxycodeinone from 14-Hydroxycodeine.—14-Hydroxycodeine (0-5 g.) in chloroform 
(25 c.c.) was stirred at room temperature with active manganese dioxide (5 g.) for 20 min. The 
filtered solution was evaporated and the residue crystallised from chloroform-ethanol to give 
14-hydroxycodeinone (400 mg.) as prisms, m. p. and mixed m. p. 275—277°. 

Dihydro-14-hydroxydihydrocodeinone.—(a) Dihydro-14-hydroxycodeine (0-5 g.) was oxidised 
with potassium t-butoxide and benzophenone under Rapoport’s conditions. The cooled 
solution was extracted with dilute hydrochloric acid, and the extract was washed with ether 
(2 x 30 c.c.), basified with ammonia (d 0-88), and shaken with chloroform (5 x 30c.c.). The 
chloroform solution was washed with water (20 c.c.), dried (Na,SO,), and evaporated. The 
product (390 mg.) crystallised from ethanol, to give dihydro-14-hydroxycodeinone (265 mg., 
53%), m. p. 218—219°, [aj,, —217° (c 1-3). 

(b) Oxidation of dihydro-14-hydroxyisocodeine (150 mg.) by the same method gave dihydro- 
14-hydroxycodeinone (27-6 mg., 19%) as long blades, m. p. 217—218°. 

14-Hydroxycodeine 6-Toluene-p-sulphonate.—14-Hydroxycodeine (5 g.) in pyridine (10 c.c.) 
was cooled to 0° and toluene-p-sulphonyl chloride (3-5 g.) in pyridine (3 c.c.) was added at such 
a rate that the temperature remained below 10°. The solution was kept overnight at 5°, then 
diluted with ice water (150 c.c.). The 6-toluene-p-sulphonate (6-4 g.) was isolated by means of 
chloroform and crystallised from chloroform—methanol as prismatic needles, m. p. 165°, [a] 
—211° (¢ 3-0), Vmax, 3333 cm.-? (OH) (Found: C, 64-3; H, 6-1. C,;H,,O,NS requires C, 63-9; 
H, 5-8%). 

14-A cetoxycodeine 6-Toluene-p-sulphonate.—(a) 14-Acetoxycodeine (5 g.) in pyridine (10 c.c.) 
was treated with toluene-p-sulphonyl chloride (3-5 g.) in pyridine (3 c.c.) at O—10°. The 
solution was kept overnight at 5° and the product isolated in the usual manner. Crystallisation 
from benzene-light petroleum gave the diester (6-0 g.) as hard prisms, m. p. 91—92°, [a],, —130° 
(c 2-5), Vmax, 1739 cm. (ester C=O) (Found: C, 67-3; H, 5-8. C,,H,,0,NS,C,H, requires C, 
67-2; H, 6-0%). 

(b) 14-Hydroxycodeine 6-toluene-p-sulphonate (0-1 g.) with acetic anhydride (2 c.c.) on the 
steam-bath (1 hr.) gave the same diester, m. p. and mixed m. p. 90—91°, [aJ,, — 128° (c 1-0). 

14-Acetoxydihydrocodeine 6-Toluene-p-sulphonate.—(a) 14-Acetoxydihydrocodeine (5 g.) in 
pyridine (10 c.c.) was treated with toluene-p-sulphonyl chloride as described above. The crude 
product (6-6 g.) crystallised from chloroform—methanol, to give the diester as needles, m. p. 134°, 
[ai], —214-5° (¢ 4-5), Vmax, 1733 cm.“ (ester C=O) (Found: C, 63-0; H, 6-2. C,,H,,O,NS requires 
C, 63-1; H, 6-1%). 

(b) 14-Acetoxycodeine 6-toluene-p-sulphonate (2 g.) in 50% aqueous acetic acid (50 c.c.) 
was shaken with hydrogen and platinum until absorption ceased. The filtered solution was 
basified with ammonia (d 0-88). The product was isolated by means of chloroform and crystal- 
lised from chloroform-light petroleum to give the preceding diester, m. p. and mixed m. p. 134°. 

Dihydro-14-hydroxycodeine 6-Toluene-p-sulphonate.—(a) 14-Acetoxydihydrocodeine 6-tolu- 
ene-p-sulphonate (0-5 g.) in dry ether (25 c.c.) was treated with lithium aluminium hydride 
(0-4 g.) in dry ether (10 c.c.) at 0° with vigorous stirring which was continued for 2} hr. The 
product was isolated in the usual way and crystallised from chloroform—methanol to give 
dihydro-14-hydroxycodeine 6-toluene-p-sulphonate as prisms, m. p. 138°, [a],, —199° (¢ 3-0), Vmax 
3356 cm. (OH) (Found: C, 63-3; H, 6-4. C,,H,.O,NS requires C, 63-7; H, 6-2%). 

(b) Dihydro-14-hydroxycodeine (1-25 g.) in pyridine (5 c.c.) was treated with toluene-p- 
sulphonyl chloride (1 g.) in pyridine (3 c.c.) at 0°. The ester crystallised from chloroform- 
methanol as prisms, m. p. 138°, identical with the compound obtained by method (a). 

(c) 14-Hydroxycodeine toluene-p-sulphonate (1-8 g.) in 50% aqueous acetic acid (60 c.c.) 
was hydrogenated over platinum, giving the preceding product, m. p. and mixed m. p. 138°. 

Acetylation of 14-hydroxydihydrocodeine 6-toluene-p-sulphonate in the usual way gave the 
14-acetate 6-toluene-p-sulphonate, m. p. and mixed m. p. 134°. 

Deoxy-14-hydroxycodeine.—14-Acetoxycodeine 6-toluene-p-sulphonate (1-9 g.) in dry ether 
(40 c.c.) was treated with a suspension of lithium aluminium hydride (1-0 g.) in dry 
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ether (15 c.c.) at 0°. Stirring was continued at 0° for 2? hr. The excess of hydride was 
decomposed by addition of a mixture of ice and chloroform, and the mixture filtered through 
kieselguhr. The chloroform layer was separated and the product, isolated in the usual way, 
was crystallised from chloroform—methanol to give deoxy-14-hydroxycodeine (1-3 g.) as prisms, 
m. p. 125°, [a], —80° (¢ 2-0), Vmax. (in CCl,) 3333 cm.? (OH) (Found: C, 72-6, 72-2; H, 7:1, 
7-5. C,,H.,O,N requires C, 72-2; H, 7-1%). 

Similar reduction of 14-hydroxycodeine 6-toluene-p-sulphonate in dry tetrahydrofuran gave 
deoxy-14-hydroxycodeine in 60% yield. 40% of the ester was recovered. 

Deoxydihydro-14-hydroxycodeine (V11).—Deoxy-14-hydroxycodeine (0-4 g.) in 50% aqueous 
acetic acid (50 c.c.) was hydrogenated over platinum at room temperature. Crystallisation of 
the product, deoxydihydro-14-hydroxycodeine, from chloroform—methanol gave prisms (0-35 g.), 
m. p. 116—117°, [a],, — 106° (¢ 1-5), ¥max, 3333 cm.~? (OH) (Found: C, 71-7; H, 7-7. C,,H,,;0,N 
requires C, 71-7; H, 7-7%). 

14-A cetoxydeoxycodeine.—14-Hydroxydeoxycodeine (0-4 g.) in acetic anhydride (4 c.c.) was 
heated on the steam-bath for 2 hr. The product, isolated in the usual way, crystallised from 
chloroform-light petroleum to give 14-acetoxydeoxycodeine (0-4 g.) as needles, m. p. 182—183°, 
[aly —17° (c 3-5), Vmax. 1739 cm. (ester C=O) (Found: C, 70-35; H, 6-75. C.9H,,0,N requires 
C, 70-4; H, 68%). 

Hydrolysis of 14-Acetoxydeoxycodeine.—The acetate (0-15 g.) was refluxed for 2 hr. with 
potassium hydroxide (1 g.) in water (5 c.c.) and ethanol (15c.c.). Dilution with water (200 c.c.) 
and extraction with chloroform gave gummy deoxy-14-hydroxycodeine which crystallised from 
chloroform—methanol as prisms (0-12 g.), m. p. and mixed m. p. 125°. 

14-Acetoxydeoxydihydrocodeine.—(a) 14-Acetoxydeoxycodeine (0-2 g.), when hydrogenated 
as above, gave 14-acetoxydeoxydihydrocodeine which crystallised from chloroform—methanol as 
needles, m. p. 124—126-5°, [a],, —136° (c 4-0), Vmax 1718 cm.“ (ester C=O) (Found: C, 70-15; 
H, 7-5. Cy9H,,0,N requires C, 69-95; H, 7-3%). 

(b) Deoxydihydro-14-hydroxycodeine (0-5 g.) was heated on the steam-bath for 2-5 hr. with 
acetic anhydride (5 c.c.), affording the 14-acetate (0-5 g.), m. p. and mixed m. p. 124—126-5°. 

14-Hydroxyisocodeine.—14-Hydroxycodeine 6-toluene-p-sulphonate (1-6 g.) in acetic acid 
(8 c.c.) and water (72 c.c.) was refluxed for 4 hr. The solution was cooled, basified with 
ammonia (d 0-88), and extracted with chloroform. The chloroform layer was washed with 
water, dried (Na,SO,), and evaporated, to yield a gum which crystallised from chloroform- 
methanol to give 14-hydroxyisocodeine (0-3 g.) as prisms, m. p. 149—150°, [a],, —176° (c 0-8), 
Vmax, 3425 and 3247 cm. (OH) (Found: C, 68-7; H, 6-9. C,,H,,O,N requires C, 68-55; H, 
67%). 

With acetic anhydride (3 c.c.) on the steam-bath (1 hr.) this product (0-1 g.) gave its diacetate 
(0-1 g.), prismatic needles (from chloroform—methanol), m. p. 187°, {a],, —193° (c 9-0), Vmax. 1730 
and 1718 cm. (ester C=O) (Found: C, 66-3; H, 6-6. C,,H,,O,N requires C, 66-15; H, 6-3%). 

The first chloroform—methanol mother-liquor from 14-hydroxyisocodeine was evaporated, 
and the residue heated with acetic anhydride on the steam-bath for 1 hr. Working up in the 
usual way followed by crystallisation from chloroform-light petroleum gave a mixture of 
acetates (1-05 g.). This was separated by crystallisation from the same solvent mixture into a 
less soluble (A), m. p. 230—240° (0-35 g.), and a more soluble fraction recrystallisation of which 
gave 14-acetoxyisocodeine acetate (0-25 g.) as prisms, m. p. and mixed m. p. 187°. 

14-Hydroxyisocodeine 6-Acetate-—14-Acetoxyisocodeine 6-acetate (2 g.) in methanol (100 
c.c.) was refluxed for 4 hr. on the steam bath. The solution was concentrated to 5—10 c.c., 
and the crystals separating on cooling were collected (m. p. 150—170°). Fractional crystallis- 
ation from chloroform—methanol yielded 14-hydroxyisocodeine acetate (0-4 g.) as prismatic 
needles, m. p. 163—164°, [a],, —252° (c 0-9), Vmax, 3226 (OH) and 1727 cm.~ (ester C=O) (Found: 
C, 67-4; H, 6-2. C,)H,,0,N requires C, 67-2; H, 65%), which with alcoholic potassium 
hydroxide gave 14-hydroxyisocodeine, m. p. and mixed m. p. 149—150°. 

14-Hydroxycodeinone from 14-Hydroxyisocodeine.—14-Hydroxyisocodeine (40 mg.) in chloro- 
form (2 c.c.) was stirred at room temperature with active manganese dioxide (200 mg.) for 3 hr. 
The filtered solution was evaporated and the residue crystallised from chloroform—methanol to 
give 14-hydroxycodeinone (4 mg.) as prismatic needles, m. p. and mixed m. p. 265—268°. 
14-Hydroxyisocodeine was recovered from the mother-liquor. 

Dihydro-14-hydroxyisocodeine.—A solution of 14-hydroxyisocodeine (100 mg.) in 50% 
aqueous acetic acid (40 c.c.) was shaken with platinum (from platinum oxide, 100 mg.) and 
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hydrogen at room temperature and atmospheric pressure until 1 mol. had been absorbed (2 hr). 
The filtered solution was basified with ammonia (d 0-88). The product was isolated by using 
chloroform, and crystallised to give dihydro-14-hydroxyisocodeine which separated from 
chloroform-light petroleum as needles, m. p. and mixed m. p. 165—166°. 

14-Hydroxyallopseudocodeine 8-Acetate (IX; R=H, R’ = Ac).—14-Hydroxycodeine 6. 
toluene-p-sulphonate (0-5 g.) in acetic acid (21 c.c.) and water (9 c.c.) was refluxed for 4 hr. 
Isolation of the product in the usual way gave 14-hydroxyallopseudocodeine acetate (0-15 g.) 
which separated from chloroform-methanol as needles, m. p. 194—195°, fal, —322-5° (c 1-75), 
Vmax. 3257 (OH) and 1721 cm." (ester C=O) (Found: C, 66-9; H, 6-5. C, 9H.,;0;N requires C, 
67-2; H, 65%). A small amount of 14-hydroxyisocodeine was obtained from the mother. 
liquors. 

14-Acetoxyallopseudocodeine Acetate (IX; R = R’ = Ac).—Fraction A, m. p. 230—240°, 
obtained during the preparation of 14-acetoxyisocodeine acetate (method }) crystallised from 
chloroform-light petroleum to give 14-acetoxyallopseudocodeine acetate as needles, m. p. 240— 
243°, [aj], —333° (c 2-5), Vmax 1739 and 1724 cm.? (ester C=O) (Found: C, 65-85; H, 62. 
C..H,,0,N requires C, 66-15; H, 6-3%). This compound was also obtained by acetylation of 
14-hydroxyallopseudocodeine 8-acetate. 

This diacetate (1 g.) in methanol (100 c.c.) was refluxed for 4 hr. The solution was con- 
centrated to 10 c.c., and the solid which slowly separated was recrystallised from chloroform- 
methanol to give 14-hydroxyallopseudocodeine 8-acetate (0-75 g.) as needles, m. p. and mixed 
m. p. 194—195°. 

14-Hydroxyallopseudocodeine (IX; R = R’ = H).—The preceding diacetate (1-0 g.) in 
ethanol (30 c.c.) was refluxed for 1 hr. with potassium hydroxide (2 g.) in water (10 c.c.). The 
solution was diluted with water, and the product isolated by using chloroform and crystallised 
from chloroform-light petroleum, to give 14-hydroxyallopseudocodeine (0-9 g.) as prisms, m. p. 
135—137°, [a], —286° (c 1-5), Vmax. 3425 and 3175 cm.+ (OH) (Found: C, 68-8; H, 66. 
C,,H,,O,N requires C, 68-55; H, 6-7%). Hydrolysis of 14-hydroxyallopseudocodeine acetate 
under the same conditions gave 14-hydroxyallopseudocodeine, m. p. and mixed m. p. 135—137°. 

14-Hydroxypseudocodeinone (X).—14-Hydroxyallopseudocodeine (0-55 g.) in chloroform 
(15 c.c.) was stirred for 4-5 hr. with active manganese dioxide (2-0 g.). The filtered solution was 
evaporated to dryness and the gum crystallised from chloroform—methanol to give 14-hydroxy- 
pseudocodeinone (0-1 g.) as prismatic needles, m. p. 186—187°, [aJ,, —66° (c 1-1), Vmax (in CCl) 
3311 (OH) and 1695 cm.! (C°C-C=O) (Found: C, 69-0; H, 5-8. C,,H,,O,N requires C, 69-0; 
H, 61%). 

Dihydro-14-hydroxypseudocodeinone (X1).—14-Hydroxypseudocodeinone (0-6 g.) in acetic 
acid (47 c.c.) and hydrochloric acid (3 c.c.; d 1-15) was shaken with catalyst from Adams 
platinum oxide (0-25 g.) and hydrogen at room temperature and atmospheric pressure until 
1 mol. had been absorbed (14 hr.). The filtered solution was basified with ammonia (d 0-88). 
The product crystallised from chloroform—methanol to give dihydro-14-hydroxypseudocodeinone 
(0-15 g.) as prismatic needles, m. p. 156—157°, [aJ,, =- 15° (¢ 1-0), Vmax. 3425 (OH) and 1706 cm. 
(C=O) (Found: C, 68-7; H, 6-5. C,,H,,O,N requires C, 68-55; H, 6-7%). 

The mother-liquor yielded a phenol, m. p. 204—205° (0-2 g.), which gave a positive reaction 
with diazotised sulphanilic acid. 

Dihydro-14-hydroxyallopseudocodeine (XII; R = R’ = H).—(a) 14-Hydroxypseudocodeinone 
(0-24 g.) in dioxan (10 c.c.) was stirred for 2 hr. with a solution of sodium borohydride (0-2 g.) 
in water (5c.c.). After dilution of the mixture with water (250 c.c.) and 2N-sodium hydroxide 
(10 c.c.), the base was separated by using chloroform. Crystallisation of the product from 
chloroform-light petroleum gave dihydro-14-hydroxyallopseudocodeine (0-18 g.) as needles, m. p. 
175—176°, [a],, —135° (c 0-8), Vmax 3484 and 3247 cm. (OH) (Found: C, 68-1; H, 7-3. 
C,,H,,0,N requires C, 68-1; H, 7-3%). 

(6) Dihydro-14-hydroxypseudocodeinone (62 mg.) was hydrogenated (18 hr.) as above. 
The product, isolated by means of chloroform and crystallised from chloroform-—light petroleum, 
was dihydro-14-hydroxyallopseudocodeine (52 mg.), m. p. and mixed m. p. 175—176°. 

(c) 14-Hydroxyallopseudocodeine (0-75 g.) in acetic acid (47 c.c.) and hydrochloric acid 
(3 c.c.; d 1-15) was hydrogenated (14 hr.) as above. Dihydro-14-hydroxyallopseudocodeine, 
crystallised six times from chloroform—methanol, gave prisms (0-2 g.), m. p. and mixed m. p. 
175—176°. 

14-A cetoxydihydroallopseudocodeine.—Dihydro-14-hydroxyallopseudocodeine (0-1 g.) was 
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heated on the steam-bath for 1 hr. with acetic anhydride (3 c.c.). The solution was cooled and 
chloroform (50 c.c.) added. The chloroform solution was shaken with ammonia (d 0-88) and 
then washed several times with water and dried (Na,SO,). On evaporation a gum was obtained 
which crvstallised from chloroform-light petroleum to give 14-acetoxydihydroallopseudocodeine 
(30 mg.) as needles, m. p. 206—207°, [aJ,, —207° (c¢ 0-2), Vmax. 3460 (OH), 1715 cm. (ester C=O) 
(Found: C, 66-9; H, 7-2. C.,5H,;0;N requires C, 66-8; H, 7-0%). 

Dihydro-14-hydroxyallopseudocodeine Acetate——(a) 14-Hydroxyallopseudocodeine acetate 
(0-5 g.) in acetic acid (40 c.c.) and hydrochloric acid (3 c.c.; d 1-15) was hydrogenated over 
platinum from Adams platinum oxide (0-2 g.). The filtered solution was shaken with chloro- 
form (100 c.c.), and ammonia (20 c.c.; d 0-88) was added in portions with shaking. The 
chloroform layer was washed with water and dried (Na,SO,) and the chloroform evaporated 
in vacuo, to give a red gum which crystallised from chloroform—methanol yielding dihydvo-14- 
hydroxyallopseudocodeine acetate (0-15 g.) as prisms, m. p. 154—156°, [a], —101° (c 0-2), vax. 
3226 (OH) and 1730 cm.™ (ester C=O) (Found: C, 67-1; H, 7-2. CygH,,O;N requires C, 66-8; 
H, 7:0%). 

(b) The mother-liquors from the initial crystallisation of 14-acetoxydihydroallopseudo- 
codeine were evaporated and the residue crystallised from chloroform—methanol, to give 
dihydro-14-hydroxyallopseudocodeine acetate (30 mg.) as needles, m. p. and mixed m. p. 154— 
156°. Hydrolysis of both 14-acetoxydihydroallopseudocodeine and 14-hydroxydihydro- 
allopseudocodeine acetate by 5% ethanolic potassium hydroxide gave dihydro-14-hydroxy- 
allopseudocodeine, m. p. and mixed m. p. 175—176°. 

Dihydro-14-hydroxypseudocodeinone from Dihydro-14-hydroxyallopseudocodeine.—The diol 
(200 mg.) was oxidised with potassium t-butoxide and benzophenone under Rapoport’s 
conditions.‘ Isolation in the usual way followed by crystallisation from chloroform—methanol 
gave dihydro-14-hydroxypseudocodeinone (140 mg., 70%) as needles, m. p. and mixed m. p. 
155—156°. 


We thank Dr. F. R. Smith of Messrs. T. and H. Smith Ltd., Edinburgh, for the gift of 
intermediates. 
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158. The Preparation and Properties of 8-9-Fluorenylidene- 
propionic Acid. 
By D. M. W. ANDERSON, NEIL CAMPBELL, J. T. Craic, and D. A. CRoMBIE. 


The constitution of 8-9-fluorenylidenepropionic acid (II) has been estab- 
lished and the chemical and spectral properties of the acid and its derivatives 
are reported. 


9-FORMYLFLUORENE and malonic acid in piperidine condense to give §-9-fluorenylidene- 
propionic acid ! (II), m. p. 202—203°, which is also obtained by the interaction of 9-formyl- 
fluorene and ethyl cyanoacetate followed by hydrolysis and decarboxylation of the 
product (I). This intermediate is colourless in the solid state and in hexane, but gives a 
yellow solution in ethanol or piperidine, probably owing to the colourless form’s 
having structure (I) which tautomerises? to the yellow @y-unsaturated ester form, 
‘CH-CH(CN)-CO,Et. This is substantiated by the ultraviolet spectrum in hexane which 
resembles that of fluorene, a similarity which disappears when the solvent is changed to 
ethanol. Similar colour changes, however, are sometimes observed in fluorene derivatives 
which cannot tautomerise, the’ colourless, crystalline 9-diphenylmethylenefluorene, for 
instance, giving yellow solutions or melts. The position of the double bond in the 


' Borsche and Niemann, Ber., 1936, 69, 1998. 
* Cf. Meyer and Gottlieb-Billroth, Ber., 1921, 54, 575; Kuhn and Levy, Ber., 1928, 61, 2240. 
* Klinger and Lonnes, Ber., 1896, 29, 2157. 
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unsaturated acid (II) is suggested by the colourless ureide formed by the acid with di-p-dj. 
methylaminophenylcarbodi-imide.* These results are in conflict with those of Campbell 
and Fairfull,5 who assigned m. p. 137° to the acid (II), which they prepared by the alkaline 
hydrolysis of 6-(9-hydroxy-9-fluorenyl)propionitrile (VI) and subsequent treatment with 
mineral acid; they gave m. p. 202° for the corresponding lactone (IV). We have therefore 


CH: C(CN)-CO,£t CH-CH,-CO,H ye HO “ina 
(III) 


(I) > 


te we wai z 
Coe o,, he HO [cH,],-cN 


H,cC—co H.c— co 
(V) (IV) (V1) 


re-investigated this hydrolysis and find that some of the data reported by Campbell and 
Fairfull are erroneous and that depending on the conditions the product may be 6-(9 
hydroxy-9-fluorenyl)propionic acid (III), m. p. 140°, or the lactone (IV), m. p. 133—134°. 
The constitution of the lactone (IV) is established by the infrared band at 1772 cm 
characteristic of five-membered saturated lactones,* by the similarity of its ultraviolet 
spectrum to those of fluorene and particularly 9-ethylfluorene-9-ol ? (see Table), by the 
positive test with hydroxylamine,® and by ring-opening with sulphuric acid to give 6-9 
fluorenylidenepropionic acid (II). The lactone with bromine in acetic acid gives the 
bromo-lactone (V). That the acid (II) is a Sy-unsaturated acid is proved by catalytic 
hydrogenation or reduction with hydriodic acid and phosphorus to §-9-fluorenylpropionic 
acid,’ and by the ultraviolet spectrum (see Table) which lacks the 250—300 my band and 
the less intense band at 300—310 my characteristic of fluorene and fluorenyl derivatives ™ 
(see Table) and exhibits absorption similar to that of fluorenylidene derivatives ™ such as 
9-ethylidenefluorene *!2 and fluorenylideneacetic acid (see Table). It shows infrared 
absorption at 1718 cm.! associated rather with a saturated or Sy-unsaturated acid than 
with an «$-unsaturated acid (1710—1690 cm.*).45 We were unable to convert the acid 
into the lactone (IV), which, however, is easily obtained by dehydration of the hydroxy- 
acid (III). This failure of a By-unsaturated acid to undergo lactonisation is contrary to 
the lactonisation of many #y-unsaturated acids and is in contrast to the behaviour of the 
structurally analogous diphenylvinylacetic acid which in acid media is in equilibrium 
with the lactone and with sulphuric acid gives a 95% yield of the lactone.® Efforts to 
isomerise the ®y- to the «8-unsaturated acid by alkali failed, confirming the conclusions of 
earlier workers that y-phenylbutenoic acids resist isomerisation to the «$-form. 

The unsaturated acid (II) with bromine in acetic acid yields a dibromide which 

* Campbell and Crombie, Chem. and Ind., 1959, 600. 

Campbell and Fairfull, J., 1949, 1239. 


Bellamy, ‘‘ The Infra-red Spectra of Complex Molecules,” Methuen and Co., London, 2nd edn., 
1958, p. 186. 

7 Bergmann, Heller, and Weiler-Feilchenfeld, Bull. Soc. chim. France, 1959, 634. 

Feigl, ‘‘ Qualitative Analysis by Spot Tests,”’ Elsevier, Amsterdam, 3rd edn., 1947, p. 358. 

Johnson, Petersen, and Schneider, J. Amer. Chem. Soc., 1947, 69, 74. 

Campbell and Fairfull, J., 1949, 1102. 

Friedel and Orchin, “‘ Ultraviolet Spectra of Aromatic Compounds,” J. Wiley and Co., Inc., New 
, 1951, diagrams 311—315. 

Greenhow, McNeil, and White, J., 1952, 986; 1953, 3099. 

Ref. 6, p. 162. 

Farmer, Ann. Reports, 1932, 29, 108. 

Linstead and Williams, J., 1926, 2735. 
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ae Uliraviolet spectra [wavelength in my (log emax, in parentheses), solvent ethanol]. 
ae g-Ethylidenefluorene ** 230(4-61) 246(4-46) 255(4-60) 271(4:13) 280(4-15) 297(4-03) 311(4-00) 
- e Fluorenylideneacetic 
it with BCID ...0..ecceeccrereeees 228(4-60) 250(4-46) 258(4-46) 288(4-12) 302(4-13) 315(4-12) 
.Fluorenylidenepro- 
— P pionic acid esédacaddoc’ 230(4-66) 246(4-59) 257(4-61) 280(4-23) 300(4-1) 314(4-09) 
Fluorene .......-- oveyers 262(4:25) 289(3-8) 300(4-0) 
Fluoren-9-ol ........+.+- 228(4-38) 234(4-29) 271(4-14) 296(3-56) 307(3-35) 
9-Methylfluoren-9-ol ¢ 274(4-1)  296(3-71) 303(4-32) 
9-Benzylfluoren-9-ol ... 228(4°37) 236(4-24) 276(4-07) 307(3-51) 
8-(9-Hydroxyfluoreny]) - 
DH propionitrile ......... 228(4:35) 236(4:25) 274(4-12) 307(3-45) 
Lactone (IV) .......+.+++ 228(4:38) 235(4:36) 273(4-10) 302(3-34) * 


* Inflexion. * Coombs, J., 1958, 3454. 


decomposes so rapidly that we were unable to obtain it pure. We are satisfied, however, 
that the pure dibromo-acid melts considerably lower than the m. p. 166—167° reported.5 
N The dibromo-acid when kept yields the bromo-lactone (V), whose ultraviolet spectrum 
resembles that of the lactone (IV) although it has a strong band at 1795 cm.+, differing 
from the 1775 cm. exhibited by five-membered lactones. The bromo-lactone and the 
dibromo-acid give rise to the unsaturated acid (II) when boiled for a short time with zinc 


ell and and acetic acid. 

. (9 Both the ®y-unsaturated and the hydroxy-acid show carboxyl absorption at 1718 cm. 
a ; typical of dimerised carboxylic acids,!® while the hydroxy-acid possesses a sharp hydroxyl 
; cm.* band 2” at 3460 cm.* and an ultraviolet spectrum similar to that of the lactone (IV). The 
aviolet ultraviolet spectra of our fluorenol derivatives illustrate the bathochromic influence of 
by the the 9-hydroxyl group on the fluorene spectrum (see Table),!® giving rise to the charac- 
ey o teristic band at 307—310 my by which fluorenols can be differentiated from their 
e 


’ derivatives such as the alkyl ethers or lactones (e.g., IV). 
talytic The Reformatsky reaction between fluorenone and ethyl bromoacetate yields an oil 





— which with boiling formic acid gives ethyl 9-fluorenylideneacetate and the acid. Efforts 
nd “ to increase the length of the carbon chain of this acid by the Arndt-Eistert reaction were 
tives unsuccessful. 
uch as EXPERIMENTAL 
ee Infrared spectra were obtained on Nujol or hexachlorobutadiene mulls by using a Hilger 
i H800 double-beam spectrophotometer, calibrated with reference to the carbonyl frequency of 
e acid acetone in carbon tetrachloride (1718 cm.“1)._ Ultraviolet absorption spectra were measured for 
droxy- 95% ethanol solutions (unless otherwise stated) with a Unicam S.P. 500 spectrophotometer. 
ary to §-9-Fluorenylidenepropionic Acid.—Sodium (1-51 g.) in dry ethanol (27 ml.) was added to 
of the ethyl cyanoacetate (7-4 ml.), and the suspension poured on 9-formylfluorene (13 g.). The 
ibrium mixture was warmed for 15 min. and sufficient water was added to give a clear solution. 
yrts to FP Acidification with concentrated hydrochloric acid gave an oil which was extracted with ether. 
ions of The extract, after repeated washing with water and drying (Na,SO,), yielded on evaporation 
ethyl a-cyano-8-9-fluorenylacrylate which separated from methanol in needles (11 g.), m. p. 93— 
whit 94-5° (Found: C, 79:0; H, 5:2; N, 5-0. C,,H,,;O,N requires C, 78-9; H, 5-2; N, 48%), Amax. 
250 mu (log ¢ 4-68) in ethanol, and 228 (log ¢ 4-28), 258 (log ¢ 4-40), 288 (log ¢ 3-84), and 300 mu 
(log ¢ 3-80) in hexane. The ester (2-23 g.) when boiled for 3 hr. with ethanol (180 ml.) and 
concentrated hydrochloric acid (180 ml.) yielded §-9-fluorenylidenepropionic acid (1-18 g.), 
d edn., m. p. 198—201° (not depressed when admixed with the acid obtained by the condensation of 
9-formylfluorene and malonic acid with pyridine as catalyst !), and the ethyl ester (1-21 g.), m. p. 
73—74° (after trituration and crystallisation from ethanol) (Found: C, 81-3; H, 6-3. C,sH,,.O; 
requires C, 81-8; H, 6-1%). The ester was hydrolysed to the acid by boiling with methanol 
. and sodium hydroxide in } hr. Boiling the acid (0-5 g.) for } hr. with 50% aqueous potassium 


hydroxide gave fluorene (0-3 g.), m. p. and mixed m. p. 115°. 


% Ref. 6, p. 165. 

” Ref. 6, p. 96. 

1 Coombs, J., 1958, 3454. 

 Sieglitz and Jassoy, Ber., 1921, 54, 2133. 
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Hydrolysis of 8-(9-Fluorenyl-9-hydroxy) propionitrile.—In each of three experiments fluoreno] 
(8 g.) and vinyl cyanide (3 ml.) were added to potassium hydroxide (0-53 g.) in methoxyethano] 
(48 ml.), and the mixture was heated at 50° for 20 min. and then boiled for 30 min. with potass. 
ium hydroxide (40 g.) in water (72 ml.) and 2-methoxyethanol (48 ml.). The mixture was 
poured into water. 

(a) In one run the solution was acidified with hydrochloric acid, extracted with 
ether, and evaporated to give §-(9-/luworenyl-9-hydroxy)propionic acid lactone (2 g), 
m. p. 133—134°: after crystallisation from benzene-light petroleum (Found: . C, 81-15; 
H, 5-0. C,,H,,O, requires C, 81-3; H, 5-1%), vmax, 1772 cm. (cf. Table). 

(6) In another run 2 g. of crude material yielded 8-(9-hydroxy-9-fluorenyl) propionic acid, 
m. p. 143—144° after crystallisation from benzene—light petroleum (Found: C, 76-8; H, 55, 
CygH,,O, requires C, 75-6; H, 555%), Amax. 228 (log « 4-29), 234 (log ¢ 4-18), 275 (log ¢ 4-05), 
296 (log ¢ 3-56), and 307 my (log ¢ 3-55). 

(c) The crude product after acidification with hydrochloric acid was extracted with ether, 
and the extract shaken with aqueous sodium carbonate. The carbonate layer with acid gave 
the hydroxy-acid which, crystallised from benzene-light petroleum, had m. p. 143—144°, 
The hydroxy-acid (0-5 g.) was boiled for 10 min. with dilute sulphuric acid (12 ml.) and poured 
into water (12 ml.). The mixture was extracted with ether, and the ether layer shaken with 
sodium carbonate solution. The ether on evaporation gave the lactone (0-3 g.), m. p. and 
mixed m. p. 131—133°, while acidification of the sodium carbonate solution yielded §-9- 
fluorenylidenepropionic acid (0-025 g.), m. p. and mixed m. p. 202—204° (from benzene-light 
petroleum), subliming in prisms. The acid has a blue fluorescence. The lactone (0-5 g.) was 
boiled for 2} hr. in dilute sulphuric acid and poured into water (12 ml.); extraction with ether 
was followed by shaking the ether with sodium carbonate; evaporation of the ether gave 
unchanged lactone (0-18 g.), m. p. 132—134°, and acidification of the sodium carbonate layer 
yielded 8-9-fluorenylidenepropionic acid (0-25 g.), m. p. 202—204° (from benzene). 

Bromination of 8-9-Fluorenylidenepropionic Acid.—The reaction is capricious. The un- 
saturated acid in carbon disulphide with bromine yielded the impure dibromo-acid, m. p. 128— 
134° (lit., 166—167° 5) (Found: Br, 38-3. C,,H,,O,Br, requires Br, 40-4%), which decomposed 
in organic solvents to give the bromo-lactone. Bromine (0-2 g.) in acetic acid (3 ml.) was 
added to the unsaturated acid (0-35 g.) in acetic acid (10 ml.) until the colour persisted and most 
of the solvent was removed at room temperature in a vacuum. Addition of light petroleum 
gave the bromo-lactone (0-25 g.), compact prisms (from benzene-light petroleum), m. p. 165— 
166° (Found: C, 60-8; H, 3-6; Br, 25-5. C,,H,,BrO, requires C, 61:0; H, 3-5; Br, 25-4%), 
Amax. 228 (log ¢ 4-49), 235 (log ¢ 4-44), and 274 my (log ¢ 4-14), v3, 1795 cm.1. Frequently the 
product was a mixture of dibromo-acid and bromo-lactone, each (0-16 g.) of which when heated 
with zinc dust (0-6 g.) and acetic acid for 4 min. yielded (§-9-fluorenylidenepropionic acid. 
Keeping the lactone (0-3 g.) of 6-(9-hydroxy-9-fluorenyl)propionic acid suspended in acetic 
acid (4 ml.) overnight with bromine (0-2 g.) in acetic acid (2 ml.) and adding water gave impure 
bromo-lactone, m. p. and mixed m. p. 159—162° (after three crystallisations from benzene- 
light petroleum). 

9-Fluorenylidenacetic Acid.—Fluorenone (9 g.) and ethyl bromoacetate (10 g.) in dry benzene 
(40 ml.) were heated for 2 hr. with zinc wool (3-3 g.) which had been washed with hydrochloric 
acid, ethanol, and ether, and dried. The oily product, obtained in the usual way, was boiled 
with 85% formic acid (75 ml.) for 1 hr., and water and formic acid were removed under reduced 
pressure. The residual red oil when dissolved in boiling methanol and cooled yielded ethyl 
9-fluorenylideneacetate, yellow needles (8 g.), m. p. 72° (lit., 77°). The ester (8 g.) was boiled 
for 1 hr. with 2n-sodium hydroxide (200 ml.) and ethanol (40 ml.). Acidification yielded 
9-fluorenylideneacetic acid (5-8 g.), yellow prisms (from aqueous acetic acid), m. p. 225--228° 
(lit., 227—228°), Amax, 228, 250, 258, 288, 302, and 315 my (log e 4-60, 4:46, 4-60, 4-12, 4-13, 
and 4-12). 


Thanks are expressed to the Department of Scientific and Industrial Research for 
maintenance grants (to J. T. C. and D. A. C.). 
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4159. Studies in Mycological Chemistry. Part VI.* A Novel 
Method for the Degradation of 1-Hydroxyxanthones. 


By Joun C. RoBERTs. 
A method for degrading 1-hydroxyxanthones, by their conversion into 
1,4-dihydroxy-compounds and subsequent mild oxidation to salicylic acids, 
is described. 


Tue determination of the orientation of the substituent groups in xanthones of plant or 
animal origin has often proved difficult. In some cases it has not yet been achieved. 
The great majority, possibly all, of the eighteen known naturally occurring xanthones * 
(seven of which are of fungal or lichen origin) possess in their structures a hydroxyl group 
in the l(or 8)-position. At the present time no general and completely acceptable method 
of degradation of such compounds, as an aid to structural elucidation, appears to have been 
devised. Fusion of the material with potassium hydroxide has sometimes yielded valuable 
information but this procedure suffers from at least three disadvantages; first, dealkylation 
of O-alkyl groups occurs; secondly, phenols which are sensitive to oxidation are destroyed ; 
and, thirdly, difficultly resolvable mixtures of phenols, phenolic acids, and hydroxybenzo- 
phenones are often produced.2 We have found® that the Haller-Bauer method of 
degradation * is quite widely applicable to fully methylated hydroxyxanthones but the 
determination of the orientation. of the substituents in the products (substituted diphenyl 
ethers) is generally very difficult. 

It is now shown, for certain cases, that if the 1-hydroxyxanthone is hydroxylated in 
the 4-position (by a modified Elbs persulphate oxidation 5) then the product is susceptible 
to mild oxidation, yielding the other benzenoid nucleus (A in I), with its attendant groups 
(if any) intact, in the form of an easily purified and identifiable acid—salicylic or a sub- 
stituted salicylic acid. By this technique, 1-hydroxyxanthone yielded first 1,4-dihydroxy- 
xanthone (I; R = R’ = H) which was then oxidised with cold, dilute, alkaline hydrogen 
peroxide to pure salicylic acid in 23% yield. Similarly, 1-hydroxy-7-methoxy-3-methyl- 
xanthone gave initially 1,4-dihydroxy-7-methoxy-3-methylxanthone (I; R= OMe, 
R’= Me) which, on further oxidation, gave 2-hydroxy-5-methoxybenzoic acid (IV; 
R = OMe) in 7% yield. Application of this procedure to dihydrosterigmatocystin ” did 
not lead to a salicylic acid but, by spontaneous decarboxylation, to a phloroglucinol 
derivative. Although this phenol was produced in very poor yield, it proved indispensable 
in the elucidation of the structure of sterigmatocystin. 

Later, a semimicro-technique was devised in which the purification of the intermediate 
1,4-dihydroxy-compound was omitted. By this method, which involved other modific- 
ations (see Experimental part), 1-hydroxy-7-methoxy-3-methylxanthone was degraded 
to 2-hydroxy-5-methoxybenzoic acid with an overall yield of 10%. The method appears 
to be applicable to all 1-hydroxyxanthones which have no other free hydroxyl group and 
which possess a vacant 4-position. (The absence of a substituent in this position may be 
conveniently ascertained on a micro-scale by means of the Gibbs test.£) The advantage 
of the method is that, in any case of this kind, the identification of the salicylic acid leads 
to a definition of the nature and orientation of all the substituents in the xanthone nucleus 
with the exception of those (if any) in the 2- and the 3-position. 


* Part V, J., 1956, 2173. 

1 (a) W. Karrer, “‘ Konstitution und Vorkommen der Organischen Pflanzenstoffe,” Birkhauser 
Verlag, Basel, 1958, pp. 662—667; (6) Davies, Kirkaldy, and Roberts, following paper. 

* Cf. Kulkarni and Merchant, J. Sci. Ind. Res., India, 1955, 14, B, 153; Chem. Abs., 1956, 50, 7012. 

* Dobson and Roberts, unpublished work. 

* Org. Reactions, 1957, 9, 1; cf. Raistrick, Robinson, and White, Biochem. J., 1936, 30, 1303. 

5 (a) Seshadri, Experientia, 1955, Suppl., 2, 258, 14th Internat. Congr. Pure Appl. Chem., Ziirich; 
(6) Pankajamani and Seshadri, J. Sci. Ind. Res., India, 1954, 18, B, 396; Chem. Abs., 1955, 49, 11639. 

* King, King, and Manning, J., 1957, 563. 
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The degradation may involve compounds (II) and (III) as intermediates. -Benzo. 
quinonyl ethers such as (II) (which are vinylogous esters) are known to undergo alkaline 
hydrolysis easily to yield hydroxyquinones, e.g., (III). Compound (III) (as a 8-diketone} 
would be susceptible to alkaline hydrolysis and (as a hydroxyquinone) to oxidation to the 
final product (IV) with concomitant destruction of nucleus B. It is probably significant 
that the reaction mixture possesses initially a dark-red colour (characteristic of hydroxy. 
quinones in alkaline solution) which subsequently fades to a very pale yellow. 


re) 
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12) 
We hope to apply this method of degradation to some naturally occurring xanthones 
of incompletely defined structures. 


OH HO 


EXPERIMENTAL 


Degradation of 1,4-Dihydroxyxanthone.—The dark red solution of this substance ” (50 mg) 
in 1% aqueous sodium hydroxide (18 ml.) was treated with 3% hydrogen peroxide solution 
(10 ml.). The colour faded to yellow in 2hr. The solution was kept at room temperature for 
18 days, then filtered and acidified to pH 1 with 2N-hydrochloric acid. The product was 
isolated by a method similar to that described below (but on approximately twice the scale) for 
the isolation of 2-hydroxy-5-methoxybenzoic acid (semimicro-procedure), and recrystallised 
from the minimum volume of boiling water as needles (7 mg.), m. p. 158—159°. It gave a purple 
ferric reaction in water and did not depress the m. p. of salicylic acid. No other acid could be 
detected by paper chromatography ” in the mother-liquor of the recrystallised product. 

1,4-Dihydroxy-7-methoxy-3-methylxanthone.—Potassium hydroxide (1-44 g.) in water (20 ml.) 
was added to a solution of 1-hydroxy-7-methoxy-3-methylxanthone 8 (0-8 g.) in pyridine (16 ml). 
To the stirred mixture was added, during 1} hr., a solution of potassium persulphate (1-6 g.) in 
water (60 ml.). After having been kept at room temperature for 22 hr., the solution was 
acidified to Congo Red with concentrated hydrochloric acid, and the precipitate was removed. 
The filtrate was extracted with ether (2 x 120 ml.) and the extract was discarded. To the 
aqueous solution were added sodium sulphite (2-0 g.) and concentrated hydrochloric acid 
(25 ml.). The solution was heated at 100° for $ hr., then cooled, and the precipitate was 
collected, washed, dried (0-37 g.), recrystallised from 2-ethoxyethanol, and washed with ethanol. 
The resulting xanthone (0-20 g., 24%) formed golden-brown, rectangular plates, decomp. > 236° 
[Found (on a sample dried in vacuo at 100°): C, 66-0; H, 4:6. C,;H,,.O,; requires C, 66-2; 
H, 44%]. This substance gave a negative Gibbs test and a brown-green ferric reaction in 
ethanol, and dissolved in 2N-sodium hydroxide giving an intense reddish-brown colour. 

Degradation of 1,4-Dihydroxy-7-methoxy-3-methylxanthone.—To a solution of the xanthone 
(50 mg.) in aqueous 1% sodium hydroxide (15 ml.) was added 3% hydrogen peroxide (9 ml). 
The mixture was kept for 4 days at room temperature, and the product isolated as described 
above. Evaporation of the dried ether extracts yielded 2-hydroxy-5-methoxybenzoic acid 
(4-3 mg.), needles (from water) (2-2 mg.), identified by m. p. and mixed m. p. (145°) and blue 
ferric reaction in water. 

Semimicro-procedure.—1-Hydroxy-7-methoxy-3-methylxanthone (40 mg.) was oxidised by 
persulphate as described above but on a smaller scale. The crude 1,4-dihydroxy-7-methoxy-3- 
methylxanthone was filtered off and washed with water. A 1% solution of sodium hydroxide 
(6 ml.) was poured over the filter, and to the dark-red solution of the xanthone thus obtained 
was added, in 4 hr., 1-7% hydrogen peroxide solution (4 ml.). The mixture was kept at room 
temperature for 48 hr. and was then filtered from a little brown amorphous material. The pale- 
yellow filtrate, after the addition of 2n-hydrochloric acid (1 ml.) to reduce the pH to ca. 1, was 
extracted with ether (2 x 10 ml.). The combined ethereal solutions, after having been washed 
with water (2 ml.), were extracted with a 5% solution of sodium hydrogen carbonate (5 ml.) 


7 Bate-Smith and Westall, Biochim. Biophys. Acta, 1950, 4, 427. 
* Grover, Shah, and Shah, J., 1955, 3982. 
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and.then with water (3 ml.). The combined aqueous extracts were acidified with 2N-hydro- 
chloric acid and extracted with ether (2 x 10 ml.). The combined ethereal solutions were 
washed with water (2 ml.), dried (Na,SO,), and evaporated to give a semicrystalline solid 
(5-5 mg.). This recrystallised from 0-5 ml. of boiling water to give colourless needles (2-6 mg.), 
m. p. 144—145°, which were identified (see above) as 2-hydroxy-5-methoxybenzoic acid. 


Tue UNIVERSITY, NOTTINGHAM. (Received, August 21st, 1959.) 





460. The Iodine-catalysed Conversion of Sucrose into 5-Hydroxy- 
methylfurfuraldehyde. 
By T. G. Bonner, E. J. Bourne, and M, RuszkiEwicz. 


Sucrose in dry dimethylformamide containing small amounts of iodine is 
converted at 100° in comparatively high yield into 5-hydroxymethylfurfural- 
dehyde (I). The degradation is confined to the fructose unit, and the glucose 
portion appears to remain unaffected. In the absence of iodine, formation of 
the aldehyde is negligible. 

A mechanism for the reaction is proposed, based on the function of iodine 
as a catalyst in the dehydration of hydroxy-compounds. 


TuE conversion of pentoses into furfuraldehyde and of hexoses into 5-hydroxymethyl- 
furfuraldehyde (I) by loss of three moles of water per mole of the carbohydrate is normally 
regarded as an acid-catalysed process. While concentrated mineral acid is used 
preparatively for the treatment of pentoses, heating with 0-3% oxalic acid at 120° 
is sufficient to convert either fructose or sucrose into the aldehyde.? An investigation * 
of the optimum conditions for the reaction of sucrose established 
Hic — CH that the formation of the aldehyde originated entirely in the fructose 
HO-CH,"HC_ Oe thas portion of the molecule, the glucose being recovered quantitatively; 
(I) the maximum yield of aldehyde was 54% (based on the fructose 
content only). A slightly lower yield (22%, based on the sucrose 
used) was later obtained,‘ together with humin material, by heating sucrose under pressure 
in an atmosphere of hydrogen between 130° and 170°, where almost complete fission of the 
sucrose was found to precede formation of the aldehyde; although no acid was added in 
this treatment, a pH of 2—3 developed during the heating; this was attributed to the 
formation of acetol and was regarded as an essential step in the degradation of the fructose. 
Attempts to utilise glucose also as a source of 5-hydroxymethylfurfuraldehyde have 
been carried out by pre-treatment with potassium or calcium hydroxide followed by 
heating with oxalic acid,? by heating an aqueous solution with and without hydrochloric 
acid,5 by reaction with glycine compounds,® and by the action of heat on aqueous solutions 
for several hours.?8 The yield from this source is considerably less than from fructose. 
During an investigation of iodine-catalysed condensation of sucrose with carbonyl and 
other compounds in dimethylformamide, a fast-moving product was found on the 
chromatograms which by comparison of Rp values in different solvents and by its ultra- 
violet absorption indicated the presence of 5-hydroxymethylfurfuraldehyde. Further 
investigation established that a high yield of this was obtained by heating sucrose alone 
with catalytic quantities of iodine in dry dimethylformamide for 1 hr. Sufficient pure 


? Newth, Adv. Carb. Chem., 1951, 6, 83. 

* Kiermayer, Chem. Zig., 1895, 1@, 1003. 

* Haworth and Jones, J., 1944, 667. 

* Montgomery and Wiggins, J. Soc. Chem. Ind., 1947, 66, 31. 

* Wolfrom, Schuetz and Cavalieri, J. Amer. Chem. Soc., 1948, 70, 514. 

* Idem, ibid., 1949, 71, 3518. 

? Scallet and Gardner, J. Amer. Chem. Soc., 1945, 67, 1934. 

* Estigneev and Nikiforova, Doklady Akad. Nauk, S.S.S.R., 1950, 78, 523. 
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material was separated by paper chromatography to afford its semicarbazone and 24. 
dinitrophenylhydrazone of correct melting points and oxidation with silver oxide gaye 
5-hydroxymethylfuroic acid. The yield from sucrose by this method was substantj 
higher than by previous methods and as in the sucrose-oxalic reaction the product 
appeared to originate solely from the fructose part of the molecule. 


EXPERIMENTAL 


Materials.—Dimethylformamide was dried over magnesium sulphate and distilled before 
use. Sucrose and iodine were the AnalaR and resublimed grade respectively. 

Identification of 5-Hydroxymethylfurfuraldehyde (1).—Sucrose (14 g.) was heated, with stirring, 
with dimethyl formamide (50 ml.) and a small crystal of iodine on a boiling-water bath, moisture 
being excluded. Samples were examined at intervals by paper chromatography with butanol- 
ethanol—water (4: 1:5 v/v) as solvent. After 30 min. only a trace of unchanged sucrose 
remained, the main constituents being glucose (Ry 0-18), fructose (Ry 0-16), and 5-hydroxy. 
methylfurfuraldehyde (Rp 0-75). The last spot gave a positive reaction with sprays of p 
anisidine hydrochloride, urea phosphate, urea hydrochloride, anthrone—phosphoric acid, and 
diphenylamine—aniline—phosphoric acid, most of which are recognised as reagents for hexoses 
by virtue of their ability to convert the latter into furfuraldehyde derivatives. After a further 
hour at 100°, sucrose and fructose had disappeared, only glucose and the aldehyde remaining, 
with traces of three substances with Rp values intermediate between those of fructose and the 
aldehyde, and a little oligosaccharide. Heating for a further 3 hr. produced no further change in 
the pattern of the chromatograms or increase in the amounts of the products. During the 
experiment, the iodine colour rapidly faded and additional iodine was introduced when the 
solution appeared colourless. In the absence of iodine, sucrose remained unchanged in 
dimethylformamide at 100° for 1-5 hr. The need for anhydrous conditions was shown when 
after an aqueous solution had been heated for 2 hr. at 100°, no sucrose remained, the main 
products being fructose and glucose together with a little oligosaccharide and a trace of 
aldehyde; further heating did not modify this result. 

The aldehyde was identified by comparison with specimens provided by Drs. O. Theander 
and H. A. Bouveng, and by Dr. J. D. Garber. The same Rp values were found with the follow- 
ing solvents: butanol-ethanol—water (4:1:5 v/v); propanol-ethyl acetate-water (7: 1:2, 
v/v); butanol-acetic acid—water (4: 1:5, v/v); ethyl acetate-acetic acid—water (9 : 2 : 2 v/v); 
and butanol—benzene—pyridine—water (5: 1:3: 2, v/v), and the behaviour on electrophoresis in 
borate ® buffer was similar. The samples gave identical positive reactions on chromatograms 
with the spray reagents noted above and with silver nitrate-sodium hydroxide, «-naphthol- 
phosphoric acid and phloroglucinol-trichloroacetic acid. Identical reactions were also obtained 
with the orcinol—trichloroacetic acid and 2,4-dinitrophenylhydrazine—hydrochloric acid reagents 
used 1° in the detection of 5-hydroxymethylfurfuraldehyde. 

Sufficient material for the preparation of derivatives was obtained by heating sucrose 
(20 g.) in dimethylformamide (20 ml.) with iodine for 1-5 hr. with stirring. After cooling, 
water (20 ml.) was added and the solution extracted with ether (3 x 200 ml.). The con- 
centrated ether extract was chromatographed on thick paper (Whatman No. 3) with butanol- 
ethanol—water; the appropriate section of the paper was pulped and extracted with ether 
(Soxhlet). This gave the aldehyde which was converted into the semicarbazone,™!* m. p. 
194—195° (Found: C, 46-2; H, 5:2; N, 23-2. Calc. for C,H,O,N,: C, 45-9; H, 4-9; N, 
23-0%), 5-hydroxymethylfuroic acid (by silver oxide in dilute aqueous sodium hydroxide ™), 
m. p. 165—166° (Found: C, 50-7; H, 4-2. Calc. for C,H,O,: C, 50-7; H, 4:3%), and the 2,4-di- 
nitrophenylhydrazone,™ m. p. 200—201° (Found: C, 47:1; H, 3-5; N, 18-0. Calc. for 
Ci2HO,.N,: C, 47-1; H, 3-3; N, 183%). In the last case the mother-liquor yielded a second 
crystalline specimen, m. p. 215° (Found: C, 47-1; H, 3-7; N, 18-2%), behaviour previously 
attributed to geometrical isomerism.” 8 


® Assarsson and Theander, Acta Chem. Scand. 1958, 12, 1319. 
Potter and Patton, J. Dairy Sci., 1956, 39, 978. 

" Patton, ibid., 1950, 33, 324. 

12 Reichstein, Helv. Chim. Acta, 1926, 9, 1066. 

'S Wahhab, J. Amer. Chem. Soc., 1948 70, 3580. 
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In comparative experiments sucrose (4 g.) and fructose (2 g.) were separately dissolved in 
dimethylformamide (25 ml.) containing catalytic quantities of iodine. On prolonged shaking 
at room temperature, chemical change became apparent only after two days, the sucrose 
solution showing the presence of glucose and fructose and of two faster-moving constituents 
with Rp values intermediate between those of fructose and the aldehyde; the last two con- 
stituents were also present in the fructose solution. The glucose solution showed no observable 
change. There was no evidence for the aldehyde in any of the solutions but further examin- 
ation of the two fast-moving constituents in the sucrose and fructose solutions may help to 
establish its precursors. After a further 4 days at room temperature the similar degradation of 
sucrose and fructose had proceeded further, and in both cases oligosaccharides were also present. 
Glucose continued to show no change. 

Quantitative Determination by Ultraviolet Absorption Spectra.—Paper chromatograms of the 
sucrose-iodine solutions in dimethylformamide indicated a high yield of aldehyde after 1 hr. at 
100°. An attempt was made to determine the yield by mixing the final solution with powdered 
cellulose, applying the dry mixture to a cellulose column, eluting this with butanol-ethanol- 
water, analysing the separate 50 ml. fractions by means of anthrone ™ or by the absorption ® 
at 285 mu, and then pooling the appropriate fractions and evaporating them to dryness. This 


7-0 





° 
® 


° 
a 


A, Iodine added at zero time. B, Iodine 
added after 1 hour’s heating. 


° 
& 


° 
N 


z 
& 
ry 
“ 
~S 
> 
~ 
6 
S 
v 
~ 
io) 
¥ 
= 
Q 
9° 








! 1 l om 
2 3 4 5s 
Time of heating (hr.) 


procedure was not satisfactory because of loss of product by “ tailing ’”’ on the column during 
elution and by volatilisation during concentration of the eluates. Since the aldehyde can be 
determined in situ 15 the conditions for the optimum yield were readily obtained by heating 
sucrose (1 g.) in dry dimethylformamide (37 ml.), with a crystal of iodine, removing 1 ml. of the 
mixture at various times, diluting it to 1 1. with water, and measuring the optical density at 
285 mu with a Hilger Uvispek spectrophotometer. The small amounts of iodine and dimethyl- 
formamide present had a negligible absorption at this wavelength. The yield of aldehyde after 
lhr. at 100°, calculated from a value of e = 16,500 5 at 285 my, was 71% (based on the fructose 
portion) and this did not increase on continued heating, as indicated in the Figure. 


DISCUSSION 


The mechanism of elimination of three molecules of water from a pentose or hexose to 
form the furan ring has not yet been clearly established. Haworth and Jones ® suggested 
a sequence for the dehydration of fructose starting with the furanose structure (II) from 
which the loss of the first molecule of water gives the intermediate (III). They noted that 
a similar intermediate could in theory be obtained from glucose (IV) via the 1,2-enediol 
tautomer (V). 


“* Mowery, Analyt. Chem., 1957, 29, 1451. 
e - Turner, Rebers, Barrick, and Cotton, ibid., 1954, 26, 898; O'Neill, J. Amer. Chem. Soc., 1955, 77, 
‘ 
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Haworth e¢ al.'® had similarly interpreted the conversion of tetramethylfructofuranog 
(by dilute hydrochloric acid at 80° or warm acetic anhydride and sodium acetate) into 
5-methoxymethylfurfuraldehyde (VII) with elimination of three mols. of methanol. This 


HO-HC —CH-OH HO-HC—— CH-OH 


1 1LOH 1 1 
HO-CH,-HC_ Cc 7 HO-CH;HC C=CH-OH 
SO” ~CH;OH ‘Oo’ 
+ H,0 


(II) (INI) 


aldehyde was later !” obtained by the action of acid on tetramethyl-1,2-glucoseen (VI), 
this reaction providing the only intermediate which has been isolated in reactions of this 


HO*CH——CH’OH 


HO*CH,"[CH(OH)],*CHO ——» HOCH, "CH om —-» (III) + H,O 


(IV) OH OH 
(V) 


type, although the facts adduced to assign to the intermediate the structure of a 34 
unsaturated osone were not decisive. 

Later studies ®* on the ultraviolet absorption of acid solutions of glucose undergoing 
conversion into the aldehyde by heat revealed the development of strong absorption at 
228 mu before that of absorption at 285 my due to the aldehyde. As a$-unsaturated 
aldehydes absorb strongly at 230 my, the initial appearance of the band at 228 mu was 
attributed to the elimination of a molecule of water at C;,) and C;,) in glucose reacting in its 
open-chain form; an intermediate (VIII) resulted which is structurally suitable for elimin- 
ation of two further molecules of water through (IX) to the aldehyde (I). 
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C-OMe ° 


[cH-ome] | ci 

e e 

i . MeO-CH;C _C-CHO 
CH bs 


| 
CH,-OMe 
(V1) (VII) 


In the present work the existence of an intermediate (VIII) in the reaction could not 
be tested because of the strong absorption of dimethylformamide at 228 my.1® However, 
for degradation of fructose or sucrose the dehydration is unlikely to involve this compound 


CHO 

CH HO-HC— CH 

[CHO], HO-CH,HC_ __C-CHO 

CH,;;OH +H,O o +H,0 
(VIII) (IX) 


— > (I) +H,0 


since the furan ring is already present. A more likely intermediate is (III) since it is the 
enolic form of chitose, which is readily converted into 5-hydroxymethylfurfuraldehyde by 
hot 0-3°% aqueous oxalic acid.” 


16 Haworth, Hirst, and Nicholson, J., 1927, 1513. 

17 Wolfrom, Wallace, and Metcalf, /. Amer. Chem. Soc., 1942, 64, 265. 
‘8 Hunt and Simpson, ibid., 1953, 75, 4540. 

1® Ekenstein and Blanksma, Ber., 1910, 43, 2355. 
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The formation of an intermediate (III) from fructose and its successive dehydration to 
compounds (IX) and (I) by iodine can be readily envisaged in terms of the interpretation 
of catalysis by iodine suggested by Hibbert.” The familiar dehydration of hydroxy- 
compounds by iodine was represented: 


SCH-C(OW)S + 1p —— SCH-C(ONT + HI 
SCH-C(ONT ——e Sc=Cr + HO! 
HI + HOI —— |, + H,O 


For stepwise dehydration of fructose a scheme such as (i)—(iii) would apply. 


HO-HC—— CH-OH HO-HC— CH-OH 
ae 


HO-cH; He. ¢<o CH,-HC H 
“CHy HO-CH,-H =CH: 
rH, ono xHC. C=CH-O 


+HI (111) 
HO-HC—CH-OH HO-HC—CH-OI HO-HC—CH 
1 ! —— I Ul 
HO-CH,-HC. _,CH-CHO HO-CH,HC. _CH:CHO HO-CH,-HC. C-CHO 
fe) fo) ‘o” 
(111) — (Xx) — +HOI 
10-HC—CH HC—CH 
(ii) (UX) +1,—~ —> ul ul 
HO-CH;-HC. C-CHO HO-CHyC. _C-CHO 
+HI 


(iy) (I) +1, 
+ HOI 


(ii) 


+HOL 


In each pair of steps (i), (ii), and (iii), one molecule each of hydrogen iodide and hypo- 
iodous acid are eliminated which by interaction can regenerate the catalyst with loss of a 
molecule of water. The sequence outlined follows naturally from the fact that the order of 
reactivity of iodine with hydroxyl groups is tertiary > secondary > primary ® and that 
once compound (III) is formed, the introduction of an olefinic bond between Cg and Ci) 
will be assisted by the a-aldehyde group. A similar recurrent formation of iodine from 
hydrogen iodide and alkyl iodide intermediates has been proposed in the iodine-catalysed 
decomposition of acetaldehyde at high temperatures.”! 

It is evident that the same catalyst could achieve this sequence of reactions with glucose 
under conditions of appreciable isomerisation to the open-chain form, provided that the 
latter readily undergoes iodine-catalysed dehydration to the intermediate (VIII). How- 
ever, it is possible that a sequence of dehydration steps such as (i)—(iii) can be initiated 
only at a tertiary carbon atom in a pre-formed furanoside structure. 


The authors are indebted to the Sugar Research Foundation for financial support for this 
work, 


Royat Hottoway COLLEGE, ENGLEFIELD GREEN, 
EGHAM, SURREY. (Received, September 14th, 1959.) 


%” Hibbert, J. Amer. Chem. Soc., 1915, 37, 1748. 
*t Rollefson and Faull, ibid., 1937, 59, 625. 
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161. Akuamma Alkaloids. Part I. Akuammicine. 


By G. F. Smita and J. T. WR6BEL. 


Some reactions of the product produced from akuammicine by loss of the 
methoxycarbonyl group are described. These lead to the partial structure 
(XI) for akuammicine. 


AKUAMMICINE, one of the alkaloids of Picralima klaineana, was first isolated by Henry 
and Sharp ! and has recently been studied by Robinson and his co-workers,:*4 who proved 
the presence in the alkaloid of the system Ar-NH-C:C-CO,Me.® This, together with the 
formation of 3-ethylpyridine, skatole, and 3-ethylindole by dehydrogenation, and the 
assumption of a structural relation to the strychnine group of gases, enabled Robinson and 
Aghoramurthy * to propose structure (I) for akuammicine. 

One of the reactions which suggested the relationship of the methoxycarbonyl group 
to the aromatic nitrogen atom was the acid hydrolysis +4 of akuammicine to a 3H-indole 
(indolenine) base, CjgHj)N,, m. p. 147—148°. This base was stated to be very unstable, 
was obtained in only 3% yield, and was not studied further. By carrying out the 
hydrolysis in an evacuated sealed tube, we obtained a 3H-indole base, C,gHy No, m. p. 
80—84°, in practically quantitative yield. This product, in contrast to that obtained 
by the previous workers, is stable and shows no marked tendency to autoxidation. With 
‘mer. 
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the intention of preparing the corresponding indoline base, involving the conversion of 
structure (II) into (III), we treated the indolenine base with methanolic potassium boro- 
hydride and quite unexpectedly obtained an indole base, C,gH,.N, (A), formed by the 
addition of two hydrogen atoms and isomeric with the expected indoline base. That this 
reaction does not involve the ethylidene double bond was demonstrated by hydrolysing 
dihydroakuammicine (in which the ethylidene group has been reduced to ethyl *) to the 
corresponding 3H-indole base, C,H, .N,, reduction of which with potassium borohydride 
in methanol gave an indole base, C,,H,,N, (B), identical with the product of catalytic 
hydrogenation of indole base A in ethanolic glacial acetic acid. Catalytic hydrogenation 
of the 3H-indole base C,,H,)N, in ethanol also gave the indolic base A. 

The indoline base, C,gHy N, (partial structure III), was however obtained from the 
3H-indole base by catalytic hydrogenation in dry dioxan, or by reaction with lithium 
aluminium hydride in ether or with potassium borohydride in dilute aqueous hydrochloric 
acid. The evidence for the indoline nature of this base is spectroscopic ® (see p. 794). 

These results indicate the existence, in proton-donating solvents, of a reversible proton- 
catalysed equilibrium between the 3H-indole and a base containing an aromatic indole 
nucleus which must be formed by fission of one of the two C-C bonds at the 6-position of the 
3H-indole system. We formulate this equilibrium as the nitrogen equivalent of a revers- 
ible aldol condensation, (IV) == (V): this is, in fact, the reversible first step of a Mannich- 
type reaction, such as the condensation of indole with formaldehyde and dimethylamine to 
give gramine,’ or the acid-catalysed dimerisation of indole.® 


1 Henry and Sharp, J., 1927, 1950. 

* Millson, Robinson, and Thomas, Experientia, 1953, 9, 89; Robinson and Thomas, /., 1955, 2049. 
% Robinson and Aghoramurthy, Tetrahedron, 1957, 1, 172. 
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Aghoramurthy, D.Phil. Thesis, Oxford, 1956. 
See also Fritz, Angew. Chem., 1959, 71, 377. 
Hodson and Smith, J., 1957, 1877. 
* Liebermann and Wagner, J. Org. Chem., 1949, 14, 1001; Hellmann, Hallmann, and Lingens, 
Chem Ber , 1953, 86, 1357. 
® Smith, Chem. and Ind., 1954, 1451. 
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The reactions described above may thus be interpreted as follows: (a) The 3H-indole 
(IV) in dioxan, that is, in the absence of a proton donor, cannot be in equilibrium ‘with 
(V); reduction therefore leads exclusively to the indoline base. (6) The ultraviolet spectrum 
in ethanol shows that in that solvent the 3H-indole (IV) is still predominant: the formation 
of the indole base A (VI) by reduction in ethanol shows that form (V) is much more 
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H-x (IV) (Vv) (VI) 


susceptible to reduction than is (IV), and that as fast as it is reduced it is replaced, by 
the operation of the equilibrium, until all has been converted into the indole base A. 
(c) In acid solution, the aliphatic nitrogen, N(}), will be almost completely protonated ; 
the concentration of free 3H-indole base (IV) will be quite negligible. Now protonation 
of N(d) blocks the reversible ring opening to an indole, for the mechanism requires free 
p-electrons on N(6). Reduction thus leads to formation of the indoline base. It is interest- 
ing that reduction here competes successfully with decomposition of borohydride by the 
excess of mineral acid. Borohydride reduction of the 3H-indole base in a buffer at pH 6 
leads to a mixture of indoline and indole bases. 

The equilibrium (IV) === (V) is also believed to operate ® in the case of the compounds 
CyyHg03N, and C,H ,0,N, isolated by Teuber and Fahrbach™ by oxidation of iso- 
strychnic acid with peroxidic reagents. The oxidation of #-strychnine (VII) to strychnone 









L- O-CO 











(VID (VIII) (IX) 


by hydrogen peroxide in acetic acid may well involve a similar reaction, designated by 
arrows in (VII): Woodward et al. proposed a quite different route involving (IX) as an 
intermediate. 

Distillation of the indole base A with zinc dust at 300° gave relatively high yields of 
3-ethylpyridine and 3-ethyl-2-methylindole: these two products together account for all 
the carbon atoms of the indolic base, and, since akuammicine contains only one C-methyl 
group * and yields acetaldehyde on ozonolysis, they allow the expansion of formula (VI) 
to (X), in which the point of attachment of the indole a-CH, to the piperidine ring is not 


N R’ 
N 
| R 
S n~S 
24 CH, H 


(X) " CO,Me (XI) 


defined. The corresponding expression for akuammicine then is (XI), in which R = H, 
and R’ = CHMe or vice versa. Attempts to discover the point of attachment of the CH, 


® Joule and Smith, Proc. Chem. Soc., 1959, 322. 

10 Teuber and Fahrbach, Chem. Ber., 1958, 91, 713. 

11 Leuchs, Tuschen, and Mengelberg, Ber., 1944, '77, 405; Woodward, Brehm, and Nelson, J. Amer. 
Chem. Soc., 1947, 69, 2250. 
DD 
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to the piperidine ring in (X) have so far failed: these attempts included a full range of 
dehydrogenations; Hofmann degradation of the indole base B proceeded anomalously, ang 
yielded no structural information. 

Structure (I) is compatible with partial structure (XI), but cannot be yet regarded as 
proved. 


EXPERIMENTAL 


3H-Indole Base (I1).—Akuammicine (200 mg.) in 20% aqueous hydrochloric acid (10 ml) 
was heated at 115° for 24 hr. in an evacuated sealed tube. Ether-extraction of the basified 
mixture yielded a pale yellow product which crystallised slowly; it had m. p. 80—84° (161 mg, 
98%), Amax. 283, 224 my (c 5320, 11,200 respectively) in ethanol, Agax, 276, 223 my (e 3950, 8800 
respectively) in ethanolic hydrochloric acid [cf. 1,2,3,4-tetrahydro-11-methylcarbazolenine: 
Amax, 255 my (c 7030) in ethanol, Amax 275, 231 my (¢ 6300, 8000 respectively) in ethanolic hydro. 
chloric acid}. The base was very soluble in all solvents except water and could not conveniently 
be crystallised. It was stable to autoxidation. It gave a crystalline perchlorate, as glossy 
blades (from water), m. p. 209—213° (decomp.) (Found: C, 59-9; H, 5-7; N, 7:55. 
C,gHapN,,HClO, requires C, 59-3; H, 5-8; N, 7-7%). 

Indoline Base (111).—(a) An ether solution of 3H-indole base (II) was added to an excess of 
lithium aluminium hydride in ether, and the mixture refluxed for 15 min. The product crystal- 
lised from di-isopropyl ether as colourless needles, m. p. 187—189° (152 mg., 92%) (Found: 
C, 81-0; H, 8-2; N, 10-55%; equiv. by electrometric titration, 264. C,,H,.N, requires C, 
81-15; H, 8-35; N, 105%; equiv., 266), Amax, 297, 245 my (e 3150, 8700 respectively) in ethanol, 
Amax, 268, 259 my. (c 975, 1410 respectively) in ethanolic hydrochloric acid. 

(b) A solution of the 3H-indole base (II) (6 mg.) in dioxan (2 ml.) was hydrogenated over 
Adams catalyst for 3hr. The product had m. p. 185—188°, undepressed by indoline base (III), 

(c) A solution of the 3H-indole base (II) (10 mg.) in 0-02N-aqueous hydrochloric acid was 
treated with excess of sodium borohydride. The basic product, after one crystallisation from 
di-isopropyl ether, had m. p. 183—186°, undepressed by indoline base (III). 

Dihydroindoline Base.—A solution of indoline base (III) (37 mg.) in 20% glacial acetic acid 
in ethanol (2 ml.) was hydrogenated in the presence of Adams catalyst (20 mg.). The hydrogen 
uptake had slowed considerably after 2 hr. and hydrogenation was stopped (1-1 mol.). The 
product crystallised from ether as long needles, m. p. 175—177° (31 mg.) (Found: C, 79-85, 
80-2; H, 9-0, 9-1. C,,H,,N, requires C, 80-55; H, 9-0%). 

Indole Base (V1).—Akuammicine (250 mg.) was hydrolysed as above, and the product added 
to an excess of methanolic potassium hydroxide. The alkaline mixture was treated with excess 
of potassium borohydride and boiled for 10 min. The methanol was then boiled off under 
reduced pressure and the residue partitioned between ether and water. The ether-soluble 
product crystallised from methanol with solvent of crystallisation, and had m. p. 100—110° 
(214 mg.). After several days at 60°/0-01 mm. the m. p. was 125—150°, with solidification and 
remelting at 160—162° (Found: C, 81-0; H, 8-3; N, 10-25. C,,H,.N, requires C, 81-15; H, 
8-35; N, 10-5%), Amax, 291, 284, 228 my (¢ 5750, 6020, 26,000 respectively) in ethanol, unchanged 
by acid. 

Dihydroindole Base.—(a) The indole base (VI) (122 mg.) was hydrogenated in 20% acetic 
acid in ethanol over freshly prepared Adams catalyst (120 mg.). There was a rapid uptake of 
1:07 mol. of hydrogen. The product crystallised from methanol as fine needles, m. p. 65—T75° 
(99 mg., 81%) (Found, after prolonged drying over P,O, at 60°/0-01 mm.: C, 80-7; H, 8-7. 
C,gH,,N, requires C, 80-55; H, 9-0%). 

(b) Dihydroakuammicine, m. p. 169—171° (20 mg.) (Robinson and Aghoramurthy ° give 
m. p. 171—173°), was hydrolysed with 20% aqueous hydrochloric acid in an evacuated sealed 
tube at 115° for 2} hr., the solution poured into an excess of methanolic potassium hydroxide, 
and the mixture reduced with excess of potassium borohydride. The ether-soluble product 
crystallised from methanol as fine needles, m. p. 65—75°, identical with the product obtained as 
under (a) (17 mg.). 

Dehydrogenation of the Indole Base A.—The indole base A (17-4 mg.) was passed over zinc 
dust at 300° in nitrogen. Two fractions were obtained: the more volatile formed 3-ethyl- 
pyridine picrate, m. p. and mixed m. p. 126—128° (4-6 mg.); the less volatile gave neutral 
material (1-4 mg.) which gave 3-ethyl-2-methylindole picrate, m. p. and mixed m. p. 147—150°. 

Ozonolysis of Akuammicine.—A solution of akuammicine (53 mg.) in chloroform (5 ml.) was 
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ozonised at 0° for 2-5 hr. After removal of chloroform in vacuo, the product was treated with 
water, and the solution distilled into a saturated solution of dinitrophenylhydrazine in 2% 
aqueous hydrochloric acid. Acetaldehyde dinitrophenylhydrazone which separated had m. p. 
and mixed m. p. 146—160° (20-2 mg., 51%). 


We are very grateful to Dr. J. A. K. Quartey and to the Tropical Products Institute for 
supplies of Picralima seeds, to Dr. H. G. Willcock of Midland Tar Distillers, Ltd., for specimens 
of alkylpyridines, and to the Polish Ministry of Education for a grant (to J. T. W,). 
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462. Reaction Kinetics and the Walden Inversion. Part VII.* 
The Configurations of some Amino-hydrocarbons. 


By F. Hrron and E. D. HuGHEs. 


By application of the stereokinetic rule for Sy2 substitution of azide ions 
in alkyl halides, and by reducing the azides produced to amines, it is shown 
that the following pairs of substances have the same sign of rotation when 
the pair has corresponding configuration: s-butyl bromide, s-butylamine; 
l-methylheptyl bromide, 1l-methylheptylamine; 1-phenylethyl chloride, 
1-phenylethylamine. 


Tue work near the turn of the century on the Walden inversion was entirely concerned with 
interconversions between (1) halides RCI, RBr, (2) oxy-compounds ROH, ROAIk, and 
(3) amines R-NHg, where R is a parent or substituted hydrocarbon radical. 

In the 1930’s, the stereokinetic rule for Sy2 substitutions was established; }? and, by 
applying it to the bimolecular basic hydrolysis of halides,? the relative configurations of 
most of the historically more important series of optically active compounds of classes 
(1) and (2) were connected with their relative signs of rotation, so permitting Walden 
inversions to be firmly located in reaction routes leading from either of these classes to the 
other. The next step was to apply the same kind of method to connecting the configur- 
ations of the corresponding amino-compounds of class (3) to those of the other classes, so 
that Walden inversions could be similarly located in processes leading to amines from 
either of the other classes, or from amines back to either. This was in fact done, mostly 
in the period 1938—1940, but the work has not yet been reported, though a list of results ® 
was published in 1950. We now report that part of the work in which R was an un- 
substituted hydrocarbon radical, the three series of this type studied being the s-butyl, 
1-methylheptyl, and 1-phenylethy]l series. 

In all three series the method has been the same, viz., to conduct a kinetically controlled 
Sy2 reaction between azide ion and an alkyl halide, which we know will produce inversion 
of configuration, and then to reduce the alkyl azide produced to the amine, in a reaction 
which occurs elsewhere than at the asymmetric carbon atom and therefore effects no 
further configurative change: 


Kinetically Reduction 
RHal ++ Ns~ ——————>_ RN, ——>. R'NH,_—s (Overall inversion) 
controlled Sy2 
Preliminary experiments on the rate of reaction of s-butyl bromide with sodium azide 
having shown that we could conduct this reaction in “ 80°, ”’ ethanol at 50-2°, it was next 
necessary to discover to what extent the required reaction would in these conditions be 


* Part VI, J., 1937, 1252. 

1 Hughes, Juliusberger, Masterman, Topley, and Weiss, J., 1935, 1525; Hughes, Juliusberger, 
Scott, Topley, and Weiss, J., 1936, 1173; Cowdrey, Hughes, Nevell, and Wilson, J., 1938, 209. 

® Cowdrey, Hughes, Ingold, Masterman, and Scott, J., 1937, 1252. 

* Brewster, Hiron, Hughes, Ingold, and Rao, Nature, 1950, 166, 178. 
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accompanied by (a) solvolysis of the bromide or (8) its racemisation by the bromide jons 
produced from it. Although it was a formality, it had also to be shown (c) that s-butyl 
azide is chemically and optically stable under the conditions of its production. The first 
two points were covered by following the liberation of bromide ion from s-butyl bromide 
in “‘ 80% ” ethanol at 50-2° in the absence of sodium azide, and also the change of rotation, 
not only in these conditions, but also when they were modified by the initial addition of 
lithium bromide. It was thus found that the reaction of s-butyl bromide with sodium 
azide in the conditions contemplated would be accompanied by only about 2% of solvolysis 
of the alkyl bromide, and by less than 1% of racemisation by the bromide ion formed, 
We considered these disturbances negligible. The third point was checked after the 
kinetics of the reaction of s-butyl bromide with sodium azide had been studied, by showing 
that its course, followed polarimetrically, was identical with that followed titrimetrically, 
and led to a final rotation (of changed sign) that remained constant for a long period after 
the measured reaction had been completed. 

The reaction between s-butyl bromide and sodium azide in “ 80% ” ethanol at 50-2° 
displayed second-order kinetics, as illustrated in Table 1. This established that an Sy? 
reaction is under observation. No salt effect shows in the individual runs, because, of 
course, the ionic strength remains constant. Runs at different concentrations showed 
signs of a small negative salt effect at high salt concentrations. ’ 


TABLE 1. Integrated second-order rate constants (k, in sec. mole 1.) in the reaction 
of s-butyl bromide with sodium azide in “ 80°%,”’ ethanol at 50-2°. 
(Initially, (C,H,Br] = 0-171m and [NaN,] = 0-207m. The units of a, b, and x in the formula h, = 
{2-303/(a — b)t} log {b(a — x)/a(b — x)} are ml. of 0-118N-thiocyanate per 5-00 ml. sample.) 

t (min.) a—x b—x t (min.) x a—x b—* 10, 
0 7-20 8-79 255 4-07 3-13 4-72 3-9 

60 . 5-73 7-37 -0 345 4-47 2-73 4-32 4-0 

90 ° 5-10 6-69 “7 465 5-11 2-09 3-68 3-7 

135 } 4-30 5-89 0 © 7-20 0-00 1-59 — 
195 P 3-53 5-12 “1 Mean 3-9 


The azide formed in these conditions was reduced by hydrogen in the presence of 
Adams platinum catalyst to s-butylamine. Dextrorotatory s-butyl bromide gave levo- 
rotatory s-butyl azide and s-butylamine; and vice versa. It follows that when s-butyl 
bromide, azide, and amine, and, from previous work, the chloride and alcohol, have like 
signs of rotation, they have like configurations. 

The actual starting point in this series of preparations was s-butyl alcohol, resolved by 
Pickard and Kenyon’s method,‘ with [j,”° (max.) 13-9°. Samples, often with only a 
proportion of this activity, were converted into bromide with hydrogen bromide, and 
thence through the azide, into the amine, which had 78—80% of the activity calculated 
as a like proportion of the activity of amine, resolved by Thomé’s method through the 
tartrate,® (aj, (max.) 7-44°. However, it seemed likely that some racemisation would 
accompany conversion of the alcohol into the bromide, and this was checked by hydrolysing 
a sample of the bromide with concentrated alkali back to the alcohol, which was found to 
have suffered 18%, of racemisation in the double process. We assign this racemisation to 
the formation of the bromide, and it then follows that there can be no considerable 
racemisation in any of the other reactions described, and, in particular, none in the substi- 
tution by azide ion in s-butyl bromide. Incidentally, we compute from our results that 
the maximum rotatory power of s-butyl bromide is «,?° 44-3° (J 1 dm.). 

The work on 1l-methylheptyl bromide pursued a similar course. The same checks on 
racemisation and solvolysis were made with substantially the same results. The reaction 
between this bromide and sodium azide in “‘ 80% ” ethanol at 50-2° displayed second- 
order kinetics, as illustrated in Table 2, so establishing an Sy2 process. The rate constant 


* Pickard and Kenyon, J., 1911, 108, 1923. 
5 Thomé, Ber., 1903, 36, 582. 
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js smaller than in the s-butyl series, and the salt-effect was barely detectable up to 0-3M 
in salt. The 1-methylheptyl azide was reduced catalytically to the amine. 


TABLE 2. Integrated second-order rate constants (k, in sec. mole™ 1.) in the reaction 
of 1-methylheptyl bromide with sodium azide in “ 80% ” ethanol at 50-2°. 


¢ (min.) * a-—x* b—* 10%, ¢ (min.) a-—* b—x 10%, 
0 10-45 15-71 — 255 7-02 11-41 2-56 
47 12 

80 “83 9-33 13-88 2-56 410 
120 “55 8-62 13-16 2-61 

180 43 7-90 12-28 2-57 


4 
9-95 14-59 (2-39) 315 4- 6-15 10-31 2-56 
5- 


4-70 9-96 2-61 
Mean 2-57 


Dextrorotatory 1-methylheptyl bromide gave a levorotatory azide and amine; and 
vice versa. It follows that, when 1-methylheptyl bromide, azide, and amine, and, from 
previous work, chloride, alcohol, and ethyl ether, have the same sign of rotation, they have 
corresponding configurations. 

The starting point in this series was again the alcohol, resolved by Kenyon’s method,® 
ij,” (max.) 9-9°. An estimate of the rotatory power of the bromide has been made? by 
Gerrard: «,!8 42-6° (11 dm.). The rotatory power calculated to this figure, of our amine, 
derived from bromide samples of lower activity, through the azide, was «,”° 8-5° (? 1 dm.). 
Unfortunately the amine has not been directly resolved, and our attempts to resolve it 
failed, so that we were not able to keep a quantitative account of any racemisation 
occurring in this case. 

The experiments with 1-phenylethyl chloride were complicated by two kinetic disturb- 
ances, which were both too large to be neglected, could not be eliminated, and therefore 
had to be measured and allowed for. In “ 80% ” ethanol at 50-2°, at the concentrations 
to be used for the conversion of optically active samples of 1-phenylethyl chloride into 
l-phenylethyl azide (concentrations chosen to be relatively favourable to that reaction), 
solvolysis of the chloride occurs at about 40% of the rate of the azide substitution. The 
solvolysis rate had therefore to be measured, and the material thus made unavailable 
for the azide substitution allowed for in coniputations of the rate constants of that reaction. 
The solvolysis is reciprocally affected by loss of its reactant in the azide substitution. 
This concurrence of a first-order reaction, which has a positive salt effect, and a second- 
order reaction, assumed to be without one, each reaction withdrawing the factors of the 
other, leads to difficult mathematical equations, and was handled numerically, by a 
reciprocating point-to-point method, in order to isolate the instantaneous (or, really, 
finite-difference) second-order rate constants of the azide substitution. 

The solvolysis products are, of course, optically stable, and their formation makes no 
difference to the optical activity of concurrently formed 1-phenylethyl azide—except by 
contributing material to an independent reaction which does destroy optical activity. 
For both the azide substitution and the solvolysis produce chloride ion; and this racemises, 
in the known bimolecular way, the 1-phenylethyl chloride waiting to be either azide- 
substituted or solvolysed. In our conditions the specific rate of attack of chloride ions 
on 1-phenylethyl chloride is about 80% of the specific rate of attack on it of azide ions. 
Of course, the concentration of chloride ions starts from zero and rises, while the concen- 
tration of azide ions starts at its maximum and falls; and the concentrations of reactants 
were so arranged that, even at the end of reaction, there were still more azide ions than 
chloride ion. But even so, the integrated effect of chloride ion in having racemised each 
element of 1-phenylethyl chloride up to the moment at which azide ion reacted with it, 
led to a considerable overall loss of optical activity from the total 1-phenylethyl azide 
produced. This loss had to be calculated, again by a point-to-point numerical method, 


* Kenyon, J., 1922, 121, 2540. 
” Gerrard, J., 1946, 741. 
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and allowed for when computing the optical effect of the azide substitution. The 1-phenyj. 
ethyl azide, once formed, was optically stable in the conditions of its formation. 

The titrimetric first-order rate constant of solvolysis of 1-phenylethyl chloride jp 
“ 80% ” ethanol at 50-2° was initially 1-94 x 10“ sec.+. But the reaction had a positive 
salt effect, and electrolyte was being produced, so that the “ instantaneous ”’ rate constant 


TABLE 3. Second-order rate constants (kz in sec.1 mole 1.) for the reaction of 1-phenyl- 
ethyl chloride (initially 0-198M) with sodium azide (initially 0-461m) in “ 80% ” ethanol 
at 50-2°. 

é (min.) Cl~ (%) 10*, (corr.) ¢ (min.) Cl- (%) 10*, (corr.) 
2-0 8-5 2-39 18-0 59-2 2-49 
5-0 20-3 2-38 28-0 75: 2-46 
8-0 31-4 2-44 43-0 82- 2-37 
12-0 44-6 2-59 58-0 88- 2-32 


rose as reaction progressed. At the salinities employed in the azide substitutions, the 
appropriate rate constants were close to 2-6 x 10“ sec.1. The course of an azide 
substitution, and, by allowance for solvolysis, the isolation of its individual rate, as 
expressed in “ instantaneous ’’ second-order rate constants, are shown in Table 3. 

These results are in agreement with a second-order, and therefore bimolecular, 
substitution of 1-phenylethyl chloride by azide ion. We assume that the reaction has but 
little salt effect, but the over-riding need to give the azide substitution as much prominence 
as possible among the concurrent processes left us too little freedom in the variation of 
concentrations to permit adequate examination of its salt effect. 

The polarimetric first-order rate constant of solvolysis of 1-phenylethyl chloride in 
“ 80% ” ethanol at 50-2° had the initial value 2-00 x 10 sec.4, nearly the same as the 
initial titrimetric rate constant. However, the polarimetric constant rose more rapidly 
as reaction progressed than did the titrimetric constant. This was because the polari- 
metric effect of solvolysis (which eventually reverses the sign of rotation) became 
supplemented by that of the chloride-ion substitution which racemises the surviving alkyl 
chloride. From the initially greater, but less rapidly rising, polarimetric rates observed 
in the presence of initially added lithium chloride, we evaluated the second-order rate 
constant of chloride-ion substitution in 1-phenylethyl chloride, as 1-98 x 10* sec 
mole |. over the range of salinities 0-1—0-3M. As would be expected, the reaction displays 
no marked salt effect. In calculating this rate constant from the chloride-ion dependence 
of the polarimetric rate, as well as in using it to compute the racemisation suffered by 
1-phenylethyl chloride ahead of its capture by azide ions in the azide substitution, it had, 
of course, to be remembered that the attack of a halide ion on one alkyl halide molecule 
racemises two alkyl halide molecules. 

The 1-phenylethyl azide produced in the conditions of the kinetic runs described was 
reduced to 1-phenylethylamine by the catalytic method already mentioned. 

Dextrorotatory 1-phenylethyl chloride thus gave levorotatory 1-phenylethyl azide 
and l-phenylethylamine. It follows that, when 1-phenylethyl chloride, azide, and amine, 
and, from previous work, bromide, alcohol, and ethyl ether, have rotations of the same 
sign, they have like configurations. 

The qualitative result that 1-phenylethyl chloride leads in these reactions to 1-phenyl- 
ethylamine with opposite sign of rotation has already been obtained by Levene et al.,8 but 
without kinetic control, and with very extensive, but unaccounted, racemisation. 

In the three experiments of which the optical results are in Table 4, the accumulated 
effect of the racemisation of the 1-phenylethyl chloride on the 1-phenylethyl azide collected 
after completion of the azide substitution was calculated to have produced 29—30% of 
racemisation in the alkyl azide. For the rotatory power of 1-phenylethyl chloride, we took 


® Levene, Rothen, and Kuna, J. Biol. Chem., 1937, 120, 277. 
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Gerrard’s ? value, «,1* (max.) 99-6° (/ 1 dm.), which is supported in the following paper, and 
also by the results obtained in this one. For the rotatory power of 1-phenylethylamine, 
we used Holmberg’s ® figure, viz., «,!® (max.) = 38-7° (1 1 dm.). In the substitution itself, 
it can be seen from the Table that inversion is complete. 


TABLE 4. Optical effect of conversion of 1-phenylethyl chloride (RCI) into 1-phenylethyl azide 
under the conditions of the kinetic study of this process, and subsequent conversion of the 
azide into 1-phenylethylamine (R-NH,). 

ap (1 1 dm.) of R-NH, 
ap (1 1 dm.) ¢ For RCI Corr. for On R:NH, (max.) 
of RCI used As obsd. a 99-6° Cl--racemn. a 38-7° 
+5-44° —1-48° —27-1° —38-4° —99-3% 
+5-44 —1-48 —27:1 — 38-3 —99-1 
+11-44 —3-16 — 27-5 —39-0 — 100-8 





We may draw the further conclusion that all the substitutions here described by azide 
ion in alkyl halides are accurately obeying the stereokinetic Sy2 rule. 


EXPERIMENTAL 


Preparations.—s-Butyl, 1-methylheptyl, and 1-phenylethyl alcohol were resolved by known 
methods, and inactive and active samples of the first two were converted into bromides with 
hydrogen bromide, and of the last into chloride by means of thionyl chloride in pentane. (This 
work was done before Gerrard’s method ? appeared.) 

For all the kinetic and optical experiments on the reaction of sodium azide with the alkyl 
halides, the solvent was ‘‘ 80% ” ethanol, made by mixing 4 vols. of ethanol with 1 vol. of water. 
The conditions of these experiments have already been specified. 

For the preparation of s-butylamine, the s-butyl azide was collected from the solution in 
which it had been formed by pouring the latter into saturated aqueous calcium chloride and 
extraction with pentane. The pentane solution was dried (CaCl,), mixed with methanol, and 
shaken under hydrogen at 10 atm. in the presence of Adams platinum catalyst until absorption 
of the gas ceased. After the catalyst had been removed, the solution was acidified with hydro- 
chloric acid and evaporated. The residual amine hydrochloride was taken up in water, and the 
solution was extracted with pentane, concentrated, basified by addition of solid potassium 
hydroxide, and distilled. The amine, dried over potassium hydroxide, had b. p. 63°/760 mm. 
(Found: C, 64-1; H, 14-6. Calc. forC,H,,N: C, 65-7; H, 15-11%). 1-Methylheptylamine was 
prepared in the same way, except that the pentane solution of azide was concentrated before the 
methanol and Adams catalyst were added, and that the amine was extracted with ether after final 
basification of the aqueous solutions of its hydrochloride. It had b. p. 163—165°/760 mm. 
(Found: C, 74:3; H, 14:8; N, 10-9. Calc. for CsH,,N: C, 74:3; H, 14:8; N, 10-8%). 
1-Phenylethylamine, prepared in the same way, had b. p. 83°/20 mm. (Found: C, 78-8; 
H, 91; N, 11-9. Calc. for C,H,,N: C, 79-3; H, 9:0; N, 11-7%). 

Kinetics.—In all cases, the titrimetric kinetics were followed, either by the liberation of 
acid as determined by titration with alkali, or by that of halide ion (after removal of the organic 
material by extraction with ether from an aqueous solution, as was especially necessary in the 
experiments with 1-phenylethyl chloride) by back-titration with thiocyanate of an excess of 
added silver nitrate. Samples of this reaction solution were withdrawn by pipettes, the first 
sample marking the time-zero. Polarimetric kinetics were followed with the aid of tubes with 
well-lagged jackets, through which water from the thermostat was circulated. 


Witt1am RAMSAY AND RALPH ForsSTER LABORATORIES, 
University CoLLEGE, GowER Sr., Lonpon, W.C.1. [Received, August 20th, 1959.] 


® Holmberg, Arkiv Kemi, Min. Geol., 1939, 18, A, 8. 
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163. Reaction Kinetics and the Walden Inversion. Part VIII* 
Steric Course of Bimolecular Nucleophilic Substitution by an Anionic 
Substituting Agent in a Cationic Substrate. 


By S. H. Harvey, P. A. T. Hove, E. D. HuGues, and Sir CHRISTOPHER INGoLp, 


By application of the stereokinetic rule for Sy2 reactions of Type 1 
(negative reagent, neutral substrate), for which type alone the rule is as yet 
well established, it is shown that l1-phenylethyl chloride, 1-phenylethanethiol, 
and the derived methyl sulphide, and dimethylsulphonium iodide, when of 
the same sign of rotation, have like configurations. 

On the basis of this knowledge, it is shown that an Sy2 reaction of Type 2 
(negative reagent, positive substrate), namely, that of the dimethylsul- 
phonium ion with azide ion to give 1-phenylethyl azide (which is reducible to 
the amine), proceeds with practically quantitative inversion of configuration, 
despite the countervailing electrostatic forces. 


It is a curious feature of current thought that the stereokinetic rule for Sy2 reactions ~ 
the rule that inversion occurs in such independently of all constitutional details—has 
become generally accepted on little more than one-quarter of the proper evidential basis, 
There are four electrostatically distinct types of Sy2 reactions, as formulated below, and 
the rule is proved only for reactions of Type 1. There is evidence consistent with the rule 
for solvolytic reactions belonging to Type 3; but that is not proof; for whilst, in solvolysis, 
the Syl mechanism can often be established conclusively, and independently of stereo- 
chemical arguments, the Sy2 mechanism cannot be so easily proved and thus nearly 
always has the lower logical status of a judgment based on the totality of available 
indications. Since 1937 we have been slowly building up evidence on the rule in relation to 
Types 2, 3, and 4, and we now present our results concerning Type 2: 


Type |: Y~" +RX— » YR+ X7 
2: Y~ + RX+ ——» YR + X 
3: Y + RX —» YR* + X~ 
4:5 Y+RX*t—» YR*t + X 


Type 2 provides the most crucial test that could be devised for the universality of the 
rule. For the incoming and the outgoing group have opposite ionic charges, and must 
electrostatically attract each other in the Sy2 transition state: here, if anywhere, we 
might find an Sy2 substitution with retention of configuration. 

These considerations were prominent in the early history of the subject. In 1932 Meer 
and Polanyi suggested? that spatial orientation in substitution was electrostatically 
determined. In 1937 Cowdrey ef al.1 opposed that view, essentially on the theoretical 
ground that the exclusion principle would always defeat electrostatics. They supported 
their case on the practical side by citing Read and Walker’s conversion,’ in a reaction of 
Type 2, assumed to have the Sy2 mechanism, of trimethyl-/-piperitylammonium hydroxide, 
a trvans-compound, into (-+-)-neopiperitol, which was said to be a cis-isomer.* But this 
citation was unlucky, because Macbeth and Shannon ® showed in 1952 that Read and 
Walker’s (+-)-neopiperitol was a mixture, consisting of 70% of the évans- and 30% of the 
cis-isomer. It is easy to be wise now in pointing out that, because of the allylic system, 
Read and Walker’s reaction may have pursued in part the Syl mechanism, which would, 
if the trimethylammonium group had the equatorial conformation, have produced 


* Part VII, preceding paper. 


1 Cowdrey, Hughes, Ingold, Masterman, and Scott, J., 1937, 1252. 

® Meer and Polanyi, Z. phys. Chem., 1932, B, 19, 164. 

* Read and Walker, /J., 1934, 308. 

* Read, “ A Chapter in the Chemistry of the Essential Oils,” Institute of Chemistry, 1936, p. 21. 
® Macbeth and Shannon, /., 1952, 2852. 
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substitution with retention of configuration. So, since 1952, there has been no practical 
evidence of the stereochemical direction of Sy2 substitutions of Type 2, apart from what 
we knew from unpublished work, which was, indeed, briefly mentioned in a publication ? 
of 1953, and is now described in detail. 


TI * 
Lonic 


CH—CH-NMey * CH—CH-OH 
OLD, = 4 N : 4 N . 
HO” + Me-C jCHPri > Mec ;CHPri + NMe, 
CH,-CH, CH,-CH, 


Our method involves traversing in three stretches a cyclic conversion path joining RX, 
RY, and RZ, where R is a hydrocarbon radical bound to X, Y, or Z through a non-cyclic, 
saturated carbon atom, which is asymmetric and is the only asymmetric centre present. 
Each of the three segments of path involves one and only one substitution at the asymmetric 
centre, which substitution is proved kinetically to proceed by mechanism Sy2. Each 
segment of path may involve other reactions also, but none of such must change any bond 
at the asymmetric centre. In two of the segments, say, RX to RY, and RX to RZ, the 
involved Sy2 substitutions both belong to Type 1, to which, as is well established, we can 





1s 1 apply the stereokinetic rule, so connecting the relative sign of rotation with the relative 
—has configuration of RY and RX, and of RZ and RX, and therefore of RZ and RY. In the 
basis. third segment of path, RY to RZ, the Sy2 substitution belongs to Type 2, and its stereo- 
, and chemistry will then follow from the observed rotations, and the now known connexion 
> rule between relative rotation and relative configuration for RY and RZ. In our work, R was 
lysis, CHMePh, X was Cl, Y was SMe,*, and Z was NH,. 
ereo- The conversion of RX into RY was conducted in two ways, first,? as indicated by the 
early upper variant of the following scheme, and later by the shorter path of the lower line, 
lable which alone will be described in detail. The longer path was useful for the purpose of 
on to obtaining the check on rotatory powers mentioned below. 
CHMePh:SH 
sH- Mel 
Mel 
CHMePh:Cl p> CHMePh'SMe ——3> [CHMePh-SMey]*I~ 


The reaction of 1-phenylethyl chloride with sodium methyl sulphide in ethanol was 


f the followed through the disappearance of the MeS~ ion. The reaction displayed second- 

must order kinetics, as is shown by the linearity of the plots in Fig. 1. This establishes that an 

, we Sy2 reaction is under observation. It appears from the rate-constants in Table 1 that 
the salt effect is small, as is expected for the Sy2 reaction of Type 1, in which ionic charges 

Meer are neither produced nor destroyed. 

cally TABLE 1. Second-order rate constants (k, in sec. mole 1.) of reaction of 1-phenylethyl 

tical chloride with sodium methyl sulphide in ethanol at 35-0°. 

orted i shi iceninababiiciinsii 25 26 27 28 29 

on of I once cases 0-126 0-193 0-095 0-126 0-144 

xide [CHMePh-Cl],_......... 0-083 0-080 0-078 0-051 0-073 

this BE Suietcebiooskacateers 1-52 1-59 1-49 1-58 1-52 Mean 1-54 

and The sulphonium salt was prepared from the methyl 1-phenylethyl sulphide produced, 

f the by interaction with methyl iodide in nitromethane, in the dark and in the cold for as short 

tem, a time as could be made preparatively convenient. The precautions mentioned were 

puld, necessary when working with optically active material, because otherwise elemental 

uced iodine or tri-iodide ion may be generated, which racemises the sulphonium salt in nitro- 


methane, and even in the solid state, so that, unless the preparations of salt were colourless, 
they were found to have lost séme of their optical activity when first produced and also 
to be not fully optically stable. 


* Mills, J., 1953, 260. 
21. 7 Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” Cornell Univ. Press, New York, 1953, 
p. 380. 
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Levorotatory 1-phenylethyl chloride gave in these reactions dextrorotatory 1-phenyl- 
ethanethiol, methyl 1-phenylethyl sulphide, and dimethyl-1-phenylethylsulphonium 
iodide; and vice versa. It follows that the chloride, thiol, sulphide, and sulphoniym 
iodide, when of the same sign of rotation, have like configurations. The rotations are 
mentioned below. 

The second stretch, called RX to RZ above, of our cyclic conversion path is from 
1-phenylethyl chloride to 1-phenylethylamine, according to the following scheme, jp 


which an Sy2 substitution of Type 1 is followed by a reaction elsewhere than at the asym- 
metric centre: 


H 
CHMePh:Cl “— CHMePh'Ng =— CHMePh’NH, 
¥ ad 


The kinetic and optical work on this part of our route is described in the preceding paper, 


The conclusion from it is that 1-phenylethyl chloride and 1-phenylethylamine, when of 
the same sign of rotation, have like configurations. 


Fic. 1. Reaction, CHMePh:Cl + SMe~ ——» 
CHMePh:SMe + Cl-, in ethanol. Plots 
ay eee Fm Fic. 2. Reaction, CHMePh-SMe,* + N,- 
—» CHMePhN,j + SMe,. Bronsted 
plot of second-order vate versus ionic 
12 strength. 
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The third stretch of our route is the conversion, RY to RZ, of the sulphonium ion into 
the amine by the process: 


H,-Pr 
CHMePhSMe,+ ——3> CHMePh*N, ————> CHMePh:NH, 
N,~ or LiAIH, 


which contains the chief subject of our stereochemical interest, a nucleophilic substitution 
of Type 2, and otherwise only a reaction elsewhere than at the asymmetric centre. 

Kinetic investigation of the reaction between the sulphonium iodide or chloride and 
sodium azide in “ 80%” ethanol was preceded by experiments to detect and control 
side-reactions in these conditions, particularly as they might affect the production of 
dimethyl sulphide through which we intended to follow the main reaction. The two salts 
can conceivably interact among themselves in three ways, as follows, 





CHMePh'N, + Me,S ene acid: a 
N,~ + CHMePhSMe,* CHMePh:SMe + MeN, K Som a 


CHPhiCH,+MeS+HN, ..... @ 





3 Paper. 
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and, if solvolysis is allowed for, they could react in two more ways, here formulated only 
for hydrolysis, though this would be accompanied by corresponding alcoholytic processes: 


H,O + CHMePh:SMe,* ——p» CHMePh‘OH + MesS+Ht . ..... @) 


(+ et ae 
X~ + CHMePh:SMe,+ ——t» CHMePh*X + Me,S(X=Clorl) . . . . « @& 


Since the solvolysis of 1-phenylethyl chloride and iodide is fairly rapid, we should obtain 
the products resulting from attack of halide ion of the sulphonium ion in the form of 
solvolysis products. 

As to reactions (a), (b), and (c), a preparative study showed that the high-boiling 
product contained less than 0-2% of methyl 1-phenylethyl sulphide; and that no styrene 
could be detected. Thus, apart possibly from the reactions involving solvolysis, the 
production of dimethyl sulphide measures essentially reaction (a). 

The reactions (d) and (e) were examined kinetically, in solutions from which the sodium 
azide had been left out. At the sulphonium salt concentrations relevant to our kinetic 
runs in the presence of sodium azide, and in the same solvent at the same temperature, 


TABLE 2. Integrated second-order rate constants (k, in sec. mole 1.) obtained during a 
run of the reaction of dimethyl-\-phenylethylsulphonium chloride with sodium azide in 
“80% ” ethanol at 55-2°. 

(Run 41: Initially, (CHMePh-SMe,*Cl-] = 0-095m and [NaN;] = 0-521m. The Me,S in samples of 
16-23 ml. was weighed as Me,S,2HgCl,.) 

Time (min.) Me,SHg,Cl, (g.) 7 10°, Time (min.) Me,SHg,Cl, (g.) im 10°, 

0-015 0-616 oo 30 0-611 0-4945 1-16 

0-277 0-5627 1-11 51 0-786 0-4587 1-21 


0-450 0-5273 1-17 ro) 0-951 0-4251 — 
0-552 0-5065 1-21 


TABLE 3. Mean second-order rate constants (kz in sec. mole™ 1.) of reaction of di- 
methyl-1-phenylethylsulphonium chloride with sodium azide in ‘‘ 80°," ethanol at 55-2°. 
[CHMePh:SMe,‘CI-], ~-[NatN,-], [Total salts], 10°, 
0-105 0-151 0-256 2-14 
0-112 0-234 0-346 1-88 
0-155 0-229 0-384 1-69 
0-104 0-336 0-440 1-52 
0-095 0-520 0-615 1-17 
reaction (e) with iodide ions was more important either than (e) with chloride ions, or than 
reaction (d), whilst the last two reactions were themselves comparable in importance. 
The reactions had approximately an overall first-order form, because the rapid solvolysis 
of the 1-phenylethyl halides, particularly the iodide, led to a nearly constant concentration 
of halide ions. These results determined that, in the final series of kinetic runs on the 
reaction of the sulphonium ion with azide ion, we should employ the sulphonium chloride 
rather than the sulphonium iodide. Moreover, the approximate rates of these solvolytic 
processes being known, it was easy so to set the concentrations of the sulphonium chloride 
and the sodium azide in this final series of runs that 95 + 2% of the production of dimethyl 
sulphide would be attributable to reaction (a). 

These runs, which were conducted in “ 80% ”’ ethanol at 55-2°, gave fairly good second- 
order rate-constants, showing a small but consistent tendency to rise as the runs progressed, 
as illustrated in Table 2. This establishes that an Sy2 reaction is proceeding, the small 
tise in the integrated rate constant being expected for such a reaction of Type 2, which 
destroys ionic charges, and therefore must display a negative salt effect; for the ionic 
strength diminishes as reaction progresses. A much clearer demonstration of the salt 
effect is found in the comparison of mean rate constants of different runs, set out in Table 3. 
The parameter controlling the variation in rate is obviously the sum of the two salt 
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concentrations, that is, the ionic strength; and in fact, the plot of the logarithm of the 
rate constant versus the square root of the ionic strength was linear, in accordance with 
Brénsted’s law, as Fig. 2 shows, the line having the theoretically reasonable slope of 
—0-9 mole* 1.4. 

The second step in the conversion of the 1-phenylethylsulphonium ion into 1-phenyl- 
ethylamine, viz., the reduction of the azide, formed under the conditions of the kinetic 
experiments, was accomplished either with hydrogen and Adams'’s catalyst as described 
in the preceding paper or by means of lithium aluminium hydride. 

Dextrorotatory sulphonium iodide, on conversion thus through the sulphonium 
chloride and 1-phenylethyl azide, gave levorotatory l-phenylethylamine; and optically 
vice versa. Therefore the Sy2 substitution of Type 2, by which the 1-phenylethyl sul- 
phonium ion, by reaction with azide ion, gave 1-phenylethyl azide must have involved 
stereochemical inversion. 

We now develop this conclusion quantitatively. Downer and Kenyon fully resolved 
1-phenylethyl alcohol,’ and showed that it had «,!” (max.) 44-2° (all values of « in this 
paper refer to/ 1dm.). Gerrard discovered ® how to convert this alcohol into the chloride 
with very little if any racemisation, by treating it with phosphoryl chloride and pyridine 
in carbon disulphide; he thus obtained chloride of «,!® —99-6°. Various indications 
have since been obtained, and we add two more in this paper, that Gerrard’s rotation 
was substantially a maximum. From chloride of «,”° 56-60°, we obtained, by the one-step 
process of treatment with sodium methyl sulphide under conditions kinetically controlled 
to secure a pure bimolecular reaction, methyl 1-phenylethyl sulphide with «,”° —88-54°, 
From this result it can be computed that the sulphide has «,”° (max.) 155-8°. 

A check on this value can be obtained. Holmberg” fully resolved (1-phenylethyl- 
thio)acetic acid, and from the active acid obtained by alkaline hydrolysis 1-phenyl- 
ethanethiol of «,?® —107-9°. We should not expect this hydrolysis to be accompanied by 
significant racemisation. In our two-step method of passing from 1-phenylethyl chloride 
into the methyl sulphide, we converted 1-phenylethanethiol of «,° +-10-94°, by treatment 
of its potassium salt with methyl iodide, into methyl 1-phenylethyl sulphide of «,” 
-+15-44°. No racemisation is expected to accompany this methylation. On the assump- 
tion that no racemisation accompanied either of these reactions, a value results for the 
maximum rotation of methyl 1-phenylethyl sulphide: it is «,2° 152-3°, in good agreement 
with the value given above. This result supports Gerrard’s value of the rotatory power 
of 1-phenylethyl chloride. 

From a sample of methyl 1-phenylethyl sulphide having «,?° +22-66°, we obtained a 
colourless, optically stable sample (cf. p. 801) of the dimethylsulphonium iodide with 
a], +10-7° in ethanol. The maximum rotation of the sulphonium salt is therefore 
(a],°° 73-6° in ethanol. 

From the same sample of the sulphonium iodide, by conversion into the sulphonium 
chloride, and interaction of this with sodium azide under conditions kinetically controlled 
as described above, and then reduction of the 1-phenylethyl azide formed, we obtained 
1-phenylethylamine having «,?° —5-50°. Sulphonium salt of maximum rotatory power 
would therefore have given amine having «,2° —36-5°. Holmberg’s value ™ for the 
rotation of the amine is «,!® (max.) —38-7°. Our amine was therefore produced with 
94% of its maximum activity, and the dimethyl-l-phenylethylsulphonium azide must 
have been converted into 1-phenylethyl azide with 97% of inversion, and 3% of retention 
of configuration. 

The deficiency from 100% of inversion is easily explained. We know that the side- 
reaction, labelled (e) on p. 803, accounts for about 2—4% of the total reaction of 


® Downer and Kenyon, J., 1939, 1156. 

® Gerrard, J., 1946, 741. 

1° Holmberg, Arkiv Kemi, Min., Geol., 1939, 18, A, 8. 
11 Holmberg, Ber., 1912, 45, 999. 
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sulphonium salt occurring in our conditions. In the presence of sodium azide, the 1-phenyl- 
ethyl chloride formed in reaction (e) would not be wholly solvolysed, as represented on 
p. 803, but would be partly solvolysed, and largely converted into 1-phenylethyl azide. 
The azide produced in this way, having been formed from the sulphonium ion by two 
substitutions, each with inversion, would, in comparison with the sulphonium ion, have a 
retained configuration. Incidentally, we again find support for Gerrard’s value of the 
rotatory power of 1-phenylethyl chloride. 

We conclude that, the countervailing electrostatic situation notwithstanding, Sy2 
substitutions of Type 2 obey, to a very close approximation, the usual stereokinetic rule 
prescribing quantitative inversion. 


EXPERIMENTAL 


Preparations.—1-Phenylethy] alcohol was resolved, and the inactive and active alcohols were 
converted into chlorides by well-known methods. Inactive and active chlorides were treated in 
methanol at 60° with sodium hydrogen sulphide (prepared by first dissolving sodium in the solvent 
and then saturating it with hydrogen sulphide) to give the thiol, b. p. 93°/17 mm. Inactive and 
active samples of this thiol were methylated with sodium ethoxide and methy] iodide in ethanol, 
to give the methyl sulphide, b. p. 91—92°/12 mm., 98°/18 mm., mp** 1-5478, m,*° 1-0055 (Found: 
C, 70-8; H, 7-5. Calc. for CgH,,S: C, 71-0; H, 7-9%). Thesame sulphide was prepared directly 
from the chloride and sodium methyl sulphide under conditions resembling those of the kinetic 
experiments on this reaction (cf. Table 1), e.g., by heating a solution prepared from 1-pheny]- 
ethyl chloride (21-9 g.) sodium (5-78 g.), methanethiol (12 g.), and ethyl alcohol (1 1.), therefore 
originally 0-15m in the chloride and 0-25m in the sodium methyl sulphide, at 35-0° for 48 hr. 
After the alcoholic solution had been poured into aqueous sodium chloride, the dialkyl sulphide 
was collected in ether. Inactive and active samples of the sulphide were methylated in 
conditions in which yield was sacrificed to purity and optical stability, as explained on p. 801; 
for example, a solution of the sulphide (66 g.) and methyl iodide (65 g.) in nitromethane (55 g.) 
was kept in the dark at 13° for 2 hr., and the sulphonium iodide was precipitated and washed 
with ether (yield 30%) (Found, for the picrate: C, 48-4; H, 4-2. Calc. for C,,H,,0O,N;S: 
C, 48-6; H, 43%). The solvolysis of the sulphonium iodide, and of the sulphonium chloride 
made from it with the aid of silver chloride, as well as the reaction of both sulphonium salts 
with sodium azide, always in “ 80% ”’ ethanol (a mixture of 4 vols. of ethanol with 1 vol. of 
water) at 55-2°, were all examined preparatively, the products being isolated by collection in 
pentane after pouring of the alcoholic solutions into saturated aqueous calcium chloride. 
Dimethyl sulphide was removed by distillation, and the appropriate higher fractions were 
tested for styrene by means of bromine and for methyl 1-phenylethy] sulphide with the aid of 
mercuric chloride, with which it readily forms an insoluble complex. No styrene, and not more 
than 0-2% of methyl 1-phenylethy] sulphide, was detected in any experiment. 1-Phenylethyl 
azide was isolated having b. p. 76—80°/18 mm. (Found: C, 65-9; H, 6-8. C,H,N, requires 
C, 65-3; H, 6-1%). This analysis, and perhaps the isolation, should have been repeated, but 
we did not do it because of the danger. Our usual procedure was, in our earlier experiments, 
to collect the organic azide in pentane, evaporate the pentane, and then reduce the residue in 
methyl alcohol with hydrogen (10 atm.) and Adams’s platinum catalyst, and, in our later work, 
to collect the azide in ether, concentrate the solution, and then add this slowly to an ethereal 
solution of an excess of lithium aluminium hydride, the excess of which was afterwards 
destroyed by water. The acidified aqueous solution of 1-phenylethylamine was extracted with 
ether or pentane, and then basified, and the amine was extracted with one of these solvents and 
distilled (b. p. 83°/20 mm.) (Found: C, 79-1; H, 8-9. Calc. for C,H,,N: C, 79-3; H, 9-1%). 
The benzoate, crystallised from aqueous ethanol, had m. p. 121° (Found: C, 80-2; H, 6-7. 
Calc. for C,;H,,O,N: C, 80-0; H, 6:7%). In experiments on the conversion of the optically 
active sulphonium chloride into the azide, and thence into the amine, the conditions of the 
kinetic experiments were imitated. Thus, a solution (800 ml.) in ‘ 80%” ethyl alcohol, 
0-096m in the sulphonium chloride, and 0-53m in sodium azide, was heated at 55-2° for 3 hr., 
and the product was worked up as described. 

Quantitative Work.—The kinetics of the reaction between 1-phenylethyl chloride and sodium 
methyl sulphide in ethanol at 35-0° were followed by the disappearance of the MeS~ ion as 
measured acidimetrically. Sealed tubes were used. Each tube was broken under carbon 
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tetrachloride and water, and the carbon tetrachloride layer was washed twice with water. The 
combined aqueous solutions were titrated with 0-02N-perchloric acid, a mixed indicator of 
Bromocresol Green and Methyl Red being used. The time of removal from the thermostat of 
the first tube was taken as the time-zero, and the concentrations of the reactants at that time, 
a and 6 in the formula 


ky = {2-303/(a — b)t} log {b(a — x)/a(b — x)} 


were calculated from the amounts taken, and the amounts that had reacted at the time-zero, 


About 85—95% of the reaction was followed, and the values of k, within each run were so free 
from drift and casual error that it is unnecessary to illustrate them. A summary of mean 
constants is in Table 1. 

The kinetics of this reaction of dimethyl-1-phenylethylsulphonium chloride with sodium 
azide at 55-2° in ‘‘ 80% ” ethanol (a mixture made from 4 vols. of ethanol and 1 vol. of water) 
were followed by gravimetric determination of methyl sulphide formed, by means of its mercuric 
chloride complex, Me,S,Hg,Cl,. Sealed tubes were used, the volumes of their contents being 
adjusted according to the concentration of sulphonium salt, to correspond at “ infinite ” time 
to about 2 g. of complex. The tubes were broken under carbon tetrachloride and water, and 
the carbon tetrachloride solution, after having been washed with water, was shaken with 
saturated aqueous mercuric chloride, and the complex was collected, dried, in an evacuated 
desiccator over calcium chloride, and weighed. As Burgess ! has recorded, the precipitation 
of dimethyl sulphide as the complex is incomplete unless the mercuric chloride solution is still 
nearly saturated after the precipitation. We used twice the proportion of mercuric chloride 
employed by Burgess, and we kept the mercuric chloride solution, before mixing, at a tem- 
perature above that of the carbon tetrachloride solution by 1—3°, depending on the weight of 
complex to be precipitated, so that, after mixing, there would be a decrease of the solubility 
of mercuric chloride, which would be only a little less than corresponded to the amount taken 
up to form the complex. The time of removal from the thermostat of the tube first removed 
was taken as the time zero. A determination at “infinite ’’ time (10 half-lives) gave the 
amount of sulphonium salt originally introduced. The a and 6 of the second-order rate formula 
were computed from this, and the weight of sodium azide taken, after allowance for the reaction 
that had already occurred at the time-zero. The second-order rate constants showed some 
scatter, combined with a small upward drift, as illustrated in Table 2. Mean-rate constants 
are given in Table 3. 

The more important measurements of rotatory power have already been recorded (p. 804). 


WILLIAM RAMSAY AND RALPH ForRSTER LABORATORIES, 
UNIVERSITY COLLEGE, GOWER St., Lonpon, W.C.1. (Received, August 20th, 1959.) 


12 J. S. Burgess, Thesis, London, 1953. 





164. Mechanism of Substitution at a Saturated Carbon Atom. Part 
LX.* Nucleophilic Substitutions of the “Missing” Charge Type. 


By E. D. Hucues and D. J. WHITTINGHAM. 


Two Sy2 substitutions of Type 4 (neutral reagent, positive substrate) 
are described for the first time, and are shown to have the predicted kinetic 
characteristics. They are the reactions of trimethylamine with the tri- 
methylsulphonium ion and with the dimethyldiphenylammonium ion. 


WHEN collecting nucleophilic substitutions from the literature, and defining them as a class 
in 1935, Hughes and Ingold ! qualified their dominating generic analogy by dividing them 
into four electrostatic types, predicting different kinetic characteristics for these types, 
particularly as to the effect of the polarity of the medium on rate. However, Type 4, 
which refers to a neutral substituting agent acting on a cationic substrate, could not be 
illustrated from the literature, or from any experiments that they had done up to that 


* Part LIX, J., 1957, 1279. 
1 Hughes and Ingold, J., 1935, 244. 
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time; and so its existence and kinetic properties remained a prediction, as they have done 
more or less ever since. No one seems to have observed the postulated reactions in 
isolation, even qualitatively, though they have been plausibly assumed as steps in more 
complex processes. 

The first example of Type 4 on which we now report is the very reaction which Hughes 
and Ingold said should be observable, viz., the reaction of a trialkylamine with a trialkyl- 
sulphonium ion, specifically the reaction: 


Me,N + MeSMe,+ —— a Me,NMet* + SMe, 


When trimethylamine acts on trimethylsulphonium nitrate, the nitrate anion having 
been chosen as a weak enough nucleophile not to compete with the amine, the reaction 
formulated goes to completion in each of the four solvents in which we have investigated it, 
viz., water, methanol, ethanol, and nitromethane. This was shown, first by isolating 
the products, and then kinetically. 

The reaction follows the second-order law closely, as shown by the typical run recorded 
in Table 1, and by the collection of rate constants of different runs assembled in Table 2. 
The reaction is clearly of first order in each reagent, and therefore must have the bimole- 
cular mechanism Sy2. 

As will be seen from Table 2, a 25-fold increase in the concentration of trimethylamine 
values makes no difference to the second-order rate constant, but a 15-fold increase in the 
concentration of trimethylsulphonium nitrate decreases the constant by 7%. This 
indicates a weak negative salt-effect, just as we should expect from a bimolecular reaction 
in which the ionic charge is of the same magnitude in the initial and the transition state 
but is spread over more atoms in the transition state. 


TABLE 1. Integrated second-order rate constants (ky in sec. mole* 1.) of reaction of 
trimethylamine with trimethylsulphonium nitrate in ethanol at 60-13°. 


{Initially, [Me,N] = 0-2559m, [Me,SNO,] = 0-0929m. Samples of 6-47 ml. at 0° added to 20-36 ml. 
of 0-1031N-HCl and titrated with 0-0326Nn-Ba(OH),.} 


#(min.) Titre (ml.) Reaction (%) 10*R, #(min.) Titre (ml.) Reaction (%) 10*k, 
0 11-58 0-00 —- 430 24-23 80-5 3-06 
25 13-30 10-95 3-07 551 25-24 87-0 3-07 
53 14-88 21-0 3-02 676 25-90 91-2 3-06 
80 16-24 29-7 3-03 ce) 27-29 100 -- 
121 17-96 40-6 3-05 Mean 3-05 
165 19-47 50-2 3-08 Corrected for thermal expansion 3-27 
249 21-48 63-0 3-02 


TABLE 2. Dependence of second-order rate constants (k, in sec.+ mole 1.) of reaction 
of trimethylamine with trimethylsulphonium nitrate in ethanol at 60-13° on initial 
concentrations of reagents. 


Series A: [Me,N], varied Series B: [Me,SNO,], varied 
[Me,N]o [Me,SNO,], 10‘, [Me,N]o [Me,SNO3j] 10k, 
0-2559 0-0929 3-27 0-0953 0-1472 3-26 
0-1479 0-0933 3-18 0-9968 0-0646 3-30 
0-0711 0-0977 3-23 0-1012 0-0382 3-35 
0-0403 0-1005 3-20 0-1000 0-0190 3-48 
0-0199 0-0996 3-19 0-1004 0-0097 3-52 
0-0101 0-0975 3-25 


The steadiness of the rate constant with wide variation in the concentration of tri- 
methylamine shows that the conceivably competing reaction of self-decomposition of 
trimethylsulphonium nitrate, to give methyl nitrate which then rapidly methylated the 
trimethylamine, is unimportant. At the higher temperature, 101-6°, the rate of self- 
decomposition of trimethylsulphonium nitrate was measured both in ethanol and in 
methanol. In ethanol it had a rate 1/3000th of that of a reaction of the sulphonium salt 
with trimethylamine, initially in concentration 0-1266M, at the same temperature. In 
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methanol its rate was 1/4000th of that of a reaction in that solvent of the sulphonium salt 
with trimethylamine, initially in concentration 0-1136M, at that temperature. We see, 
then, why the kinetic equation of the Sy2 mechanism is so accurately obeyed. 

For the same reason for which an Sy2 reaction of the present electrostatic type should 
have a weak negative salt effect, it should be moderately retarded as we pass from less to 
more polar solvents. This is illustrated for four pure solvents in Table 3. 


TABLE 3. Comparison of the rates of reaction of trimethylamine with trimethylsulphonium 
nitrate in different solvents all at 44-6°. 


Water Methanol Ethanol Nitromethane 
. 41-3 66-7 775 
Rel. rate 1 6 10 119 


We can make a further prediction. The reduced rates in the more polar solvents are 
ascribed essentially to the greater negative energy of solvation of the smaller ion of the 
initial state than of the larger ion of the transition state, the difference increasing with 
increasing polarity of the solvent, so increasing the activation energy, which we assume 
to be measured with sufficient approximation by the quantity E in the Arrhenius equation 
Ink, = 1n B — E/RT. But, furthermore, the rise of activation energy towards more 
polar solvents must be, not merely enough, but more than enough to account for the rate 
reduction; for it must overcome the predicted, kinetically countervailing, effect of solvation 
on the entropy of activation. The solvation shell is more ordered around the smaller ion 
of the initial state than around the larger ion that is the transition state, and the relative 
gain in the statistical probability of the latter from its reduced solvation must increase 
as solvation in general strengthens. Thus an increase in solvent polarity will lead to a rise 
in the entropy of activation, which we assume to bé measured with sufficient approximation 


TABLE 4. Effect of temperature on the rate of reaction of trimethylamine with 
trimethylsulphonium nitrate in various solvents. 


Solvent Temp. 10*R, Solvent Temp. 10*k, 
44-57° 0-0653 f 24-47° 0-0777 
60-46 0-368 44-60 0-667 
75-02 1-59 60-13 3-18 
101-60 17-0 75-02 12-1 
44-60 0-413 101-60 96-3 
60-46 2-12 24-43 1-18 
75-02 8-23 34-81 3-15 
101-60 75-2 44-57 7-75 
60-46 31-3 


TABLE 5. Arrhenius parameters of the reaction of trimethylamine with trimethyl- 
sulphonium nitrate in various solvents. 


(B is in sec.-! mole 1. E is in kcal./mole. The formal standard deviations in E were about 0-1 
kcal./mole.) 


Solvent Water Methanol Ethanol Nitromethane 
4-90 3-05 0-944 0-190 
23-07 21-61 20-55 17-99 
by In B of the above equation. To sum up: as the polarity of the solvent increases, 
B should rise; but E should rise so steeply that the rate itself falls. 

In Table 4 our rate constants for various temperatures in the solvents mentioned are 
collected. They give good Arrhenius plots, from which the parameters shown in Table 5 
are calculated, which illustrate the points just made. 

As a second example of a nucleophilic substitution of Type 4, we examined the reaction 
between trimethylamine and dimethyldiphenylammonium nitrate: 


Me,N -+- MeNMePh,* —» Me,NMe* + NMePh, 


It was shown, first preparatively and later kinetically, that the reaction goes quantit- 
atively in the direction represented. It pursued a second-order course in ethanol, as shown 
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by the illustrative run in Table 6. The substantial invariance of the second-order constants 
with changes in the initial concentration of either reagent, shown in Table 7, establishes that 
the reaction is of first order in each reagent, and hence must be an Sx2 substitution. 


TABLE 6. Integrated second-order rate constants (ky in sec. mole |.) of reaction of 
trimethylamine with dimethyldiphenylammonium nitrate in ethanol at 60-46°. 


{Initially, [Me,N] = 0-1492m, (Me,NPh,*NO,] = 0-0822m. Samples of 6-47 ml. at 0° added to 10-18 
ml. of 0-1152N-HCI and titrated with 0-03223n-Ba(OH),} 


t(min.) Titre (ml.) Reaction (%)  10*k, #(min.) Titre (ml.) Reaction (% 10*k, 
0 6-42 0 — 95 16-24 59-5 13-3 
10 8-20 10-83 13-2 115 17-20 65-3 13-3 
20 9-73 20-05 13-3 140 18-20 72-0 13-4 
30 10-97 27-6 13-1 190 19-60 79-9 13-4 
45 12-70 38-1 13-5 (oa) 22-91 100 — 
60 13-97 45-6 13-3 Mean 13-3 
15 15-07 52-5 13-3 Corrected for thermal expansion 14-2 


TABLE 7. Dependence of second-order rate constants (k, in sec.1 mole™ 1.) of reaction of 
trimethylamine with dimethyldiphenylammonium nitrate in ethanol at 60-46° on initial 
concentrations of reactants. 


tan teicninadeninghtvccaaniiiduanth 0-1492 0-1496 0-0751 

LS a ae 0-0822 0-0416 0-0240 

SO A iis tiv A Te 14-2 13-9 14-5 
EXPERIMENTAL 


Preparations.—Trimethylsulphonium iodide, prepared from dimethyl sulphide and methyl 
iodide in ethanol (Found: I, 62-1. Calc. for C;H,SI: 62-2%), was converted with aqueous 
silver nitrate into the sulphonium nitrate, which, after being dried in a vacuum over phosphoric 
oxide, was crystallised from acetone-ethanol. It had m. p. 134—134-5° in sealed tubes (Found: 
NO,, 448. Calc. forC,;H,O,NS: NO, 446%). Quantities suitable for subsequent experiments 
were placed in a number of weighed tubes attached to a vacuum line which included a phosphoric 
oxide chamber, and, after thorough drying of their contents, the tubes were sealed, reweighed, 
and preserved until required, when they were broken under the solvents to be used. 

Dimethyldiphenylammonium sulphate was prepared in a crude form by heating N-methyl- 
diphenylamine with dimethyl sulphate without a solvent at 140—150° for 2 hr., and extracting 
the salt with the minimum amount of water. From this solution, the iodide was precipitated 
by the addition of saturated aqueous potassium iodide, and was washed with, and crystallised 
several times from, ethanol. It had m. p. 158° (Found: C, 51-6; H, 4-5; I, 38-9. Calc. for 
C,,HyNI: C, 51-7; H,5-0; I, 390%). It was now converted by means of aqueous silver 
nitrate into the nitrate, which after being well dried in a vacuum over phosphoric oxide crystal- 
lised from acetone-ethanol-ether. It has m. p. 190° (decomp.) (Found: C, 64-7; H, 6-1; 
N, 10-7. C,,H,,0,N, requires C, 64-6; H, 6-2; N, 10-8%). 

Kinetics.—Sealed tubes were used, which were loaded at 0° with either 6-47 or 11-79 ml. of 
the reaction mixtures, heated in the thermostat, and, at known times, withdrawn, chilled in 
solid carbon dioxide and ethanol, broken under hydrochloric acid, and titrated with barium 
hydroxide (mixed indicator of Bromocresol Green and Methyl Red). The first tube withdrawn 
marked the time-zero, and infinite-time readings were obtained by heating tubes for a long 


- period and if necessary to a higher temperature than that of the experiment. The concen- 


trations of the reagents in the solutions as originally made up were only approximately known, 
but, when the trimethylamine was in excess, these zero- and infinite-time readings gave the 
concentrations of both reagents at the time-zero. When the sulphonium or ammonium nitrate 
was in excess, the nitrate ion was determined gravimetrically by nitron reagent, and the 
trimethylamine by titration, in the original solutions, and then, when the latter determination 
was repeated at the time-zero, the concentrations of both reagents were known at that time. 
Concentrations were always calculated as at 0°. Second-order rate constants were computed 
from the formula k, = {2-303/t(a — x)} log {b(a — x)/a(b — x)} and were corrected for expansion 
of the solvents from 0° to the reaction temperature. 


Witt1aM RAMSAY AND RALPH ForsTER LABORATORIES, 
University COLLEGE, GowER St., Lonpon, W.C.1. (Received, August 20th, 1959.} 
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165. Some Addition Compounds of Bis(trifluoromethylthio)- 
mercury. 


By F. JELLINEK and J. J. LAGowskI. 


1: 1 Addition compounds of bis(trifluoromethylthio)mercury Hg(SCF;), 
with tetramethylammonium chloride and iodide have been prepared. 
Conductivity measurements in acetone solution show that the compounds are 
to be formulated as Me,N*[Hg(SCF,),Cl]- and Me,N*[Hg(SCF,),I]~ respec- 
tively. The thermal behaviour of the compounds and some of their reactions 
have been studied. Conductometric titrations of bis(trifluoromethylthio)- 
mercury in acetone with potassium iodide indicate the formation of 
K*[Hg(SCF;),I]~ in solution. The titration is complicated by irreversible 
chemical reactions occurring as soon as the ratio KI : Hg(SCF;), exceeds one. 


REPLACEMENT of the hydrogen atoms in an alkyl group by fluorine produces a radical with 
substantial inductive character, and as a result the electronic environment of the mercury 
atom in bis(trifluoromethyl)mercury permits the formation of anions of the type 
[Hg(CF),X.]*- (X = Cl, Br, I).1_ Neither dialkylmercurys nor alkylmercuric salts have 
been reported to undergo similar complex formation. In view of these results and since 
mercury sulphides have not been reported to form complex ions, the interaction of bis(tri- 
fluoromethylthio)mercury and ionic halides was investigated. 

Solid bis(trifluoromethylthio)mercury and tetramethylammonium chloride or iodide 
react at room temperature to give white non-hygroscopic solids. The X-ray powder 
patterns of these products and their chemical behaviour are different from those 
of the starting materia] and also from that of trifluoromethylthiomercuric chloride. 
Indirect chemical analysis shows the reaction products to be 1:1 addition compounds 


Solutions of Hg(SCF;),,Me,NI Solutions of Hg(SCF;).,Me,NCl 
Concn. Molar conductivity Concn. Molar conductivity 
(10-*m) obs. calc. (10-*m) obs. calc. 
43-60 131-4 131-8 31-31 128-3 128-1 
38-29 135-2 134-7 20-87 138-1 136-6 
19-14 145-5 147-7 10-43 147-1 147-5 

9-572 155-8 156-3 5-217 155-2 155-3 
4-786 163-8 162-8 2-609 157-9 160-8 
2-393 166-7 167-2 1-304 165-4 164-6 
1-197 171-6 170-4 0-652 168-9 167-4 
0-598 174-9 172-6 0-326 171-5 169-3 
0-299 174-7 174-2 


Hg(SCF,).,MesNX (X = Cl or I). As we did not succeed in recrystallizing the addition 
compounds without partial decomposition, no direct chemical analysis was practicable. 
An X-ray phase study of the systems Hg(SCF,),.-Me,NCl and Hg(SCF,),-Me,NI indicates 
that only the 1 : 1 compounds exist. The 1 : 1 addition compounds in the two systems are 
isomorphous. 

The compounds Hg(SCF3).,Me,NCl and Hg(SCF).,Me,NI are readily soluble in acetone, 
yielding stable solutions which are strong electrolytes. The molar conductivites of dilute 
solutions (4-4 x 10% to3 x 10m) of Hg(SCF;),,Me,NI in acetone at 22° can be expressed 
by 2 = 178 — 7004/c (where c = molarity) within experimental accuracy (~1%) (see 
Table). The conductivities of solutions of mercuric iodide or bis(trifluoromethylthio)- 
mercury of corresponding concentrations are much lower. On the other hand, the 
extrapolated molar conductivity at infinite dilution, 4, = 178, is significantly different 
from that for tetramethylammonium iodide, 44 = 213-2, at 22°. The latter value has 
been calculated from data given by Walden, Ulich, and Busch ? by application of Stokes’s 


1 Emeléus and Lagowski, J., 1959, 1497. 
® Walden, Ulich, and Busch, Z. phys. Chem., 1926, 128, 429. 
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law which has been shown to be valid in this case. These observations indicate that even 
in very dilute solutions Hg(SCF;),,Me,NI is not dissociated into its components to an 
appreciable extent. owe Thay 
According to Onsager * the molar conductivities of completely ionized 1-1 electrolytes 
can be expressed by: 
vanes (om x 10° , , 82-304 ) ”" a) 
~ (DoT °° * (DyT}Phy SaeSolt” a 


For other types of strong electrolytes the slope of the plot of 2 as a function +/c should be 
several times larger, and it should also be larger if ion-pair formation is of importance. 
Substituting % = 178, T = 295° k, D) = 19-37 (interpolated from refs. 4 and 5), m = 
0-00324 (interpolated from ref. 2) into equation (1), we get 4 = 178 — 6754/c, in good agree- 
ment with the observed function. Therefore, solutions of Hg(SCF;),,Me,NI in acetone 
Fic. 2. Conductometric titration of a Hg(SCF3),_ solution in 
acetone with KI. 
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behave as strong 1-1 electrolytes. This observation, together with the fact that very 
similar results have been obtained for trialkylanilinium tri-iodomercurates(11),° indicates 
that the compound is to be regarded as tetramethylammonium iodobis(trifluoromethyl- 
thio)mercurate(I1), Me,N*[Hg(SCF;)I]~. 

From data by Walden et al.? it is calculated that the equivalent conductivity of Me,N* 
at 22°, J, = 100-2; thus, we find J, = 78 for the [Hg(SCF;),I]~ ion. From these values 
the Stokes radii of Me,N* and [Hg(SCF,),I]- are computed as 2-52 A and 3-25 A respec- 
tively, which seem to be reasonable values. 

Very much the same reasoning holds for dilute solutions of Hg(SCF3),,Me,NCl in 
acetone. The observed molar conductivities at 22° can be expressed by 4 = 174 — 820,/c 
(see Table). The conductivities of solutions of mercuric chloride, bis(trifluoromethylthio)- 
mercury and trifluoromethylthiomercuric chloride in acetone again are much lower, while 
for tetramethylammonium chloride 2%) = 202-5 is calculated from data by ref. 2. 
Substitution of 4 = 174, T = 295° k, Dy = 19-37, n = 0-00324 in equation (1) yields: 
= 174 — 667,4/c. The fact that the observed slope of the plot of 4 against +/c is some- 
what greater than the theoretical might indicate that ion-pair formation is of some (though 


* Onsager, Physik. Z., 1926, 27, 388; 1927, 28, 277. 
* Akerléf, J. Amer. Chem. Soc., 1932, 54, 4125. 

5 Le Févre, Trans. Faraday Soc., 1938, $4, 1127. 

* Cavell and Sugden, J., 1930 2572. 
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minor) importance in this case. It appears, therefore, that the addition compound can 
be formulated as tetramethylammonium chlorobis(trifluoromethylthio)mercurate(t), 
Me,N*[Hg(SCF;),Cl]-. The observed value of J) = 74 at 22° c for the [Hg(SCF;),Cl)- ion 
is equivalent to a Stokes radius of 3-4 A. 

Solid Me,N*[Hg(SCF,),Cl]- decomposes at 131°, forming mercuric chloride and a 
liquid which decomposes slowly on further heating to form mercuric sulphide, tetramethyl- 
ammonium fluoride, and volatile C-F-S compounds. The volatile products react with 
the glass walls of the reaction vessel, forming mainly carbonyl sulphide (M, 60-08), carbon 
disulphide (M, 76-14), and fluoroform (M, 70-02); among the minor constituents of the 
final volatile mixture bistrifluoromethyl sulphide (M, 170-09) or disulphide (M, 202-15) and 
silicon tetrafluoride (M, 104-09) were identified. The apparent molecular weight of the 
mixture was found to be 64. Pyrolysis of bis(trifluoromethylthio)mercury has been 
reported to yield mercuric fluoride and carbonyl sulphide, together with smaller amounts 
of carbon dioxide, bistrifluoromethyl sulphide, and silicon tetrafluoride; the volatile 
products are regarded as secondary products formed by reaction of thiocarbony]l fluoride 
with the reaction vessel.” 

Me,N*(Hg(SCF,),I]- melts sharply at 105°. On further heating, mercuric iodide 
separates from the melt which in turn decomposes slowly in the same way as described for 
the chloro-compound. Mixtures of bis(trifluoromethylthio)mercury and tetramethyl- 
ammonium iodide containing up to 50 mole-°% of the latter melt reversibly, but the shape 
of the melting point curve (Fig. 1) indicates that the 1 : 1 compound dissociates reversibly 
to some extent on melting. From melts containing about 25 mole-% of the iodide the 
1: 1 addition compound separates in long needles. Again, there is no indication of the 
existence of a second addition compound. Mixtures of bis(trifluoromethylthio)mercury 
and tetramethylammonium iodide containing more than 50 mole-% of the latter undergo 
irreversible chemical reactions before melting. By analogy with the course of the reactions 
between [Hg(SCF,),I]~ and I~ in acetone solution § the following reactions may be assumed 
to take place: 

MegN*[Hg(SCF,)al]~ + MegNI ——t> Me,N*[Hg(SCF,)lg]~ + MegNF -+ CSF, 
MegN*[Hg(SCF;)I,]— +- MegNI —— Me,NtHgls~ + Me,NF -++ CSF, 


Indeed, tetramethylammonium fluoride has been identified in the product; the thio- 
carbonyl fluoride formed is unstable and attacks glass.’ 

The addition compounds Me,N*(Hg(SCF,),X]~ are soluble in water, but these solutions 
decompose with the formation of fluoride, carbonate, and sulphide; bis(trifluoromethyl- 
thio)mercury has been found to be hydrolysed in a similar manner.® Tetramethyl- 
ammonium chloro- and iodo-bis(trifluoromethylthio)mercurate(II1) are insoluble in ether, 
but they are partly decomposed by prolonged treatment with the boiling solvent. The 
decomposition products of the chloro-compound have been identified as trifluoromethyl- 
thiomercuric chloride and tetramethylammonium fluoride, so the reaction can probably be 
represented by 

MeyN*[Hg(SCF5),Cl]- ——» HeCl*SCF, + MegNF + CSF, 

Results of conductometric titrations of bis(trifluoromethylthio)mercury with potassium 
iodide in acetone solution are shown in Fig. 2. The electrical conductivity of the solution 
increases sharply on the addition of potassium iodide until a value of one is reached for the 
molar ratio KI : Hg(SCF;),. Further addition of potassium iodide, however, gives rise to 
irreversible chemical reactions and the shape of the plot of conductivity against molar ratio 
KI: Hg(SCF3), is highly dependent on the speed of the titration. On slow titration the 
graph shows very pronounced breaks at molar ratios 1: 1 and 3:1; between these limits 
the final conductivity is virtually independent of the ratio. The fast-titration plot is 
rather inaccurate because of extrapolation uncertainties; there may be a break at ratio 1:1, 


7 Haszeldine and Kidd, J., 1955, 3871. 
8 Jellinek, Proc. Chem. Soc., 1959, 319. 
® Pugh, personal communication. 
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put it certainly is not pronounced. When the titration is done at a constant speed, the 
plot ‘is a slightly curved line lying between the two extremes; again, a sharp break is 
observed at molar ratio 1:1. This is taken to indicate the formation of K*{Hg(SCF;),I]~ 
in solution. 

The specific conductivity of a solution with a 1 : 1 ratio of potassium iodide and bis(tri- 
fluoromethylthio)mercury which is 10m with respect to the mercury compound is found 
to be 146 x 10° at 22°. Applying Onsager’s relation! to the data by Walden ef al.” 
combined with our observations gives the conductivity of a 10 %m-solution of 
K*(Hg(SCF).I}~ as 126-3 x 10 and that of a mixed solution of the two components of 
corresponding concentration as 181-2 x 10 at 22°. The reason for the discrepancy is 
not evident. In view of our observations on Me,N*{Hg(SCF;),I]~ solutions, partial 
dissociation of the iodobis(trifluoromethylthio)mercurate(I1) ion in the potassium salt 
solution is hardly probable, as this would mean that the stability constant on the complex 
anion in acetone solution would be dependent on the cation present. The possibility that 
the break in the titration curve at molar ratio 1: 1 does not indicate complex formation, 
but rather the completion of a substitution of the type Hg(SCF;), + I- —» Hg(SCF,)I + 
[SCF,]~, can also be excluded because the trifluoromethyl sulphide ion has been found to be 
unstable under the experimental conditions and to disintegrate § into thiocarbony] fluoride 
and fluoride ion with a half-life of the order of 0-5 hr. The fast titration curve mentioned 
above closely resembles that of mercuric iodide with potassium iodide in acetone; in the 
latter case an equilibrium 2HgI,- = Hgl, + Hgl,?~ can be expected to take place in 
solution. A similar equilibrium, however, cannot be assumed in solutions of [Hg(SCF;),I}-, 
since the irreversible reactions which occur as soon as the molar ratio KI : Hg(SCF3)., 
exceeds one show that the [Hg(SCF,),I,|*~ ion is very unstable, if it exists at all, in acetone 
solution. A kinetic study of these reactions will be reported elsewhere. 


EXPERIMENTAL 

Preparation of MesN*[Hg(SCF,),X]~ (X = Cl or I).—Bis(trifluoromethyl) disulphide was 
prepared by a slight modification ® of the method described by Haszeldine and Kidd ? and 
bis(trifluoromethylthio)mercury was prepared by the interaction of bis(trifluoromethyl) di- 
sulphide and mercury under the influence of uJtraviolet light.1 Finely powdered bis(trifluoro- 
methylthio)mercury and tetramethylammonium chloride or iodide were mixed in molar 
proportions of 1-1: 1-0. The mixture initially formed a paste which was homogenized. After 
some time the mixture solidified; it was heated at 50°, crushed, and homogenized several 
times. The product was cooled to room temperature, quickly washed three times with cold 
ether [which removes the excess of bis(trifluoromethylthio)mercury], and dried at 50°. For 
the chloro-compound the preparation was carried out in dry nitrogen, because of the hygro- 
scopicity of the starting material. 

The product was completely soluble in a small volume of acetone (tetramethylammonium 
chloride and iodide are only sparingly soluble in this solvent). From the weight of bis(trifluoro- 
methylthio)mercury in the ether filtrate the composition of the product was found to be 
Hg(SCF,),,Me,NX; the yield was quantitative within 0-5%. When the preparation is carried 
out with an excess of tetramethylammonium halide, side reactions occur and the yield of the 
1: 1 addition compounds is considerably less. 

X-Ray Powder Photographs.—These were taken in a Unicam camera of the Bradley—Bragg 
type with a radius of 19 cm.; nickel-filtered Cu-K radiation was employed. 

Conductivity Measurements.—These were at 22° in cells of 5 and 10 ml. capacity. 
Resistances were measured with a Philips bridge (alternating current of 1000 Hz). The specific 
conductivity of the acetone used as a solvent was about 10. (Specific conductivities are 
expressed in ohm™ cm.~}, molar conductivities in ohm™ cm.? mole.) For the conductometric 
titrations a 15-98 x 10%m-solution of potassium iodide in acetone was added by means of a 
calibrated Agla micrometer syriige to a 1-056 x 10°%m-solution of bis(trifluoromethylthio)- 
mercury. Thus, the concentration of the mercury compound is almost exactly 10m when the 
solute has the 1: 1 ratio Hg(SCF,),: KI. The experimental points of the slow titration curve 


© Haszeldine and Kidd, J., 1953, 3219. 
"™ Brandt, Emeléus, and Haszeldine, J., 1952, 2198. 
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were measured after the conductivity of the solution had become constant within experimental 
accuracy. When the final I : Hg ratio in the solution was smaller than 3: 1, the measurements 
were performed about 20 hr. after addition of potassium iodide solution; when the ratio was 
larger than 3:1, not until about 80 hr. after the addition. Points of the fast titration plot 
were extrapolated from conductivity measurements shortly (14, 2, 3, 4, and 5 min.) after addition 
of potassium iodide solution. The curves of the “titrations at constant speed” were 
determined by adding 0-05 ml. of potassium iodide solution to the previously mixed solution, 
measuring the conductivity after 2 min., adding another 0-05 ml. after a fixed time, etc. Ajj 
conductivities are corrected for dilution to a standard concentration of 10m with respect to the 
mercury compound, and for the conductivity of the pure solvent. 

Melting-point Curve.—For the system Hg(SCF;),-Me,NI this was determined by the 
“cumulative method ”’: a weighed quantity of the iodide was added to a solid mixture of the 
mercury compound and the iodide of known composition; the new mixture was completely 
melted, frozen again, and melted again. This last m. p. was plotted against composition, 
The cumulative method became less reliable for mixtures containing more than 30 mole-% of 
iodide; when more than 40 mole-% was present, overheating appeared to be unavoidable 
when homogenizing the mixture, and mercuric iodide was deposited. Therefore, in this range 
the “ preparative method ” was employed: for every m. p. determination a fresh mixture was 
used. 

Decompositions.—Solid decomposition products were identified by qualitative microchemical 
tests, mercuric chloride and iodide also by their m. p., trifluoromethylthiomercuric chloride by 
its decomposition reaction at 128°, and mercuric sulphide also by the transformation of the 
brownish-black into the red modification. Thermal decomposition of the 1:1 addition com- 
pounds was studied under atmospheric pressure and im vacuo; both conditions gave the same 
solid products. Volatile products were identified only in the case for the vacuum-pyrolysis, 
by means of infrared absorption diagrams. The diagrams were recorded by a Perkin-Elmer 
Model 21 double-beam spectrometer and a Perkin-Elmer ‘‘ Infracord’”’ spectrometer with 
sodium chloride prisms. 


We gratefully acknowledge encouragement and suggestions from Professor H. J. Emeléus, 
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166. Solutions in Sulphuric Acid. Part XXVI.* Cryoscopic 
Measurements by an Equilibrium Method. 
By S. J. Bass and R. J. GILLESPIE. 

An equilibrium method of measuring freezing points of solutions in 
sulphuric acid has been developed. The freezing points of solutions of 
water, disulphuric acid, lithium, sodium, potassium, ammonium, silver, and 
barium sulphates and benzophenone have been measured. The results 
differ appreciably from earlier results obtained by the Beckmann method, 
but agree with Kunzler and Giauque’s equilibrium-method measurements 
on solutions of water and disulphuric acid. It is concluded that the present 
measurements are the most accurate and some of the possible errors in the 
earlier work are discussed. 


ALmost all previous cryoscopic measurements in sulphuric acid have been made by the 
Beckmann method.! Several errors, which are discussed below, are however possible in 
freezing points determined in this way and it was of interest to determine the freezing 


* Part XXV, J., 1959, 2804. 
’ See, e.g., Gillespie, Hughes, and Ingold, J., 1950, 2473 and references therein. 
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points of some solutions in sulphuric acid by the equilibrium method which is generally 
mote reliable. Accurate values of the freezing points of electrolyte solutions in sulphuric 
acid were needed for the calculation of the osmotic coefficients of such solutions.? 

In the equilibrium method a quantity of the solid solvent and solution are stirred 
together in a Dewar flask until a steady equilibrium temperature is obtained. A sample 
of the solution is then withdrawn and analysed. This technique has been used only once 
previously for sulphuric acid solutions, in the work of Kunzler and Giauque * with the 
solutes water and disulphuric acid. These authors determined the composition of the 
equilibrium liquid by direct chemical analysis in conjunction with a thermal method in 
which they calculated the liquid composition from a knowledge of the heat gained by the 
system and the appropriate values of the heat capacities and heat of fusion. In the present 
work a different method of analysis, namely, the determination of electrical conductivity 
at 25°, has been used and measurements have been made on other electrolytes in addition 
to water and disulphuric acid. This work became possible after the accurate conductivity 
measurements of various electrolyte solutions reported in a following paper * had been 
completed; the freezing-point measurements are, however, reported first since some of 
the conclusions that may be drawn from them are needed for a detailed interpretation 
of the conductivities. 


EXPERIMENTAL 
Apparatus.—The freezing-point measurements were made in a cryoscope (Fig. 1) constructed 
froma 10 x 30cm. Dewar flask A fitted with a lid B made from }” Polythene sheet. A circular 


Fic. 1. Apparatus. 
















































































groove C cut in the bottom of the lid enabled it to fit snugly over the top of the Dewar flask. 
Four holes in the lid carried tightly fitting glass tubes with ground joints for the thermometer D, 
stirrer E, and withdrawal tube F, and for adding solutions for changing the composition. About 
lcm. below the lid B was a second Polythene lid G which fitted fairly tightly into the Dewar 
flask and had four similar holes for the thermometer, etc. This considerably improved the 
thermal insulation and minimised the leakage of atmospheric moisture into the cryoscope. 
Leakage of moisture was rendered quite negligible by maintaining a slight positive pressure of 
dry nitrogen ia the space between the two lids. The Dewar flask B was supported inside a 
* Bass, Gillespie, Oubridge, and Robinson, following papers. 


* Kunzler and Giauque, J. Amer. Chem. Soc., 1952, 74, 5271. 
* Bass, Flowers and Gillespie, Part XXX, unpublished work. 
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larger Dewar flask H containing alcohol which could be cooled to any desired temperature, down 
to —20°, by a coil through which alcohol cooled by solid carbon dioxide was pumped. The 
stirrer E operated at approximately 120 r.p.m. At this and lower speeds the heat of stirring 
appeared to be very small and the temperature remained steady and independent of the rate of 
stirring. It was convenient, however, to be able to mix rapidly the whole after addition of 
solutions made to change the composition, by increasing the rate of stirring to about 800 r.p.m. 
for a few minutes. 

Freezing points were measured with an N.P.L. calibrated platinum resistance thermometer 
which had a B.14 cone on its sheath and fitted into an appropriate socket on the lid’'B. The 
resistance of the thermometer was measured with a Cambridge Smiths difference bridge in 
conjunction with a galvanometer of sensitivity 150 mm./y amp., on a scale at 1 m., and a Tinsley 
photoelectric galvanometer amplifier. The smallest change in resistance which could be 
detected was 10° ohm corresponding to a change in temperature of 0-0001°. The ice-point of 
the thermometer was checked from time to time throughout the work: a very slow drift was 
observed for which allowance was made. 

Samples of solution for analysis were withdrawn through the tube F into the conductivity 
cell J, which was kept permanently connected to the cryoscope and was immersed in an oil 
thermostat 5 maintained at 25° + 0-002°. The withdrawal tube F terminated in a sintered- 
glass disc in order to exclude solid crystals. The conductivity cell was filled by means of 
suction applied through drying tubes and manipulation of the taps T. In order to minimise 
the size of the sample taken for analysis the conductivity cell was made fairly small, being 
10 cm. in length and 0-4 cm. in internal diameter. It sloped at approximately 45° to the 
vertical to prevent air bubbles collecting at the electrodes and to ensure good drainage when 
each sample was removed. The construction of the electrodes in the conductivity cell and the 
details of the apparatus used for the conductance measurements have been described previously. 
The cell constant was determined by measuring the resistance of the cell containing sulphuric 
acid of minimum conductivity 5 (« = 0-010433 ohm™ em.*). 

Materials.—Preparation of the sulphuric acid solvent has been previously described.® Its 
composition was adjusted to approximately 100% H,SO, by addition of aqueous acid or oleum 
until its freezing point reached approximately the maximum value (10-371°). Final adjustment 
of the composition to 100% H,SO, within +0-0002m (H,O-H,S,O,) was made in the cryoscope 
by following the conductivity which has the value > 0-010439 ohm™ cm. at 100% H,SO,. 

Potassium, lithium, and sodium sulphates were ‘“‘ AnalaR ”’ reagents which had been dried 
at 500° and stored in a desiccator. ‘‘ AnalaR’”’ ammonium sulphate was dried over “‘ Anhy- 
drone ’’ in a desiccator for two weeks. Silver sulphate was a commercial sample which was 
purified by dissolving it in hot concentrated sulphuric acid containing a trace of nitric acid. 
After cooling, the acid was diluted with water and the precipitated sulphate filtered off, washed, 
and dried at 120°. Barium sulphate was prepared by precipitation with sulphuric acid from 
an aqueous solution of “‘ AnalaR ”’ barium chloride, and dried at 500°. Benzophenone was a 
commercial sample twice recrystallised from ethanol and dried in a vacuum-desiccator. 

Experimental Procedure.—About 1 1. of very nearly 100% sulphuric acid was cooled to 
~0° in a flask with stirring, and crystallisation was initiated by touching the outside of the 
flask with a small piece of solid carbon dioxide. The rapid crystallisation which ensued 
produced a convenient slurry of small crystals and liquid which was poured into the cryoscope 
through a funnel which fitted on to one of the tubes through the lid. The contents of the 
cryoscope were then stirred continuously until the temperature became steady and equilibrium 
between the solid and the solution had therefore presumably been reached. This temperature 
was recorded. Some of the solution was then drawn through the conductivity cell in order 
to wash it free from any moisture adsorbed on the walls, or, for later measurements, any residue 
from the previous sample. It was then filled with a sample for the conductivity measurement. 
The solution was allowed to remain in the conductivity cell for at least 10 min. in order to reach 
the temperature of the thermostat and its conductivity was then measured. The contents of 
the conductivity cell were withdrawn into the residue flask J. The temperature in the cryoscope 
was again recorded and the conductivity measured as before. In general, excellent agreement 
was obtained between measurements repeated in this manner. Final adjustment of the solvent 
composition to exactly 100% H,SO, was made by adding small increments of aqueous acid or 
oleum until the minimum conductivity > (« = 0-010433 ohm™ cm.) was obtained and then 


5 Gillespie, Oubridge, and Solomons, J., 1957, 1804. 
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adding the very small amount of oleum needed to obtain the 100% composition (« = 0-010439 
ohm”! cm.!). This careful adjustment of the composition of the acid was not, of course, 
necessary when the solutes were water and disulphuric acid. As most metal sulphates dissolve 
rather slowly in sulphuric acid at 10°, it was most convenient to prepare a fairly concentrated 
solution of these solutes in 100% H,SO,, and then add small amounts of this solution in order 
to change the composition. This solution was prepared by withdrawing a sample of the 100% 
acid from the cryoscope into a 250 c.c. conical flask containing some of the sulphate and 
dissolving the sulphate by gently warming and shaking. The flask was thereafter permanently 
connected to the cryoscope, and samples could be added to the cryoscope by applying a slight 
positive pressure of dry nitrogen. After each addition equilibrium was established, the tem- 
perature was recorded, and samples were withdrawn for conductivity measurements as described 
above. Because of the fairly large heat of solution of the electrolytes and the fact that the 
added electrolyte solution was at room temperature some of the solid acid was melted each time 
the composition was changed and there was generally insufficient solid to maintain equilibrium 
after a depression of about 4° had been obtained. If after the withdrawal of many samples of 
solution the level of the solution in the cryoscope became too low to give adequate immersion 
of the thermometer, a slurry of approximately 100% acid was added to restore the level in the 
case of the solutes water and disulphuric acid: with other solutes it was necessary to dismantle 
the apparatus and begin a new experiment. 


RESULTS 


Interpolated Freezing Points.—It is not practicable to give in detail the results of all the 
measurements. Table 1 gives interpolated values of the freezing points at round molal concen- 
trations. For the solutes water and disulphuric acid values of the conductivities at round molal 
concentrations were obtained by interpolation from the large-scale plots used to obtain the data 
given in Part XXX.* From a plot of the thermometer resistance against the conductivity of 


TABLE 1. Interpolated freezing points. 
m H,0,HSO, H,S,0, NaHSO, LiHSO, KHSO, NH,HSO, AgHSO, Ph,C(OH)-HSO, Ba(HSO,) 


0-000 10-371° 10-371° 10-371° 10-371° 10-371° 10-371° 10-371° 10-371° 10-371° 
0-005 10-364 10-366 10-339 10-339 10-339 10-339 _ _ —_ 
0-010 10-346 10-351 10-300 10-301 10-301 10-302 —_ —_— 10-275 
0-015 10-316 10-329 10-258 10-260 10-260 10-261 _— _— — 
0-020 10-280 10-305 10-213 10-214 10-214 10-215 —_ —_ 10-136 
0-025 10-237 10-276 10-163 10-165 10-165 10-166 —_ _ _ 
0-030 «610-194 §=10-248 10-113 10-115 10-115 10-117 10-118 10-105 9-965 
0-035 10-146 10-214 10-061 10-062 10-062 10-067 10-067 10-050 — 
0-040 10-094 10-182 10-006 10-009 10-009 10-015 10-018 9-994 9-775 
0-050 9-993 10-118 9-895 9-902 9-902 9-905 9-915 9-878 9-581 
0-060 9-885 10-049 9-779 9-785 9-785 9-793 9-806 9-762 9-386 
0-070 9-783 9-980 9-664 9-670 9-670 9-679 9-699 9-638 9-191 
0-080 9-674 9-912 9-546 9-555 9-555 9-566 9-590 9-517 8-994 
0-090 9-564 9-843 9-427 9-435 9-435 9-447 9-480 9-386 8-795 
0-100 9-453 9-773 9-304 9-316 9-316 9-332 9-370 9-260 8-588 
0-120 9-241 9-673 9-056 9-074 9-079 9-100 9-151 8-995 _— 
0-140 9-024 9-500 8-798 8-831 8-836 8-866 8-930 8-723 _ 
0-160 8-807 9-366 8-543 8-582 8-590 8-632 8-712 8-447 — 
0-180 8-591 9-229 8-283 8-336 8-345 8-400 8-494 8-164 — 
0-200 8-375 9-095 8-022 8-092 8-101 8-166 . 8-280 7-877 _ 
0-220 8-168 8-960 7-756 7-838 7-848 7-932 3-066 7-590 _— 
0-240 7-956 8-821 7-485 7-577 7-600 7-695 1-855 7-280 — 
0-260 7-745 8-689 7-212 7-318 — — 7-642 _— _— 
0-280 7-537 8-550 6-948 - — . 7-432 : 

0-320 7-130 8-281 --- - —— - — — — 
0-360 6-725 -- - —— -—— — — - 

0-400 6-324 -- -- -- —- — -_- -- - 


the equilibrium liquid for a total of 150 different concentrations in eight separate experiments, 
values of the thermometer resistance at the conductivities corresponding to round molal 
concentrations were interpolated. A portion of this plot showing results from three experiments 
is shown in Fig. 2, which displays the good agreement and very small deviations. 

Other methods of interpolation are possible and for the other electrolytes it was generally 
more convenient to determine the concentration of each sample of the equilibrium solution 
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from its conductivity by interpolation from the conductivity-concentration plots used to obtain 
the data presented in Part XXX.‘ Then from the corresponding freezing points a plot of the 
freezing point against concentration was constructed and values of the freezing points were 
interpolated at round molal concentrations. 

Accuracy of the Measurements.—The measurement of conductance, which could be made to 
1 ohm in 10,000 (0-01%) was the most accurate part of the present work. The concentration- 
conductivity data that were used to obtain the corresponding concentrations involved relatively 
larger errors in the concentrations. These originate particularly from the difficulty of initially 
adjusting the composition of the solvent to 100% H,SO,, because the conductivity—concen- 
tration curve is very flat in this region.’ Taking this and other factors into account we estimate 
that the errors in the concentrations are not greater than 0-0005m at 0-2m and rather less than 
this at lower concentrations. This corresponds to an error of +0-005° in the corresponding 
freezing points. 

The measurement of the freezing points was not a serious source of error as these were made 
to 0-0002° at the lower concentrations and 0-001° at the higher concentrations. For all the 
electrolytes except water and disulphuric acid the difficulty of adjusting the acid initially to 


Fic. 2. Plot of thermometer resistance against conductivity for solutions of water. 
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the composition 100% H,SO, was also a source of error in the freezing-point measurements. 
The interpolations probably minimise the effects of random errors and therefore to some extent 
improve the accuracy. Taking all these factors into account and judging from the very small 
scatter of the experimental points in the plots made for obtaining the interpolated values (see 
Fig. 2) we estimate that the freezing points are accurate to 0-002° at concentrations up to 0-04m, 
to 0-005° up to 0-1m, and 0-01 up to 0-3m. 


°F 


DISCUSSION 


The Freezing Point of 100% H,SO, and the Composition of Minimum Conductance.— 
The maximum freezing point at the composition 100% H,SO, was determined many times 
and was found to be 10-371°. This is higher than the value of 10-365° obtained by Gillespie 
and Oubridge * by the Beckmann method, but it is in exact agreement with the value 
obtained by Kunzler and Giauque ® by their equilibrium method. The composition of 
minimum conductance was determined many times and found to be 0-0019 + 0-005 mole 
of H,O per kg. of solution, as found by Gillespie, Oubridge, and Solomons.5 


® Gillespie and Oubridge, J., 1956, 80. 
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Comparison with the Work of Kunzler and Giauque.—For solutions of water and di- 
sulphuric acid Kunzler and Giauque * reported lower freezing points than ours for all 
concentrations except in the immediate vicinity of the maximum freezing point (see Fig. 3). 
The differences increase with increasing concentration and become as large as 0-03° at 
998% H,SO, [= 0-1m(H,0)}. Such differences are outside the possible error in our 


Fic. 3. Comparison of freezing points in the region of the maximum at the composition H,SO, with 
Kunzler and Giauque’s results. 
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measurements. Most of Kunzler and Giauque’s determinations up to this concentration 
depend on the analysis of one solution at 99-8°, H,SO,, for which they estimated that the 
error in the composition was +0-005%, which is equivalent to 0-03°, the possible error at 
lower concentrations being proportionally smaller. Their results can be brought into concord- 
ance with ours if it is assumed that their analytical error at 99-8°%% H,SO, was —0-005% 
—0-003m(H,O)]. If their concentrations dre all corrected on this basis, the error at other 
concentrations being taken as proportional to the concentration, their freezing points are 
found to be in satisfactory agreement with ours. 

Possible Errors of the Equilibrium Method.—The validity of the equilibrium method 
depends on establishment of equilibrium between the solid phase and the solution. 
However, heat will leak into the cryoscope through the lid and will be generated by the 
stirrer, while it may leak out of the cryoscope through its walls. As a consequence there 
will in general be a small overall gain or loss of heat. This means that true equilibrium 
is probably never established. There will be a slow freezing out or melting of the solid 
phase and thus the liquid in the immediate vicinity of the crystals will not have the same 
composition as that of the bulk liquid, so that the measured freezing point will be slightly 
different from the true equilibrium temperature. However, non-equilibration in the 
present experiments must have been very slight since the temperature only drifted one 
or two thousandths of a degree in several hours once “ equilibrium ”’ had been established. 
Moreover good agreement was always obtained between the results of different experiments 
(see Fig. 2): if equilibrium had not been quite closely attained, the different conditions, 
é.g., different room temperatures and different relative amounts of the solid and liquid 
phases, would have been expected to lead to measurable differences between the results 
of these experiments. ‘ 

It is also important that the solid phase should have exactly the composition 100% 
H,SO,. That this is so within a few thousandths of a percent has been shown by Kunzler 
and Giauque ® for the equilibrium solid. It is also possible that a non-equilibrium solid 
containing molecules and/or ions of H,O or H,S,0, might be obtained. In the preparation 
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of the required slurry of solid and liquid, however, the composition of the acid used was 
always very close to 100%; its freezing point was always within a few hundredths of g 
degree of the maximum value. Thus the concentration of any such non-equilibrium 
component of the solid phase could only be very small. Again the good agreement between 
the results of different experiments suggests that any error from this source, which would 
be likely to differ from one experiment to another, is probably very small. 

Another possible source of error could be that very small crystals of the solid phase 
passed through the sintered-glass disc at the end of the withdrawal tube when samples 
were removed for the determination of their conductivities. This would not, however, 
account for our freezing points’ being higher than Kunzler and Giauque’s. It would be 
expected to lead to random differences between repeated measurements of the conductivity 
of different samples of the same solution and to random differences between the results 
of different experiments. Again the reproducibility of the results suggests that any error 
from this source must be very small. 

Comparison with the Beckmann method.—A considerable amount of work on the freezing 
points of solutions in sulphuric acid has been carried out by the Beckmann method! 
In Gillespie and Oubridge’s work ® an attempt was made to use this method to obtain 
freezing points of solutions of some simple electrolytes, e.g., metal sulphates, with sufficient 
accuracy to enable osmotic coefficients to be calculated. However, the freezing points 
obtained in the present work are in all cases appreciably higher than theirs for all the metal 
sulphates investigated (cf. Table 2), and they are also higher than the freezing points 
obtained by Gillespie 7? for the solutes water and disulphuric acid. 


TABLE 2. Comparison of freezing points obtained by the Beckmann and the equilibrium 


method. 
10° [Temp. (equil.) — Temp. (Beckmann)]. 

m LiHSO, NaHSO, KHSO, NH,HSO, AgHSO, 
0-02 11° 13° 11° 10° —_ 
0-04 19 21 19 20 16° 
0-06 28 34 28 29 26 
0-08 35 41 35 26 34 
0-10 35 46 39 22 40 
0-12 41 54 47 25 49 
014 49 56 58 33 43 
0-16 47 61 65 37 67 
0-18 56 62 74 45 70 
0-20 55 67 81 47 80 


Thus it appears that there are appreciable errors in freezing points determined by the 
Beckmann method. 

A possible source of error in the Bechmann method is the supercooling correction which 
is applied to allow for the change in the composition of the solution due to the solid solvent 
which separates on freezing. In the expression given ! for this correction, allowance was 
made for the heat capacity of the solution and the solid solvent, but not for that of the 
cryoscope and for any heat lost to the surroundings, and these are not negligible. Neverthe- 
less any error in the supercooling correction is certainly not large enough to account for 
the whole of any of the differences observed. 

Another error in the Beckmann method arises because proper equilibrium between the 
solid and the liquid is not, in general, established. Under the usual conditions of the 
method the external bath-temperature is lower than that of the solution in the cryoscope 
and solid is continually freezing out, so that if the rate of crystallisation is not sufficiently 
rapid the liquid will be at a slightly lower temperature than the true equilibrium freezing- 
point. 

Because the rate of crystallisation of the supercooled solution is rather rapid it is 
possible that a non-equilibrium solid is formed containing a small amount of the solute. 


? Gillespie, J., 1950, 2493. 
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ed was This also could lead to observed temperatures lower than the true equilibrium freezing 
hs of a point; it could account too for the fact that the differences between the freezing points 
ibrium determined by the Beckmann method and by the equilibrium method vary from one solute ; 
etween to another (see Table 2), as the composition of any non-equilibrium solid might reasonably : 


depend on the nature of the electrolyte—the size of the ions of the electrolyte would, for 
example, determine the ease with which they could be accommodated in the lattice of solid 














- Phase sulphuric acid. E 
amples The errors that appear to exist in freezing points of sulphuric acid solutions determined . 
wever, by the Beckmann method are, however, not large enough to affect the general conclusions nt 
uld be reached in previous Parts of this series concerning the mode and approximate degree of . 
ctivity jonisation of various solutes in sulphuric acid. In view of the simplicity of the Beckmann 
results method, and the ease and speed with which measurements can be made, it is still very 

y error useful when the highest accuracy is not required. The technique can probably be modified 

j ' so as to minimise some of the errors discussed above and thus to improve the accuracy 
aan » — of the method. 
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tails | 467. Solutions in Sulphuric Acid. Part XXVII.* The Self-dis- i 
sociation Equilibria of Sulphuric Acid: Values of the Equilibrium 
Constants at 10°. 
By S. J. Bass, R. J. GILLEspiE, and E. A. RosInson. 
New values of the equilibrium constants for the self-dissociation equilibria 
of sulphuric acid at 10° are obtained from new freezing points of solutions 
of water, disulphuric acid, and metal hydrogen sulphates reported in the 
preceding paper. An improved method of calculation is used which, unlike 
earlier calculations, makes allowance for the non-ideality of the solutions 
and the interdependence of the various self-dissociation equilibria. 
’ A simple method is described of allowing for the concentrations of the F 
4 self-dissociation species in the calculation of v-values for complex electrolytes ? 
vy the in sulphuric acid. 

? ' Because of the appreciable self-dissociation of sulphuric acid, solutions of electrolytes . 
which [ in this solvent always contain at least small concentrations of ions and molecules resulting 
olvent ' from the solvent dissociation, in addition to those from the electrolyte. To interpret : 
€ was {| quantitatively the properties of electrolyte solutions, such as their freezing points and 
of the electrical conductivities, it is necessary to know in detail the nature and extent of the self- 
erthe- dissociation. In this paper new values of the equilibrium constants of the self-dissociation : 
nt for reactions of sulphuric acid at 10° are derived. - 

“ The primary dissociation of sulphuric acid is into water and disulphuric acid: “ 
n the |. 
»f the 2H,SO, —= H,O + H,S,0, pitas ie ia 
scope f and earlier work! has shown that both these products undergo ionisation according to q 
iently fF the equations: 
— &F H,0-+ H,SO, === H,O* + HSO,- vill Oni peg aay ; 

- eee <i 
itis H,S,0, + H,SO, == H,SO,* + HS,0,- Ca ok af 
olute. * Part XXVI, preceding paper. - "| 


1 Gillespie, J., 1950, 2493. 
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In addition, the ions H,SO,* and HSO,~ are in equilibrium as a result of the autoprotolysis 
or proton-transfer reaction of the solvent: 

2H,SO, po H,SO,* oe HSO,” . . . . . ° (iv) 
Consequently the ions H,O* and HS,O,~ are also in equilibrium in what has been called 
the ionic self-dehydration reaction: # 

2H,SO, —— H,0* + HS,0,- ee ee ee, 


Only four of these equilibria are independent, and the self-dissociation of sulphuric acid 
may be completely and conveniently described by the equilibrium constants (1)—(4) of 
reactions (ii)—(v) : 


K, = (H,O*)[HSO,)/[H,O] .......() 
K, = (H,S0,*)[HS,0,/[H,S,0,) ..... Q 
REY OS 
Kia = [H,0*)(HS,0,7] ae dy iG ecu) sol 


Values of K,, = 1-7 x 10 mole? kg.*, of Kia = 7 X 10° mole* kg.*, of K, = 2 x 10° 
mole kg.!, and of K, = 1-2 mole kg. have been given in Parts I, II,1 and IV 2 of this 
series. The constants K,, and Kjg were determined by assuming that reactions (ii) and 
(iii) proceed essentially to completion, t.e., K, = K, = : in this case, reactions (iv) and 
(v) are independent, and only (iv) will be repressed in solutions of metal hydrogen sulphates 
or other simple bases: 

B+ H,SO,—»BH*+HSO, ..... . (i) 


while both reactions (iv) and (v) will be repressed in solutions of water. This distinction 
formed the basis of the method by which K,, and Kia were determined. It is, however, 
rather a poor assumption to put K, = «, and thus the values given above for K,, and Ky 
can be only approximate. The assumption of ideality of the solutions, and errors in the 
experimental data, also limit the accuracy of these values. In the present paper new 
values for the equilibrium constants of the self-dissociation reactions are obtained by using 
the accurate freezing points reported in Part XXVI ‘ and as far as possible eliminating 
the assumptions made in the earlier work. The method used was essentially one of trial 
and error, in which the first step was to calculate the concentrations of all the species in 
solutions of water, disulphuric acid, and metal sulphates, for different assumed values of 
the equilibrium constants of the self-dissociations. The osmotic coefficients of the 
solutions were then calculated from the total concentration of solute species at rounded 
stoicheiometric concentrations, and a comparison of these values with theoretical values 
of the osmotic coefficients enabled “‘ best values ’’ of the various equilibrium constants to 
be selected. These values are given in Table 1. 


TABLE 1. Equilibrium constants for the self-dissociation reactions of sulphuric acid at 10°. 
Key = [H,;SO,*}[HSO,-] = 1-7 x 10~ mole* kg.~. 
Ka = (H,O*)[HS,O,-] = 3-5 x 10-5 mole? kg.—. 
K, = (H,SO,*)[HS,O,-}/[H,S,0,] = 1-4 x 10-? mole kg." 
Ky = [H,O*][HSO,-)/[H,O] = 1 mole kg.~. 


Symbolism.—Concentrations in this paper are expressed in molal units (m) (moles of 
solute per kg. of solvent). In some cases, in order to avoid the excessive use of subscripts 
the symbol [A] is used in place of m,, and both denote the molal concentration of species A. 
Stoicheiometric molalities are denoted by the symbol m*. It is also convenient to distin- 
guish between the total concentrations of ionic and non-ionic solute species. The total 


® Gillespie, J., 1950, 2516. 
% Gillespie, Hughes, and Ingold, J., 1950, 2473. 
* Bass and Gillespie, preceding paper. 
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molality of the former is denoted by Xm, and of the latter by Xm, while Xm denotes the 
total molal concentration of all solute species, both ionic and non-ionic. 

Calculation of the Concentrations of Self-dissociation Species.—For given values of the 
dissociation constants (1)—(4) the concentrations of all the species present in solutions of 
an electrolyte in sulphuric acid may be calculated. It is difficult to express the concen- 
trations of each of the solute species in terms of the stoicheiometric concentration of the 
added electrolyte; however, it is simple to express the concentration of any of these 
species in terms of one of the others and one or more of the equilibrium constants (1)—(4). 
The method used was to select suitable values of [H,SO,*], and to calculate corresponding 
values of [HSO,~] from the value of K,, given in Table 1. Calculation of the remaining 
concentrations of species then depends on the mode of ionisation of the particular solute 
to be considered. 

(a) Water and disulphuric acid. The condition for electrical neutrality gives the relation : 


[HSO,~] — [H;SO,*] = [H,0*] — [HS,0,-] = a ee 
From (4) and (5) it follows that 
[H,O*] = 4a + h(a? + 4Kja)* an .ritalioneid lose 


Then [HS,O,~] can be obtained from expression (4), [H,S,O,] from (2), and [H,O] from (1). 
The corresponding stoicheiometric concentration of water or disulphuric acid is given by: 


m* (H,O or H,S,0,) = +{[H,0] + [H,0*] — [H,S,0,] — [HS,0,-}} - (7) 


(b) Bases. It is convenient to deal first with the case of a simple base of the sulphuric 
acid system, i.e., a base which ionises to give only the hydrogen sulphate ion and a corre- 
sponding cation (equation vi). 

For all concentrations of base we have: 


[H,O] + [H,O*] = [HS,O,-] + [H,S,0,.) . .. . (8) 
From (1), (2), (4), and (8), we find: 
[H,O*] = {Ku(1 + (H,S0,*1/K,)/(1 + [HSO,)/K)}# 9) 


[HS,0,-] can then be obtained from (4), and [BH*] from the condition for electrical 
neutrality, namely: 


[BH*] + [H,SO,*] + [H,0*] = [HSO,"] + [HS,0,7] » foc Se 


The concentration of base, [B], can be obtained from the equilibrium constant for the 
ionisation of the base: 


Kz = [BH*)[HSO,-)/[B] ae es 
Finally, the stoicometric concentration of the base is given by: 
my;* = [B] + [BH*] eae ee 
For fully ionised bases, and in particular for metal hydrogen sulphates, we have: 
MHSO, —» M* + HSO,- Jltge “nop he: ie 
my® = [BH*] = [M*] = mwas, - - - - + + = (13) 


_(c) Acids. Similarly it is convenient to discuss the case of a simple acid of the sulphuric 
acid system, 7.e., a substance which ionises to give only the sulphuric acidium ion and a 
corresponding anion: 


HA + H,SO, == H,SO,* + A- (viii) 
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Values of [H,O*] and [HS,O,~] can be obtained from expressions (9) and (4) respectively, 
and then [A~] can be obtained from the condition for electrical neutrality: 


[H,SO,*] + (H,0*] = (HS,0,-]+[HSO-]+[A-]. . (14) 
Finally HA can be found from the equilibrium constant for the ionisation of the acid: 
Km =(HSO/*JA"[HA} . . . (8) 


(d) Complex electrolytes. We use the term complex electrolyte to denote any solute 
except water or disulphuric acid which when dissolved in sulphuric acid gives rise to both 
H,SO,* or HSO,” ions, and H,O* or HS,O,~ ions, simultaneously. The most common 
electrolytes of this type ionise to give H,O* and HSO,_”, e.g.: 


XOH + 2H,SO,= X++H,0++2HSO- . .. . (x) 
and H,BO, + 6H,SO, = 3H,O* + B(HSO,),- +2HSO,- . . . (x) 


In all cases the concentrations of all the species in the system are easily obtained by solving 
equations (1)—(4), together with two other equations, one of which expresses the com- 
position of the solution and the other the condition for electrical neutrality. Thus in the 
case of XOH, assumed to be fully ionised, the condition for electrical neutrality gives: 


[HSO,~] — [H,SO,*] = [X*] + [H,O*] — [HS,0,]=a . . (16) 
and the stoicheiometric composition of any solution is given by: 
m'xou = [X*] = [H,O] + [H,0*] — [H,S,0,] — [HS,0,-] . . (17) 
From equations (1)—(4) and (16) and (17) it follows that: 
a + {a + 4((HSO,7}/Ks + 2)((HSO,*}/Ka + 2)Kuu}! 





H,O*) = 1 
th 2(2 + [HSO,/Ki) = 
or, if we assume that water is fully ionised, then: 
24 §Kia({HSO,*]/K. + 2)}4 





4 


Then [HS,O0,-] may be found from equation (4). [H,S,0,] is obtained from equation (2), 
and hence [X*] from (16). 

In each case Xm, the total concentration of all solute species, can be found by 
summation, 1.¢: 


Xm = [H,SO,*] + [HSO,"] + [H,0*] + [HS,0,-] + [H,S,0,] 
+ [H,0] + {([BH*] + [B]) or — ((HA] + A-})}. (20) 


The total concentration of all the ionic species is given by: 
Xm, = [H,SO,*] + [HSO,-] + [H,0*}] + [HS,O,-] + ({[BH*] or [A-]) . (21) 


It is convenient to have values of Xm and Xm, at round molal concentrations (m*) of 
added electrolyte, and these were obtained by interpolation. Tables 2—7 give such values 
for water, disulphuric acid, a strong base B, a strong acid HA, and the complex electrolyte 
XOH. They were calculated by using the final values of the dissociation constants given 
in Table 1. Values for weak bases and weak acids can be readily obtained from the values 
for the strong electrolytes by making use of the appropriate dissociation constant for the 
particular base or acid. When obtaining these values by the method described it was 
necessary to calculate similar tables of concentrations of solute species for each of the sets 
of trial values of the equilibrium constants that were considered. Fig. 1 shows how the 
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TABLE 2. Concentrations of species in solutions of a metal hydrogen sulphate or other 


strong base. 


m* (MHSO,) . : : 
orm®(B) [H,SO,*] [HSO,~] [H,O*} [HS,0,-] [H,S,0,] {H,0} =m, 
0-000 0-0113 0-0150 0-0080 0-0044 0-0036 0-0001 0-0424 
0-005 0-0096 0-0177 0-0076 0-0046 0-0031 0-0001 0-0477 
0-010 0-0082 0-0209 0-0074 0-0047 0-0028 0-0001 0-0541 
0-015 0-0070 0-0243 0-0072 0-0048 0-0025 0-0002 0-0610 
0-020 0-0061 0-0281 0-0070 0-0049 0-0022 0-0002 0-0686 
0-025 0-0053 0-0321 0-0068 0-0050 0-0020 0-0002 0-0766 
0-030 0-0047 0-0363 0-0067 0-0051 0-0018 0-0002 0-0849 
0-035 0-0042 0-0406 0-0066 0-0052 0-0016 0-0002 0-0935 
0-040 0-0038 0-0450 0-0065 0-0053 0-0015 0-0003 0-1024 
0-05 0-0032 0-0543 0-0064 0-0054 0-0012 0-0003 0-1208 
0-06 0-0027 0-0636 0-0062 0-0055 0-0011 0-0004 0-1395 
0-07 0-0023 0-0730 0-0062 0-0056 0-0009 0-0004 0-1584 
0-08 0-0021 0-0825 0-0061 0-0057 0-0008 0-0004 0-1775 
0-09 0-0018 0-0923 0-0060 0-0058 0-0008 0-0005 0-1972 
0-10 0-0017 0-1019 0-0060 0-0058 0-0007 0-0006 0-2167 
0-12 0-0014 0-1214 0-0059 0-0059 0-0006 0-0007 0-2559 
0-14 0-0012 0-1411 0-0058 0-0060 0-0005 0-0008 0-2954 
0-16 0-0010 0-1607 0-0057 0-0061 0-0005 0-0009 0-3349 
0-18 0-0009 0-1803 0-0056 0-0061 0-0005 0-0010 0 3746 
0-20 0-0008 0-2002 0-0056 0-0062 0-0004 0-0011 0-4143 
0-24 0-0007 0-2396 0-0054 0-0064 0-0004 0-0013 0-4942 
0-28 0-0006 0-2793 0-0053 0-0066 0-0003 0-0015 0-5736 
TABLE 3. Concentrations of species in water solutions (K, = 0). 
m*(H,0) [H,SO,*] [HSO,-] ([H,0*] ([HS,0,-] [H,S,0,] my 
0-000 0-0113 0-0150 9-0080 0-0044 0-0036 0-0424 
0-005 0-0098 0-0172 0-0104 0-0032 0-0024 0-0431 
0-010 0-0085 0-0201 0-0140 0-0025 0-0016 0-0467 
0-015 0-0073 0-0235 0-0181 0-0020 0-0011 0-0516 
0-020 0-0063 0-0269 0-0224 0-0016 0-0007 0-0577 
0-025 0-0055 0-0309 0-0267 0-0013 0-0005 0-0649 
0-030 0-0048 0-0352 0-0315 0-0011 0-0004 0-0730 
0-04 0-0038 0-0440 0-0410 0-0008 0-0002 0-0898 
0-06 0-0026 0-0630 0-0607 0-0006 0-0001 0-1270 
0-08 0-0021 0-0822 0-0805 | 0-0004 —_ 0-1652 
0-10 0-0017 0-1017 0-1004 0-0004 —_ 0-2042 
0-12 0-0014 0-1214 0-1203 0-0003 —_— 0-2434 
0.14 0-0012 0-1412 09-1403 0-0003 _ 0-2830 
0-16 0-0011 0-1611 0-1602 0-0002 — 0-3226 
0-18 0-0009 0-1809 0-1802 0-0002 —_ 0-3622 
0-20 0-0008 0-2008 0-2002 0-0001 — 0-4020 
0-24 0-0007 0-2407 0-2401 0-6001 —_ 0-4816 
0-28 0-0006 0-2806 0-2800 _ _ 0-5612 
0-32 0-0005 0-3205 0-3200 — — 0-6410 
0-36 0-0005 0-3605 0-3600 —_ — 0-7210 
0-40 0-0004 0-4004 0-4000 —_ _— 0-8008 
TABLE 4. Concentrations of species in water solutions (K, = 1). 
m*(H,O) [H,SO,*] [HSO,~] [H,0*] [HS,0,-] [H,0]  [H,S,0,] rms 
0-000 0-0113 0-0150 0-0080 0-0044 0-0001 0-0036 0-0424 
0-005 0-€100 0-0171 0-0107 0-0033 0-0001 0-0024 0-0435 
0-010 0-0086 0-0199 0-0140 0-0026 0-0002 0-0076 0-0468 
0-015 0-0074 0-0229 0-0178 0-0020 0-0004 0-0010 0-0617 
0-020 0-0064 0-0265 0-0220 0-0016 0-0006 0-0008 0-0577 
0-025 0-0056 0-0305 0-0262 0-0013 0-0008 0-0006 0-0649 
0-030 0-0050 0-0343 0-0305 0-0011 0-0011 0-0004 0-0725 
0-04 00040 = 00-0425 (00-0394 = (00009 «00-0017 «00002 =: 0-0887 
0-06 0-0029 0-0595 0-0573 0-0006 0-0035 0-0001 0-1239 
0-08 0-0023 0-0765 0-0748 0-0004 0-0057 0-0001 0-1596 
0-10 0-0018 00-0933 -0-0919 0-0004 0-0085 0-0001 0-1960 
0-12 0-0015 0-1098 0-1084 0-0004 0-0120 — 0-2321 
0-14 0-0013 0-1257 0-1243 0-0003 0-0159 0-2674 
0-16 0-0012 0-1413 0-1403 0-0003 0-0199 0-3023 
0-18 0-0011 0-1565 0-1557 0-0003 0-0245 0-3380 
0-20 0-0010 0-1715 0-1707 0-0003 0-0294 - 0-3727 
0-24 0-0008 0-2008 0-2001 0-0002 0-0401 - 0-4418 
0-28 0-0007 0-2283 0-2277 0-0001 0-0523 — 0-5090 

















=m, 

0-03 
0-04875 
0-05412 
0-0583 
0-0662 
0-0744 
0-0829 
0-0917 
0-1006 
0-1193 
0-1380 
0-1571 
0-1763 
0-1959 
0-2154 
0-2546 
0-2941 
0-3335 
0-3731 
0-4128 
0-4925 
0-5718 


xm 
0-0387 
0-0407 
0-0451 
0-0505 
0-0570 
0-0644 
0-0726 
0-0896 
0-1269 
0-1652 
0-2042 
0-2434 
0-2830 
0-3226 
0-3622 
0-4020 
0-4816 
0-5612 
0-6410 
0-7210 
0-8008 


xm 
0-0387 
0-0410 
0-0450 
0-0502 
0-0563 
0-0635 
0-0710 
0-0868 
0-1203 
0-1538 
0-1874 
0-2201 
0-2515 
0-2824 
0-3135 
0-3433 
0-4019 
0-4567 
























m* (H,S,0,) [H,SO,*] 


0-000 
0-005 
0-010 
0-015 
0-020 
0-025 
0-030 
0-04 
0-06 
0-08 
0-10 
0-12 
0-14 
0-16 
0-18 
0-20 


m* (HA) 
0-000 
0-005 
0-010 
0-015 
0-020 
0-025 
0-030 
0-040 
0-060 
0-080 
0-100 
0-120 
0-140 
0-160 
0-180 
0-200 
0-240 
0-280 
0-320 
0-360 
0-400 


0-0113 
0-0129 
0-0144 
0-0158 
0-0171 
0-0185 
0-0199 
0-0220 
0-0263 
0-0302 
0-0335 
0-0368 
0-0399 
0-0428 
0-0455 
0-0480 


[HSO,~] 
0-0150 
0-0131 
0-0118 
0-0108 
0-0099 
0-0091 
0-0086 
0-0078 
0-0065 
0-0056 
0-0050 
0-0046 
0-0043 
0-0040 
0-0037 
0-0035 


(H,0*] [HS,0,~] 
00080 0-0045 
00060 00-0058 
00047 = 0-0075 
0-0039 —0-0089 
0-0033 —-0-0105 
00029 =: 0-0123 
00025 00-0138 
00021 00-0163 
00016 00-0214 
00013 0-0259 
00012 — 0-0297 
0-0011 0-0333 
00010 0-0366 
00009  — 0-0397 © 
00008 0-0426 
0-0008  0-0453 
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TABLE 5. Concentrations of species in oleum solutions. 


(H,S,0,] Umi 
0-0036 0-0424 
0-0053 0-0431 
0-0072 0-0456 
0-0100 0-0492 
0-0128 0-0536 
0-0156 0-0584 
0-0186 0-0634 
0-0256 0-0738 
0-0402 0-0960 
0-0558 0-1188 
0-0711 0-1395 
0-0875 0-1633 
0-1043 0-1861 
0-1213 0-2077 
0-1385 0-2311 
0-1553 0-2529 


um 
0-0387 
0-0378 
0-0384 
0-0392 
0-0408 
0-0428 
0-0448 
0-0482 
0-0558 
0-0630 
0-0684 
0-0758 
0-0818 
0-0864 
0-0926 
0-0976 


TABLE 6. Concentrations of species in solutions of a strong acid. 


[HSO,*] 


0-0113 
0-0135 
0-0159 
0-0188 
0-0219 
0-0252 
0-0289 
0-0367 
0-0530 
0-0701 
0-0882 
0-1063 
0-1247 
0-1432 
0-1617 
0-1801 
0-2181 
0-2557 
0-2941 
0-3323 
0-3706 


[HSO,~] 


0-0150 
0-0126 
0-0106 
0-0090 
0-0077 
0-0066 
0-0059 
0-0047 
0-0032 
0-0022 
0-0019 
0-0016 
0-0014 
0-0012 
0-0010 
0-0009 
0-0008 
0-0007 
0-0006 
0-0005 
0-0005 


(H,0*] [HS,0,7] 
0-0080 0-0044 
0-0083 0-0042 
0-0087 0-0040 
0-0091 0-0038 
0-0095 0-0037 
0-0099 0-0035 
0-0104 0-0034 
0-0112 0-0032 
0-0129 0-0027 
0-0145 0-0024 
0-0159 0-0022 
0-0173 0-0020 
0-0186 0-0019 
0-0198 0-0018 
0-0210 0-0017 
0-0223 0-0015 
0-0241 0-0014 
0-0260 0-0013 
0-0277 0-0012 
0-0294 0-0012 
0-0310 0-0011 


TABLE 7. Concentration of species in 


m* (XOH) 


0-000 
0-005 
0-010 
0-015 
0-02 
0-03 
0-04 
0-05 
0-06 
0-07 
0-08 
0-09 
0-10 
0-12 
0-14 
0-16 
0-18 
0-20 


XOH (XOH + 2H,SO, 
[H,S0,*] 


0-0113 
0-0084 
0-0063 
0-0048 
0-0038 
0-0027 
0-0021 
0-0017 
0-0014 
0-0012 
0-0011 
0-0009 
0-0008 
0-0007 
0-0006 
0-0005 
0-0005 
0-0004 


[HSO,~} 
0-0150 
0-0203 
0-0273 
0-0354 
0-0450 
0-0630 
0-0822 
0-1017 
0-1214 
0-1412 
0-1611 
0-1809 
0-2008 
0-2407 
0-2806 

0-3205 

0-3605 

0-4004 


[HS,0,] 


0-0036 
0-0041 
0-0047 
0-0053 
0-0058 
0-0064 
0-0070 
0-0080 
0-0102 
0-0121 
0-0137 
0-0153 
0-0167 
0-0180 
0-0193 
0-0208 
0-0227 
0-0247 
0-0265 
0-0282 
0-0299 


Im 
0-0424 
0-0477 
0-0539 
0-0610 
0-0686 
0-0766 
0-0856 
0-1038 
0-1420 
0-1813 
0-2219 
0-2625 
0-3033 
0-3440 
0-3847 
0-4256 
0-5071 
0-5884 
0-6701 
0-7516 
0-8331 


solutions of the complex electrolyte 


[H,0*] [HS,0,-] [H,S,0,] 
0-0080 0-0045 0-0035 
0-0103 0-0034 0-0019 
0-0139 0-0026 0-0012 
0-0177 0-0020 0-0007 
0-0219 0-0016 0-0003 
0-0314 0-0012 0-0002 
0-0409 0-0009 0-0000 
0-0507 0-0007 — 
0-0606 0-0006 ~- 
0-0705 0-0005 “= 
0-0804 0-0004 -—- 
0-0904 0-0604 — 
0-1003 0-0004 — 
0-1203 0-0003 = 
0-1402 0-0003 --- 
0-1602 0-0002 —- 
0-1802 0-0002 — 
0-2002 0-0002 











= X* + H,O* + 2HSO,°). 


=m; 
0-0424 
0-0493 
0-0613 
0-0756 
0-0926 
0-1285 
0-1661 
0-2048 
0-2440 
0-2834 
0-3230 
0-3626 
0-4023 
0-4820 
0-5617 
0-6414 
0-7214 
0-8012 





° 
0-980 
0-981 
0-982 
0-983 
0-980 
0-982 
0-981 
0-981 
0-981 
0-982 
0-989 
0-991 
0-990 
0-993 
0-990 
0-992 


xm, 
0-0387 
0-0436 
0-0492 
0-0557 
0-0628 
0-0702 
0-0786 
0-0958 
0-1338 
01592 
0-2082 
0-2472 
0-2866 
0-3260 
0:3654 
0:4048 
0-4744 
0-5637 
0-6436 
0-7234 
0-8032 


xm 
0-0387 
0-0474 
0-0601 
0-0749 
0-0923 
0-1283 
0-1661 
0-2048 
0-2440 
0-2834 
0-3230 
0-3626 
0-4023 
0-4820 
0-5617 
0-6414 
0-7214 
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concentrations of the self-dissociation species (except HSO,-) change in solutions of a 
strong base B. 

Osmotic Coefficients of Electrolyte Solutions.—For a dissociated solvent such as sulphuric 
acid it is convenient to let the standard state of the solvent be the pure hypothetical 
undissociated solvent. We shall denote all quantities relating to this standard state by a 
subscript asterisk, e.g., T,, AH*,, etc., and all quantities relating to the pure solvent 
containing the equilibrium concentrations of self-dissociation products by the subscript 0, 
@.g., To, AH%q, etc. Then the activity of the solvent, a,, in any solution is given by 


In a, = [—AH',0 + (AH'*,/T, — ACp/2)02 +++ /RT,2. . . (22) 


where 0 is the freezing-point depression of the solute calculated from the freezing point T, 
of the hypothetical undissociated solvent, t.e., 8 = T, — T, where T is the freezing point 
of the solution, AH‘, is the heat of fusion of the undissociated solvent at the temperature 
T,, and AC, is the difference in the heat capacities of the solid and the liquid solvent. 
The molal osmotic coefficient, ¢,f of the solvent may be defined by: 


In a, = —dimy/M Tete ee ee he 


where M is the number of moles of solvent in 1 kg. of solvent, and Xm is the total concen- 
tration of all the solute species in solution, 


i.é., | a rs | 


where m® is the stoicheiometric concentration of solute, v the number of moles of particles 
(molecules and ions) produced in the solution by one mole of the solute, and mg is the total 
molality of the products of the solvent self-dissociation. 

The cryoscopic constant k, of the undissociated solvent may be defined by the relation: 


SS ee ee: 
From (22), (23), and (25), we have: 
fd = O(1 + BO)/k,lm . . . . . . . (26) 
where 6 = (1/7, — AC,/2AH',). 
The cryoscopic constant is usually defined by the equation: 
Rw, . we ee ee 


which for sulphuric acid has been shown ® to have the value of 6-12. 
The relation between AH‘, and AH‘, is: 


AH', = AH', + «AH 


where AH, is the heat of self-dissociation, and « is the degree of self-dissociation. The 
value of «AH, is discussed in a later paper in detail; it is approximately 7 cal. mole™, which 
is only slightly greater than the experimental error (+3 cal. mole) in the heat of fusion ? 
(AH/, = 2560 cal. mole“) and can be neglected without appreciable error. Since also T, 
(283-78° k), differs only slightly from T, (283-52° k), we may conclude that 


hy = hy = 612 + 0-02 


t The molal osmotic coefficient, ¢, is used in this paper rather than the rational osmotic coefficient, 
g, which was used in Part XVII,5 because it is somewhat easier to calculate, and because it is more 
commonly used in, for example, the discussion of aqueous solutions. The relation between g and ¢ is 
¢~ g(1 — Xmy/2M), and the difference is small at the concentrations with which we are concerned. 


5 Gillespie and Oubridge, J., 1956, 80. 
® Gillespie, J., 1954, 1851. 
? Rubin and Giauque, J. Amer. Chem. Soc., 1952, 74, 800. 
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In earlier papers of this series ** the cryoscopic constant was denoted by ;. When, 
as in the present case, the difference between k, and ky can be neglected it is proposed to 
omit the subscripts and to use the symbol &. The value of 8 may be computed 5 to be 
0-002. Thus equation (26) may be written: 


¢ = 6(1 4 0-0026) /6-122m:, ieQik Wc thaieiaen “é (28) 


Theoretical Osmotic Coefficients —The contribution of electrostatic interionic forces to 
the osmotic coefficient of an electrolyte solution is given by the Debye—Hiickel theory 
which leads to the equation: 


2-303 
gt = = Ale,z| = RO loge a a 
where x = Balt, o(x) = 3/23[(1 + x) — 21In (1 + x) — 1/(1 + x)] 
2nN \t e ' __ { 8xNe? \t 
A= (i505) - sananry' 08 = ( sooocer) 


c is the molar concentration of the electrolyte and m its molal concentration, J is the ionic 
strength = 3c(v,z,2 + v_z_*), v, and v_ are the numbers of moles of cations and anions 
respectively produced by one mole of electrolyte, z, and z_ are the valencies of the cations 
and anions respectively, ¢ is the dielectric constant, d is the distance of closest approach 
of the cation and anion, and ¢ is the density of the solution. The value of ¢ is not quite 
certain. Gillespie and Oubridge ® used e = 115, but from their own results and those of 
Brand, James, and Rutherford,® and of Gillespie and Cole,® Gillespie and White ™ recently 
deduced a value of 120 at 10°c. Substituting e = 120, we find A = 0-291, and B = 0-273, 
For an electrolyte MHSO,, z, = z_ = 1, therefore: 


el — —0-293/% . ing 000278418) , ye , 


This equation applies only to a solution of a single electrolyte and is therefore not strictly 
applicable to the solutions we are considering, which also contain appreciable concen- 
trations of the ions resulting from the solvent self-dissociation. For simplicity we will 
assume that it is valid for our solutions if we calculate the ionic strength from the expression 


«i 


where ¢; is the molar concentration of the ion i and % its valency, and where the summation 
is taken over all the ions in the solution including those resulting from the solvent self- 
dissociation. 

Hence, we obtain: 


¢=1+ ¢%=1—0-223/%. = -0(0-273d7#) . 2... (82) 
As is discussed in the following paper (see also ref. 5), a value of d = 10 A seems appropriate 
for most electrolyte solutions in sulphuric acid. In order to make some allowance for ionic 


solvation and other factors not allowed for by the Debye—Hiickel theory, we may add an 
empirical term, 62m, where b is an arbitrary constant, thus: 


¢=1 — 022314. —. o(0-2734I#) + Bim . . . . (38) 


Molar concentrations, c, were obtained from the molal concentrations, m, by using the 


* Brand, James, and Rutherford, J., 1953, 2447. 
* Gillespie and Cole, Trans. Faraday Soc., 1956. §2. 1325. 
#0 Gillespie and White, Trans. Faraday Soc., 1958, 54, 1846. 
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appropriate density value. Densities were obtained from the earlier work of Gillespie 
and Wasif / or from the results of some new measurements given in a following paper.™ 

The Freezing Point (T,) of the Hypothetical Undissoctated Solvent.—The freezing-point 
depressions required in the present calculations have to be computed from the freezing 
point, T,, of the hypothetical undissociated solvent. The freezing-point depression 4 
produced by the products of the self-dissociation may be calculated from their concen- 
tration, ma, by using the appropriate form of equation (28) which is 0, = 6-12¢,ma (where 
the term 0-0020 has been justifiably neglected), if ¢9, the osmotic coefficient of the pure 
solvent, is known. There is no way of calculating ¢) from experimental quantities and so 
some assumption must be made about its value. Initially it was simplest to assume that 
4) = 1:00, but it became evident during the calculations that ¢) must be less than 1-00. 
The Debye-Hiickel limiting law gives a value of 0-95. Finally a value of 0-98 was chosen. 
The various theoretical curves which fit the experimental curves at higher concentrations 
give values in the range 0-97—0-99 at the value of J+ corresponding to the pure solvent. 
It must be admitted that the choice of ¢) = 0-98 is rather arbitrary and it could possibly 


Fic. 1. Concentrations of species in solutions of a strong base. 
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be in error by as much as 0-01. Fortunately an error of this magnitude would make little 
difference to the osmotic coefficient curves except at the lowest concentrations, and affects 
none of the main conclusions of this and the following papers. For the values of Kap, Kia, 
K,, and K, finally selected (Table 1), ma = 0-0424, hence 0) = 0-254°, and T, = 10-625°c. 

Determination of the Equilibrium Constants of the Self-dissociation Reactions.—Values 
of K,, = 1-7 x 10“ and 1-56 x 10* mole? kg. have been given previously,*>> and thus 
the range 1-5 x 10“ to 1-9 x 10 was selected for the present calculations. Since the 
previous method of determining Kia assumed that disulphuric acid is fully ionised, it must 
have given a value, 7 x 10°, which was too high. Values in the range 1 x 10° to 
7 x 10° mole? kg. were therefore chosen for the present calculation. Rather smaller 
freezing-point depressions for disulphuric acid solutions were obtained by the accurate 
equilibrium-method measurements described in the previous paper than in the earlier 
work. It was therefore expected that the previous value of 2-0 x 10 mole kg. for K, 
would be rather too high, and values in the range 1-0—2-0 x 10% were chosen for our 
calculations. Since the value of K, is large, t.e., the ionisation of water is almost complete, 
it is not necessary to know its value accurately. The earlier value of K, = 1-2 mole kg. 
was therefore rounded off to 1 mole kg.*! and used in all the calculations. This value was 


" Gillespie and Wasif, J., 1953, 215. 
1? Flowers, Gillespie, and Robinson, J., 1960, 845. 





830 Bass, Gillespie, and Robinson: 


confirmed by the present work. In all cases, except when water itself is the solute, the 
difference between using this value and assuming that water is fully ionised is almost 
negligible. 

The Autoprotolysis Constant.—The total number of combinations of all the values of 
the equilibrium constants to be considered was rather large, but fortunately Ky, could be 
determined more or less independently of Kia, Ka, and Ky. It may be seen from Table 2 
and Fig. 1 that in solutions of metal hydrogen sulphates in sulphuric acid the concentrations 
of H,O*, H,O, HS,0,-, H,S,0,, change rather slowly with increasing concentration of 
metal hydrogen sulphate, and the sum of their concentrations remains approximately 
constant. Thus the variation of Xm and therefore of ¢ with myqso, is to a first 
approximation independent of the concentrations of these ions, and therefore of the 
constants Kia, K,, and K,. It is possible therefore to use the freezing points of metal 
hydrogen sulphate solutions to determine K,y, even although Kj, Ka, and Ky are not 
initially known with accuracy. Values of the concentrations of all the species in solutions 
of a metal hydrogen sulphate were calculated as described above, at rounded stoicheio- 
metric concentrations of solute, m’, for values of Kap = 1-5, 1-6, 1-7, 1-8, and 1-9 x 10+. 
Then from the values of Xm and the freezing-point depressions @ calculated from the 
experimental freezing points given in Part X XVI 4 values of ¢ were calculated by means of 
equation (28). Table 2 shows the concentrations of all the species in solutions of a metal 
hydrogen sulphate, and the total concentration Xm, calculated on the basis of the 
constants Kgp = 1-7 x 10%, Kig = 3-5 x 10°, K, = 1-4 x 10%, and K,=1. Table 8 
gives the freezing-point depressions, and Table 9 the osmotic coefficients, for each of the 


TABLE 8. Freezing-point depressions for some electrolyte solutions. 
(Calculated from the hypothetical freezing-point of the undissociated acid T, = 10-625°.) 


m* (MHSO, ) ...... 0- 0-005 0-010 0-015 0-020 0-025 0-030 0-035 0-040 0-05 0-06 0-07 
CS ae 0-254 0-286 0-324 0-365 0-411 0-460 0-510 0-563 0-616 0-723 0-840 0-955 
NaHSO, _.....<... 0-254 0-286 0-324 0-366 0-412 0-461 0-512 0-564 0-619 0-730 0-846 0-961 
NH,HSQ, ......... 0-254 0-286 0-323 0-364 0-410 0-459 0-508 0-558 0-610 0-720 0-832 0-946 
H,O,H,SO, ...... 0-254 0-261 0-279 0-308 0-345 0-388 0-433 0-479 0-531 0-632 0-741 0-842 
) > M8 0 Nr ere 0-254 0-259 0-274 0-297 0-321 0-349 0-380 0-413 0443 — 0-576 — 
‘m* (MHSO,) ...... 0-08 0:09 0-10 O12 014 016 O18 0-20 024 0-28 0-32 0-36 
ers 1-070 1-190 1-309 1-546 1-789 2-035 2-280 2-524 3-024 — _ _— 
MaRS,  ccccccess 1-079 1-198 1-321 1-569 1-827 2-082 2-342 2-603 3-167 3677 — —_ 
NH,HSQ, ......... 1-059 1-178 1-293 1-525 1-759 1-993 2-225 2-459 — _— _ — 
H,O,H,SO, ...... 0-951 1-061 1-172 1-384 1-601 1-818 2-034 2-250 2-669 3-087 3-495 3-891 
MS 5 eran 0-713 — 0-852 0-990 1-121 1-262 1-400 1-530 — —_ _— _ 


TABLE 9. Osmotic coefficients ¢ of some metal hydrogen sulphate solutions, 
m*(MHSO,) J}* KHSO, NaHSO, NH,HSO, m*(MHSO,) J+* KHSO, NaHSO, NH,HSO, 
0-000 


0-189 0-980 0-980 0-980 0-070 0-378 0-988 0-994 0-978 
0-005 0-203 0-979 0-979 0-979 0-080 0-401 0-988 0-996 0-978 
0-010 0-217 0-980 0-980) 0-978 0-090 0-422 0-989 0-996 0-979 
0-015 0-232 0-979 0-982 0-977 0-10 0-443 0-989 0-998 0-977 
0-020 0-247 0-979 0-982 0-977 0-12 0-482 0-991 1-003 0-977 
0-025 0-262 0-981 0-983 0-979 0-14 0-517 0-993 1-013 0-976 
0-030 0-276 0-981 0-985 0-978 0-16 0-550 0-997 1-020 0-977 
0-035 0-290 0-984 0-987 0-977 0-18 0-581 1-000 1-031 0-976 
0-040 0-304 0-983 0-988 0-974 0-20 0-611 1-001 1-032 0-975 
0-050 0-330 0-980 0-989 0-975 0-24 0-666 1-006 1-044 0-975 


0-060 0-355 0-985 0-992 0-976 


* The small differences in the densities of solutions of these electrolytes do not cause significant 
differences in the J+ values. 


electrolytes NaHSO,, KHSO,, and NH,HSO,. Similar tables were computed for each 
of the values of Ky» given above. Various other values of Kia and K,, were used during 
preliminary calculations and it was found, as expected, that the effect on the values of the 
osmotic coefficients obtained was almost negligible. Fig. 2 shows a plot of values of ¢ 
against J+ for each of the above three electrolytes and each of the values of K, = 1'5, 
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1-7, and 1-9 x 10, together with a number of theoretical curves calculated from equation 
(33) with d = 10 and the values of b shown. From a comparison of these curves, and of 
many others not shown, the “ best value” of Ka, was selected. 

Exact agreement with the theoretical curves cannot be expected because they refer 
to a single electrolyte, while the solutions we are considering contain in addition the 
products of the solvent self-dissociation. Since the concentration of self-dissociation 


Fic. 2. Determination of the value of Kap for MHSQ,. 
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Broken curves are calculated by means of equation (33) with d = 10 and the values of b indicated on the 
curves. In each triad of curves Kap = 1-9, 1-7, and 1-5 x 10- in descending vertical sequence. 


species decreases with increasing concentration of added electrolyte any deviation from the 
theoretical curves is expected to be greatest at low concentrations of the added electrolyte 
and to become negligible at higher concentrations. It seems reasonable to expect that 
the electrolytes resulting from the dissociation, i.e., HyO0,HSO, and H,SO,,HS,O,, would 
behave in a similar fashion to the other electrolytes that we have investigated, while the 
non-electrolytes might be expected, at least in the small concentrations in which they are 
present, to have little effect on the osmotic coefficient. If it is also assumed that there 
are no large specific interactions between the various electrolytes and non-electrolytes 
present, no large deviations from the theoretical osmotic coefficient curves which fit the 
various electrolytes at higher concentrations would be expected even at lower concen- 
trations. All the experimental curves must, of course, approach the value ¢ = 0-98 at 
the value of J+ corresponding to the pure acid. 

The osmotic coefficient curves for K,, = 1-9 x 10“ all show a rapid initial rise followed 
by a much flatter portion which is not consistent with any theoretical curve. This 
behaviour is further accentuated at higher values of K,p and it seems reasonable to conclude 
that it arises because the value of K,, is too high. A similar although rather less marked 
effect is given by the osmotic coefficient curves calculated on the basis of K,, = 1-8 x 10+. 
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On the other hand, the osmotic coefficients calculated by using Ky» = 1-5 x 10“ showa 
greater and more rapid initial decrease than is consistent with the various theoretical 
curves which fit the experimental values at higher concentrations. Again, decreasing the 
value of K,, even further accentuates this effect and it may be concluded that these values 
of Kap are too low. The intermediate value of Kap = 1-7 x 10 mole? kg. seems to give 
about the most reasonable osmotic coefficient curves in all cases and it was therefore 
selected as the “ best” value. A possible error of 0-1 x 10 seems likely and it does not 
appear to be possible to determine the value more accurately by the present method. 
The Ionic Self-dehydration Constant, K ia.—The value of K,, having been determined, the 
ionic self-dehydration constant K;g was determined from the freezing points for solutions 
of water. Values of the concentrations of all the species in water solutions were calculated 
for values of Kjg = 2-5, 3-5, 4-0, and 5-5 x 10°, and K,, = 1-7 x 10%, K, = 1-4 x 10% 
and K, = «, 1.e., by assuming that water is fully ionised. Other values of K, were used 
during the preliminary calculations but, as expected, had little effect on the concentrations 
of the species as the concentrations of H,S,O, and HS,O,- are both very small in this 
system. Thus Kjg could be determined essentially independently of the value of K,. 
From the total concentrations of species at different stoicheiometric concentrations of 
water, and the freezing-point depressions @ calculated from the freezing points given in the 
previous paper,‘ values of the osmotic coefficient ¢ were calculated by means of equation 
(28). Table 3 gives the concentrations of all the species and their total concentration 
mj; for rounded concentrations of water. Table 10 gives values of the osmotic coefficients 
corresponding to the values Kig = 3-5 x 105, K,, = 1-7 x 10%, and K, = 1-4 x 10°, 


TABLE 10. Osmotic coefficients of water solutions. 


Ky =o K,=1 Ki = @ K,=1 
m* (H,O) It é It ¢ m® (H,O) It $ It é 
0-000 0-189 0-980 0-189 0-980 0-08 0-389 0-942 0-375 0-977 
0-005 0-196 0-984 0-195 0-981 0-10 0-431 0-937 0-413 0-979 
0-010 0-204 0-976 0-203 0-976 0-12 0-470 0-933 0-447 0-978 
0-015 0-216 0-975 0-214 0-976 0-14 0-506 0-927 0-477 =: 0-982 
0-020 0-229 0-975 0-227 0-978 0-16 0-540 0-924 0-505 0-987 
0-025 0-243 0-978 0-241 0-979 0-18 0-572 0-921 0-532 0-988 
0-03 0-258 0-970 0-255 0-976 0-20 0-602 0-916 0-556 0-992 
0-04 0-287 0-967 0-282 0-979 0-24 0-657 0-911 0-600 0-992 
0-06 0-341 0-953 0-332 0-979 0-28 0-708 0-906 0-639 0-997 


Similar tables were computed for each of the values of Kia given above. Fig. 3 shows 
plots of ¢ against J+ for each of these values of Kia, together with some theoretical curves 
for comparison. The curve corresponding to Kig = 2-5 x 10° shows very rapid initial 
decrease and at one point almost coincides with the Debye—Hiickel limiting-law curve. 
With lower values of Kig some less complete calculations showed that this effect was 
accentuated. It was concluded that Kjq must be greater than 2-5 x 10°. On the other 
hand, for Kig = 4:0 x 10°, ¢ initially increases before passing through a maximum value 
and decreasing at higher concentrations. For higher values of Kja, e.g., 5-5 x 10°, this 
behaviour is accentuated, and it was therefore concluded that the value must be less than 
4-0 x 10%. The curve for Kia = 3-5 x 10° seems to be of reasonable shape and to 
compare well with the theoretical curves; therefore this was chosen as the best value of Kya: 
it was confirmed by considering the freezing points of oleum solutions. 

The Incomplete Dissociation of Water—The marked decrease in the osmotic coefficients 
of water with increasing concentration differs from the behaviour of the osmotic coefficients 
of alkali-metal hydrogen sulphate solutions. It is, in particular, different from that of 
KHSO, and NH,HSO,, which H,O,HSO, might perhaps be expected to resemble. The 
most plausible explanation appears to be that the ionisation of water is not quite complete; 
and, indeed, if a dissociation constant of the order of unity is assumed, an osmotic co- 
efficient curve is obtained which falls between those of KHSO, and NH,HSO, and agrees 
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well with a theoretical curve. The concentrations of species in water solutions in sulphuric 
acid, on the assumption that K, = 1, are given in Table 4, and the corresponding osmotic 
coefficients in Table 10. The incomplete dissociation of water is more fully discussed in 
the following paper. 

The Acid Dissociation Constant, Ka, of Disulphuric Acid.—The values of K,, and Kia 
having been determined it was possible to determine K, from the freezing points of oleums 
by essentially the procedure described above. Values of K, in the range 0-010—0-020 
were considered in trial calculations. Table 5 gives the concentrations of all the species 
in oleum and the osmotic coefficient for Kz, = 1-7 x 10%, Kia = 3-5 x 10°, and K, = 
0-014; Fig. 4 illustrates the osmotic coefficient curves obtained for K, = 0-012, 0-014, and 
0-016. Since disulphuric acid H,S,0, is only a weak electrolyte the change in ionic 
concentration with its increasing stoicheiometric concentration is small. In fact, because 


Fic. 3. Determination of the value of Kya. 
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of the repression of the self-dissociation equilibria, the ionic strength of the solution 
initially decreases very slightly before slowly increasing as the concentration of oleum is 
further increased. It would be expected therefore that ¢ would change only rather slowly 
with increasing concentration of oleum, particularly at low concentrations, and would 
probably show a roughly linear dependence on concentration, as would be expected for a 
non-electrolyte. Values of K, equal to, or less than, 0-012 give an osmotic coefficient 
curve which increases rapidly with increasing molality at low concentrations and then 
more slowly at higher concentrations. For K, = 0-016 the osmotic-coefficient curve 
shows an initial rapid decrease followed by a minimum and then a slow increase. For 
higher values of K, the initial decrease is still faster. Thus it was concluded that the 
value of 0-016 was too high while 0-012 is too low. The intermediate value of 0-014 gives 
an almost linear osmotic curve with an initial zero slope, and was chosen as the best value. 
It should be noted that the value 0-014 applies only to the most dilute oleums, as at 
higher concentrations oleums contain other polysulphuric acids such as H,S,0,, and 
H,S,0,,. These acids are stronger than disulphuric acid and would cause an apparent 
increase in the dissociation constant K, calculated on the basis that H,S,O, is the only 
acid present. It is not possible to separate the effect of small unknown amounts of 
polysulphuric acids from activity effects, and no detailed interpretation of the osmotic 
coefficient curve can be given. 
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Fig. 4 also shows the effect on ¢ for disulphuric acid solution of varying Kjz, with 
Kap = 1-7 x 10% and K, = 0-014. Since a value 25 x 10° for Kia gives an initial s 
decrease in ¢ while one of 4-0 x 10° gives an initial increase, the value 3-5 x 10° is clearly 
more satisfactory, as was also concluded above from the freezing points of solutions of 
water. 


Fic. 4. Determination of the value of K,. 

















“OO-L o 
A 099+ ninth KOE D ; A 
0-98 - ; Ri genase rte oa 
O-99F °C 
7 098} 3 
~ O-99+ pC ene 
°C oset Oe 5 
> O:99+ 
5 2 098F o 
0-99} E és o—_o— 
fF O98r —s 
0-97 F 
O-96- 
l L 1 oa l 
0-05 Ov O-uS 0-2 O25 
Zmi; 
Curve A B Cc D E 
a Ee 4-0 3-5 3-5 3-5 2-5 
ae Sar 0-014 0-012 0-014 0-016 0-014 


Fic. 5. Comparison of experimental and calculated freezing points for the H,O-SO, system in the 
region of the composition H,SO,. 
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Fig. 5 shows the experimental freezing points for the H,O-SO, system in the region 
of the composition H,SO, compared with those calculated by means of equation (28) with 
¢ = 1 and the values of Xm, given in Tables 4 and 5. 

Methods of Correcting for Solvent Dissociation in Solutions of Electrolytes.—For solutes 
which ionise as simple acids or bases in sulphuric acid, and for substances which ionise by 
simple dehydration to give rise to oxonium and hydrogen sulphate ions in equal 
amounts, ¢.g., EtOH + 2H,SO, = EtHSO, + H,0*+ + HSO,-, it is simple to correct 
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for unrepressed solvent self-dissociation in any solution, as the concentrations of self- 
dissociation species may be obtained from Tables 2, 3, and 6. 

For complex electrolytes it is, in principle, possible to calculate the concentrations of 
all the solute species in any solution by the methods outlined above, as shown in the 
particular case of XOH (Table 7). In practice this is often tedious. It is the purpose of 
this section to show that it is often not necessary to carry out the complete calculation for 
each electrolyte. If, as in many cases, we are interested in finding the number of moles of 
particles, v, produced in solution by one mole of solute, a simple approximate calculation 
is adequate. We assume that autoprotolysis is essentially independent of the other self- 
dissociation equilibria and that therefore the concentration of the autoprotolysis ions 
(H,SO,* and HSO,>) is determined by the amount of added HSO,~ (or H,SO,*), while the 
concentrations of the other species (H,O*, HS,O,-, and H,S,0,; water is assumed to be 
fully ionised) are determined by the concentration of added H,O*. (Cases where the 
added electrolyte produces HS,O,- or H,S,0, are of less interest since they are rare, but 
they could easily be dealt with in a similar manner.) We may then find the concentration 
of autoprotolysis ions m, = m(H,SO,*) + m(HSO,-) —m*(HSO,~), for any stoicheiometric 
concentration of HSO,~ from the values given in Table 2 for strong bases. The concen- 
tration of the remaining self-dissociation species [t.e., mg = m(H,O*) + m(HS,O,-) + 
m (H,S,0,)—m*(H,O*)] for any stoicheiometric concentration of H,O* may similarly be 
found from the values for water given in Table 3. Values of m, and mg are given in Table 11. 


TABLE 1l. Approximate concentrations of self-dissociation species in solutions of 
electrolytes producing HSO,- and H,O*. 


m* (HSO,~) Ma m* (HSO,~) Ma m® (H,O*) mg m* (H,O*) mg 
0-01 0-0191 0-10 0-0036 0-01 0-0081 0-10 0-0008 
0-02 0-0142 0-12 0-0028 0-02 0-0047 0-12 0-0006 
0-03 0-0110 0-14 0-0023 0-03 0-0030 0-14 0-0006 
0-04 0-0088 0-16 0-0017 0-04 0-0020 0-16 0-0004 
0-06 0-0063 0-18 0-0012 0-06 0-0014 0-18 0-0004 
0-08 0-0045 0-20 0-0010 0-08 0-0009 0-20 0-0003 

0-24 0-0003 0-24 0-0002 
0-28 —0-0001 0-28 0-0000 


The accuracy of this approximate method has been tested by comparing values of v 
calculated from both the exact and the approximate concentration of self-dissociation 
species for several types of electrolyte. 

From equation (28) we have 


6-12¢2 mi = 0(1 + 0-0026) 
Now Lm = vn* + ma 
Hence v = 60(1 + 0-0026)/6-12¢m*— mal/m® . . . . . (84) 


Since in general ¢ is not known it is necessary to set ¢ equal to unity and to calculate an 
approximate value of v denoted by v’, where 


v’ = 0(1 + 0-0026)/6-12m* — ma/m® . . . . . (35) 
If we use the approximate method of obtaining m, outlined above we may then write: 
ma = Mz + mg 


and v’’ = 0(1 + 0-0026)/6-12m* — (m, + mg)im® . . . . (36) 


Values of v’ and v’” are compared for the electrolytes NaHSO,, H,O, Ph,C-OH, and H,BO, 
in Table 12. In the case of NaHSO, the total concentration of the species H,O*, HS,O,-, 
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and H,S,O, remains approximately constant and a mean value of mg = 0-0133 was taken, 
In the other cases the appropriate values of m, and mg were obtained from Table 11. ]t 
may be seen that in all cases agreement between v’ and v” is very good, in general better 


TABLE 12. Approximate values of v (v' and v"’) for some electrolytes. 


NaHSO, Ph,C-‘OH H,O H,Bo, 

m y’ yp’ ms yp’ py” ms y’ yp” ms y’ " 
0-04 197 1-98 0-02 377 3-82 0-04 192 190 0015 625 629 
0-06 198 1-98 0-03 3-74 3-78 0-06 190 1-90 0-02 604 610 
0-08 199 1-98 0-04 380 3-81 0-08 187 1-87 0-03 597 5-97 
0-10 200 2-00 0-05 386 3-86 0-10 1:87 1-87 0-04 585 5:85 
0-12 201 2-01 0-06 389 3-90 0-12 1:87 1-87 0-05 579 &79 
0-14 203 2-02 0-07 3-94 3-94 0-14 186 1-86 0-06 574 &79 
0-16 205 2-05 0-08 3:94 3-93 0-16 1:86 1-86 0-07 568 5-69 
0-18 206 2-06 0-09 398 3-97 0-18 1:85 1-85 0-08 560 5-6] 
0-20 207 2-06 010 401 4-01 0-20 1-84 1-84 
0-24 211 QI 0-24 183 1-83 
0-28 211 211 0-28 181 1-81 


than 1%. This is certainly more than adequate since the assumption that ¢ = 1 may 
introduce greater errors. 
We may note that from equation (34) we obtain: 


vp = O(1 + 0-0026)/6-12m* — mad/m* 
Hence v’ = dv 


It is also important, in calculating the stoicheiometric concentrations (m*) of a complex 
electrolyte such as Ph,C*OH or H,BO,, to allow for the sulphuric acid consumed in the 
reaction of the electrolyte with the solvent. This is one reason why equation (35) differs 
from the equation that has been used to calculate v in previous Parts of this series [e.g., 
equation (1) in reference 13]. In this previous equation the molality of the solute 
(m,) was the apparent molality calculated without allowance for solvent used in the 
ionisation of the solute. Allowance was made for this in the equation by the appropriate 
introduction of s, the number of moles of solvent used in the ionisation of one mole of the 
solute. Equation (35) also differs from this earlier equation because of the use of the molal 
osmotic coefficient ¢ in the former and the rational osmotic coefficient g in the latter. 
Since, even at the highest concentrations that have generally been used in the measurement 
of freezing-point depression in sulphuric acid, ¢ differs from g by only 2% (see footnote, 
p. 827), it is not important for the purpose of determining values of v whether ¢ or g is set 
equal to unity. Finally, in the earlier equation, 6 represented the freezing-point depression 
corrected by subtracting an approximate value for the freezing-point depression due to 
the self-dissociation species while, in equation (35), 6 represents the actual freezing-point 
depression calculated from T, (10-625°) and allowance for the self-dissociated species is 
made by means of the term mg/m’. 

We conclude that the approximate method outlined above for obtaining the concen- 
trations of the self-dissociation species (ma) is adequate for calculating values of v in all the 
cases tested, and it may presumably be used for any electrolyte which ionises to give 
HSO, and H,O* ions and other ions not common with the solvent. Electrolytes which 
ionise to give H,SO,* and HS,O,~ are much less common but they may be evidently treated 
in the same manner. 

Table 11 thus summarises all the information needed to make adequate allowance for 
the concentration of self-dissociation species in the calculation of v for most complex types 
of electrolyte. 


WILLIAM RAMSAY AND RALPH FoRSTER LABORATORIES, 
University CoLLeGE, Lonpon, W.C.1. [Received, May 12th, 1959.) 


8 Flowers, Gillespie, and Oubridge, J., 1956, 1925. 
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a 468. Solutions in Sulphuric Acid. Part XXVIII.* Osmotic 
etter Coefficients of Some Electrolyte Solutions. 
By S. J. Bass, R. J. Gmespie£, and J. V. OUBRIDGE. 
Osmotic coefficients of solutions of some metal hydrogen sulphates and of 
we some organic bases have been calculated from the results of new freezing- 
3-99 point measurements on these solutions. The osmotic coefficients are shown 
3-10 to be consistent with an extended form of the Debye-Hiickel equation 
97 involving an additional term which is linear in the ionic concentration. It is 
5-85 concluded that the non-ideal behaviour of electrolyte solutions in sulphuric 
o acid can be attributed mainly to the effects of ion solvation and ion size. 
5-69 Electrostatic interionic forces have a small but not negligible effect which, 
61 because of the high dielectric constant of sulphuric acid and the high ionic 
strength of the pure solvent, is very nearly independent of the concentration 
of the electrolyte. 
Va.uEs of the osmotic coefficients of some metal sulphate solutions have been calculated 
may by Gillespie and Oubridge } from the results of their freezing-point measurements on these 
solutions. In the present paper we first discuss new values of the osmotic coefficients of 
solutions of the hydrogen sulphates of barium, sodium, lithium, potassium, ammonium, 
silver, and oxonium, and the conjugate acid of benzophenone, calculated from the new 
accurate freezing points obtained by the equilibrium method. Then are given some 
less accurate values of the osmotic coefficients of the hydrogen sulphates of the conjugate 
plex acids of some ketones and amines, calculated from freezing-points obtained by the 
the Beckmann method. 
ffers Osmotic Coefficients from Freezing Points.—Freezing-point depressions calculated from 
(eg., the freezing points given in Part XXVI? and the hypothetical freezing point of 
lute undissociated sulphuric acid,* 7, = 10-625°, are given in Table 1. Osmotic coefficients ¢ 
the § were calculated by means of the equation (28) of Part XXVII, viz.: 
pe ¢ = O(1 +. 0-0020)/6-122m, . . . . . . . (I) 
wlal with the values of }mj, the total concentration of solute species, given in Tables 2—4 of 
tter. that paper; these osmotic coefficients are given in Table 2 and in Fig. 1. Ionic strengths ° 
nent I were calculated from molal concentrations, with the densities reported in the following 
ote, paper. The interpretation of the curves in Fig. 1 is not straightforward as they refer, 
3 set not to solutions of single electrolytes, but to mixtures of an electrolyte with the ions 
sion and molecules remaining from the solvent self-dissociation. The concentrations of the 
eto ff self-dissociation species are negligibly small at higher electrolyte concentrations but of a 
oint increasing importance at lower concentrations until in an infinitely dilute solution of the 
s is electrolyte the solution contains only the self-dissociation species. An ionic strength 
less than that of 100% sulphuric acid cannot be obtained, and all the osmotic coefficient 
cen- =f curves terminate at J+ = 0-189 and ¢ = 0-98 which are the values for 100% H,SO,. For 
the simplicity we shall treat these solutions as if they contained a single electrolyte only and 
vive bear in mind that the agreement between the experimental curves and theoretical curves 
ich may not be very good at the lower electrolyte concentrations. The variation of the 
ited osmotic coefficient with concentration may be accounted for by means of an equation of 
the form: 
for ff fut +o Gy ..-.. re Se 
oo where ¢* is the contribution of electrostatic interionic forces to the osmotic coefficient, b 
; isan arbitrary parameter, and }m; is the total concentration of ionic species in the solution. r 
J * Part XXVII, preceding paper. 
* Gillespie and Oubridge, J., 1956, 80. hy 





* Gillespie and Bass, J., 1960, 814. 
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TABLE 1. Freezing-point depressions (equilibrium method). 


m* Ph,C(OH)*-HSO, NaHSO, LiHSO, KHSO, NH,HSO, AgHSO, H,0,HSO, Ba(HSO,), 
0-000 0-254 0-254 0-254 0-254 0-254 0-254 0-254 0-254 
0-005 — 0-286 0-286 0-286 0-286 0-261 — 
0-010 0-325 0-324 0-324 0-323 0-279 0-350 
0-015 0-366 0-365 0-365 0-364 0-308 — 
0-020 0-412 0-411 0-411 0-410 0-345 0-489 
0-025 0-461 0-460 0-460 0-459 0-389 — 
0-030 0-512 0-510 0-510 0-508 ° 0-433 0-660 
0-035 0-564 0-563 0-563 0-558 , 0-479 

0-040 0-619 0-616 0-616 0-610 , 0-531 

0-05 0-730 0-723 0-723 0-720 , 0-632 

0-06 0-846 0-840 0-840 0-832 , 0-741 

0-07 0-961 0-955 0-955 0-946 “92 0-842 

0-08 ‘ 1-079 1-070 1-070 1-059 035 0-951 

0-09 1-198 1-190 1-190 1-178 14! 1-061 

0-10 1-321 1-309 1-309 1-293 “3 1-172 

0-12 1-569 1-551 1-546 1-525 ° 1-384 

0-14 ‘ 1-827 1-794 1-789 1-759 : 1-601 

0-16 2-082 2-043 2-035 1-993 ‘ 1-818 

0-18 2-342 2-289 2-280 2-225 ; 2-034 

0-20 2-603 2-533 2-524 2-459 ‘ 2-250 

0-22 2-869 2-787 2-777 2-693 ‘ 2-457 

0-24 3-140 3-048 3-025 2-930 ‘ 2-669 

0-26 3-413 3-307 ‘ 2-880 

0-28 3-677 - , 3-088 

0-32 3-495 

0-36 : - 3-900 

0-40 4-301 


TABLE 2. Osmotic coefficients of some electrolyte solutions. 


m* Ph,C(OH)-HSO, NaHSO, LiHSO, KHSO, NH,HSO, AgHSO, AgHSO,* H,0,HSO, H,0,HSO,* Ba(HSO,), 
0-000 0-980 0-980 0-980 0-980 0-980 0-980 0-980 0-980 0-980 0-980 
0-005 0-979 0-979 0-979 0-979 0-984 0-981 — 
0-010 0-980 0-980 0-980 0-978 - — 0-976 0-976 0-979 
0-015 0-982 0-979 0-979 0-977 - - 0-975 0-976 — 
0-020 0-982 0-979 0-979 0-973 0-975 0-978 0-971 
0-025 0-983 0-981 0-981 0-979 — 0-978 0-979 _ 
0-030 0-985 0-981 0-981 0-978 0-988 0-970 0-976 0-986 
0-035 0-987 0-984 0-984 0-977 0-989 _ _ _— 
0-040 0-989 0-983 0-983 0-974 0-985 0-967 0-979 1-011 
0-05 0-989 0-981 0-980 0-975 0-983 —_ _ 1-025 
0-06 , 0-992 0-985 0-985 0-976 0-983 0-953 0-979 1-035 
0-07 . 0-994 0-988 0-988 0-978 0-983 _ — 1-042 
0-08 : 0-996 0-988 0-988 0-978 0-983 0-942 0-977 1-047 
0-09 0-996 0-989 0-989 0-979 0-981 _ — 1-055 
0-10 0-998 0-989 0-989 0-977 0-986 0-937 0-979 

1-003 0-993 0-991 0-977 0-989 0-933 0-978 

1013 0-996 0-993 0-976 0-992 0-927 0-982 

0-16 1-020 1-001 0-997 0-977 0-995 0-924 0-987 
1-031 1-004 1-000 0-976 0-997 0-921 0-988 

1-032 1-005 1-001 0-975 1-000 0-920 0-992 

0-22 1-038 1-007 1-003 0-974 ° 0-914 0-992 
0-24 1-044 1-015 1-006 0-975 . 0-911 0-992 
1-051 ° 0-908 0-993 

1-054 — — ‘ 0-906 0-997 

0-32 . - . 0-898 0-998 
0-36 - - 0-893 1-000 
-- - 0-888 1-005 


23321111 


} 


Interionic Forces.—The contribution of electrostatic interionic forces to the osmotic 
coefficient may be obtained from the Debye—Hiickel theory. The exact expression for 
the contribution of interionic electrostatic forces to the free energy of the solution G*' has 
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been given by Fowler and Guggenheim * (equation 918-1) and from this it may be shown 
that ¢” is given by the expression: 


$*! = —0-223]4|z,z_|o(0-273dI#) .clmp . . . . . . (3) 


where o is of the form o(x) = 3/s3[(1 + x) — 2In (1 + x) — 1/(1 + x)]; c is the molar 
concentration of electrolyte, m its molal concentration, J is the ionic strength [4c(v,z,? + 
v_z*)], v, and v_ are the numbers of moles of cation and anions respectively produced by one 
mole of electrolyte, z, and z_ are the valencies of the cations and anions respectively, d 
is the distance of closest approach of cation and anion, and ¢ is the density of the solution. 
As explained in Part XXVII the numerical constants in this equation have been calculated 
by using a value of 120 at 10° for the dielectric constant of sulphuric acid. 





Ph,COH 


Fic. 1. Osmotic coefficients. 
---- Calculated curves (1 + ¢) (equation +0 
3, with the values of d indicated) LL= © 
Debye-Hiickel limiting law. 











The term (1 + ¢%) is plotted against J+ for different values of the parameter d in Fig. 1. 
For d > 10 the value of 1 + ¢* is almost independent of concentration over the range 
accessible in sulphuric acid. 

It may be seen that the electrostatic term alone is not sufficient to account for the 
osmotic coefficients of most of the electrolytes studied. Ionic solvation and other factors 
not considered in the Debye-Hiickel theory are allowed for in an empirical manner by the 
linear term bm; where d is an arbitrary constant. 

Determination of d and b Values.—A plot of (¢ — ¢$*) against }m, should be a straight 
line of slope b intersecting the vertical axis at ¢ — ¢* = 1-0. A set of such plots for 
KHSO, for different values of d is shown in Fig. 2. Only d = 10 gives a straight line that 
extrapolates satisfactorily to 6 — ¢* = 1-0, and this is chosen to be the best value for this 
electrolyte. Although the plots for other values of d are not straight lines over the whole 
of the concentration range their linear portions all have very nearly the same slope, so that 
the value of b can be determined almost independently of d. For KHSO, the value of } 
was found to be 0-07. Values for d of 10 + 2 were obtained in the same way for all the 
electrolytes, except silver and hydroxonium hydrogen sulphates which gave much smaller 
values, of the order of 2. The results for the last two electrolytes could be fitted almost 
as well with d = 10 and a negative value for b of —0-1. Plots of (¢ — ¢®) for all the 


* Fowler and Guggenheim, “‘ Statistical Thermodynamics,” Cambridge Univ. Press, 1949. 
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TABLE 3. Values of ad, b and s from equilibrium freezing points. 


Cation @ (exp.) a (calc.) b s (eq. 7) s (eq. 12) h* 
rie ccssbanscades 10 10-1 0-32 11-5 6-5 3-0 
MEREAMEE” dastennceces 10 _— 0-28 6-6 13 fies 
ae Pe a ee 10 9-7 0-14 3-8 3-0 2-0 
SEED. sintesbsiivehdedindibieebeedas 10 9-3 0-08 2-6 2-3 3-4 
BaP neh etadesuciteccuccs 10 10-0 0-07 2-4 2-1 0-6 
Belg” Macsbbadccben cS éca% 10 10-2 0-015 1-2 1-2 0-2 
SE i Rinrmincateomsmaniin 2 10-0 0 —_ — pm 
TS -wetiteiienemmenes 2 10-2 0 -—— — 40 
Agt (Ky = 1)......... 10 10-0 0-07 2-4 2-1 oa 
H,O+ (Ky = 1) ...... 10 10-2 0-06 2-1 1-8 40 


* Hydration numbers in aqueous solution (ref. 7). 


electrolytes, and for d = 10 in each case, are shown in Fig. 3 and the corresponding values 
of b are given in Table 3. 

In view of the limited accuracy with which they can be determined no significance can 
be attached to small differences between the d values for different electrolytes. The value 


Fic. 3. Plots of (¢ — ¢") for determining b values, 





114P 


110F 
Fic. 2. Determination of the value of 4 for ” ° Ph,COH 
potassium hydrogen sulphate. : 
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by —0-01 on the vertical axis. 
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The curves are shifted vertically with respect to that 
for LiHSO, by the following amounts: Na +0-01, 
Ph,COH +0-02, Ba +0-6, K —0-01, Ag —0-02, 
H,O —0-03, NH, —0-04. 


of d = 10 is larger than is generally found for electrolytes in aqueous solution. Gillespie 
and Oubridge + pointed out that such a value could be accounted for if it was assumed that 
there is a solvation sheath at least one solvent molecule thick between oppositely charged 
ions when they collide. Wicke and Eigen* have previously made this assumption for 
* Wicke and Eigen, Z. Elekirochem., 1953, 57, 319. 
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strong electrolytes in aqueous solutions. Collision diameters calculated on this basis 
from the ionic crystal radii of the cations (r*) and estimated values of the radii of the 
hydrogen sulphate ion (y~ = 2-90 A) and the diameter of a sulphuric acid molecule (d = 
5-80 A), i.c., d= r* + 7° + d, are given in Table 3. They agree well with the observed 
values. 

It is definitely not possible to account for the observed osmotic coefficients with a 
collision diameter as small as the sum of the ionic radii, which is 3-5—4-5 A, when a radius 
of 2-9 A is assumed for the hydrogen sulphate ion.1 Gurney 5 pointed out for the case of 
aqueous solutions that, because of the high dielectric constant of the solvent and the 
consequent reduction in the electrostatic forces between the ions, approximately 1 A 
should be added to the sum of the crystal radii in order to obtain the distance of closest 
approach of oppositely charged ions in solution. A similar calculation, with allowance for 
the higher dielectric constant of sulphuric acid, shows that not more than 2 A should be 
added, leading to expected values of the distance of closest approach of the order of 5-5— 
6:5 A. The higher observed value seems to provide evidence of the existence of a solvation 
sheath around at least one of the ions which is not penetrated on collision with an ion of 
opposite charge. 

This rather large value of d and the high ionic strength of the pure solvent mean that 
although interionic forces are not negligible in sulphuric acid their effect is practically 
constant over all the accessible range of ionic strengths (Fig. 1). 

Ion Solvation.—The linear term b&im, in equation 1 was interpreted by Gillespie and 
Oubridge ! in terms of ion-solvent interaction. If we similarly assume that, apart from 
the effects of electrostatic forces between solvated ions, the only contribution to the non- 
ideality of the solutions considered comes from the removal of solvent molecules by ion 
solvation, then we can write for the free energy of the solution: 


° ° e. Nv 
G = mpyy° + Mug? + G4 + RT | ma, a 


Nyv_ Ns 
+ myyv_ In wa, + + In na | (4) 

where #, is the number of moles of “ free” solvent, m, is the number of moles of solute, 
v, is the number of moles of positive ions, v_ the number of moles of negative ions, and 
v=yv, + v_ is the total number of ions produced by one mole of the solute, G*! is the 
electrical contribution to the free energy, and u,° and u,° are the standard-state chemical 
potentials of the solvent and solute respectively. 

If n, is the total number of moles of solvent, 1.¢., 1; = ", — M98, where s is the solvation 
number of the solute, then differentiating with respect to m, at constant m, gives: 


nN, — NoS 
Ng(v — S$) + Ms 


Now since ,/n, = m/M, where m is the molality of the solute and M is the number of 
moles of solute per kg. of solvent, and the osmotic coefficient is defined by: 


Ys = ts — RT vmd/M 


@?=1+¢%+(2s—v)m/2M...... . (6) 
For sulphuric acid solutions we replace m by Xmy/2 and since M = 10-2 we see by com- 
parison with equation 1 that 
b = (2s — v)/40-8, 4.2,s=204+vw2..... . (7) 


Ms = Us + RT In AP icc oat ed Pi 


we have 


Values of s calculated from equation 7 are given in Table 3. 


5 Gurney, “ Ionic Processes in Solution,”” McGraw-Hill, New York, 1953. 
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Entropy of Mixing.—Glueckauf ® has pointed out that this type of treatment ignores 
the entropy of mixing of the solvent molecules and the solvated ions which will in general 
differ in size. He pointed out that this can be conveniently allowed for by using volume. 
fraction rather than mole-fraction statistics. Thus the expression for the free energy js 
written in the form: 

Party ° Ny," Neda” My0s 
G = my? + mye’ + G+ RT [ In v, V + mgv_ In v_ 7 oF + n,1n "| (8) 





where d,* and d,~ are the partial molar volumes of the hydrated ions, 7d, is the partial molar 
volume of the solvent, and V is the volume of the solution 


V = mg (v,0,* + v — 0,7) + mgd = Mebo + MWe. - - « « (9) 


where ¢, is the apparent molar volume of the electrolyte (unsolvated), and v,° is the molar 
volume of the pure solvent. 
Differentiating with respect to », at constant , and substituting r = ¢/v,° we obtain: 





m [(r +s)? 
= 94 [SF - ] ee oie 
For sulphuric acid solutions we replace m by Xmj/2 and hence 
2 
»= ("59 —n|/2m Bh yb qe aastng. aa 
2 
or ba! _ ie, s = (22044 7)H—r 2. . (2 


The apparent molar volumes, ¢,, are given in the following paper. Values of s calculated 
from equation (12) are given in Table 3. 

Since all the electrolytes studied have the hydrogen sulphate ion as a common cation, 
the solvation numbers reflect the relative extents of solvation of the cations. In view of 
the large size of the hydrogen sulphate ion and its general similarity to the solvent 
molecules, it is, perhaps, not unreasonable to assume that the hydrogen sulphate ion is not 
solvated, in which case, the observed values may be regarded as the solvation numbers of 
the cations. 

It is interesting that equation (12) gives a smaller and more reasonable solvation 
number for the highly solvated, and therefore large, barium ion, and also for the large 
Ph,CO,H* ion than does equation (7). The solvation numbers given by the Glueckauf 
treatment are of reasonable magnitude for primary solvation numbers and generally show 
the expected variation with ion size and charge. Lithium appears to be anomalous in 
that its solvation number is less than that of sodium. This can probably be attributed 
to the fact that the maximum co-ordination number of the lithium ion for sulphuric acid 
molecules is only three while that of the sodium ion is four.1 Solvation numbers in 
sulphuric acid generally appear to be rather larger than in aqueous solution (Table 3), and 
this is consistent with the probably greater polarity of the sulphuric acid molecule. An 
exception is provided by the hydroxonium ion which has a solvation number of 1:8 in 
sulphuric acid but a hydration number of 4-0 in water; the high hydration number of the 
oxonium ion can be attributed to its special relation to the structure of water.’ 

Silver and Hydroxonium Hydrogen Sulphates—The interpretation of the low osmotic 
coefficients of the solutions of AgHSO, and H,0,HSO, is not quite certain. In view of the 
incomplete dissociation shown by some silver salts in aqueous solution, and the incomplete 
dissociation of liquid sulphuric acid monohydrate,® it does not seem unreasonable to 

* Glueckauf, Trans. Faraday Soc., 1955, 51, 1235. 

7 Bascombe and Bell, Discuss. Faraday Soc., 1957, 24, 158; Ackermann, ibid., p. 180. 


8 Young and Blatz, Chem. Rev., 1949, 44, 93; Young, in ‘‘ The Structure of Electrolyic Solutions,” 
ed. Hamer, Wiley, New York, 1959. 








1+ 


co! 


fo 





nh, 
of 
it 
yt 
of 


re 


| 4 
a 


Oo KF RP eer ee Se = 


w o@ CO Co 








1960] Solutions in Sulphuric Acid. Part XXVIII. 843 


assume that AgHSO, and H,0,HSO, might be incompletely dissociated in dilute solution 
in sulphuric acid. In the former case there could be some covalent contribution to the 
ponding between the silver and the hydrogen sulphate, and in the latter there could be 
strong hydrogen-bonding between an H,O* ion and an HSO,~ ion or between a water 
molecule and a sulphuric acid molecule, t.e. HOH* +» »OSO3;H or H,O+++ HOSO,H. In 
fact, if a dissociation constant of the order of unity is assumed for both these electrolytes 
then their osmotic coefficient curves closely resemble those of the other electrolytes studied 
(Fig. 4). Ionic concentrations for solutions of water (K, = 1) have been given in the 
preceding paper. The ionic concentrations for silver hydrogen sulphate (K, = 1) were 
calculated in the same manner. However, it is rather difficult to reconcile this explanation 
of the osmotic coefficients of the solutions with their electrical conductivities (to be 
discussed in a following paper) and a possible alternative explanation would be that H,O* 
and Ag* are “ structure-breaking ’’ ions although it is not easy to see why they should 
differ from ions such as K* and NH," in this respect. 


Fic. 5. Plots of (¢ — ¢") for organic 
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A, NPh;. B, NHPh,. C, NH,Ph. D, 
(p-Me-C,H,),CO. E,COPh,. F, COPhMe. 
G, (p-Cl‘C,H,),CO. H, COMe,. 


Organic Bases.—The deviations from ideal behaviour caused by the large size of the 
conjugate acid of benzophenone are large enough to have shown themselves in the early 
measurements of Treffers and Hammett.® They found the apparent v values (or 7-factors) 
for this substance to increase from 1-94 to 2-31 with increasing concentration. Similar 
results were later obtained by Leisten who pointed out that it was unlikely that they 
could be attributed to solvation since this would require unreasonably large solvation 
numbers. In order to investigate more fully the non-ideality of solutions of electrolytes 
with large cations, freezing points of solutions of a number of organic ketones and amines 
were measured by the Beckmann method. Freezing-point depressions calculated from 
the hypothetical freezing point of undissociated sulphuric acid (10-625°) are given in 
Table 4. They are not as accurate as the equilibrium measurements discussed above, but 
they are somewhat better tharr the measurements of Gillespie and Oubridge} because of 
the use of an improved supercooling correction (see Experimental section). It may be 
seen in the case of benzophenone that the freezing-point depressions obtained by the 


* Treffers and Hammett, J. Amer. Chem. Soc., 1937, 59, 1708. 
 Leisten, Thesis, London, 1952. 
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Beckmann and the equilibrium method agree within 1% (Tables 1 and 4). The differences 
between the freezing-point depressions of the various bases are generally considerably 
larger than this, so the osmotic coefficients at least have a relative significance. The 
freezing-point depressions show that all these organic bases, including the very weakly 
basic triphenylamine, are fully ionised according to the equation: B + H,SO, = BH* + 
HSO,~, and this has been confirmed by conductivity measurements. Osmotic coefficients 
calculated by means of equation 1, with the values of 2m, given in Table 2 of Part XXVII, 
are given here in Table 5. In many cases large deviations from ideal behaviour are shown 
and for a given type of base these deviations increase with increasing size of the cation. 

Values of the parameter 6 were again obtained from plots of (¢ — ¢") against Dm. 
These were found to be straight lines, except at the highest concentrations, with intercepts 
on the vertical axis close to the expected value of 1-0 if d was given a value of 10 as before 
(Fig. 5). By use of the Robinson-Stokes theory (equation 7) solvation numbers were 
calculated from the 6 values and are given in Table 6: here the larger organic bases have 
large apparent solvation numbers. By allowing for the effect of the size of the electrolytes 
according to the Glueckauf theory (equation 12), the smaller and more reasonable solvation 
numbers also given in Table 6 were obtained. It is thus clearly demonstrated that the 
large deviations from ideal behaviour shown by these organic bases are mainly due to their 
size. 

TABLE 4. Freezing-point depressions (Beckmann method). 
m* COMe, COPhMe COPh, (p-Me-C,H,),CO (p-Cl-C,H,),CO NH,Ph NHPh, NPh, 


0-04 0-612° 0-629° 0-632° 0-637° 0-618° 0-613° 0-620° 0-648° 
0-06 0-841 0-864 0-869 0-870 0-846 0-834 0-849 0-895 
0-08 1-069 1-096 1-115 1-122 1-090 1-054 1-086 1-150 
0-10 1-288 1-338 1-377 1-384 ' 1-334 1-289 1-328 1-403 
0-12 1-527 1-584 1-644 1-653 1-584 1-521 1-575 1-669 
0-14 1-764 1-834 1-914 1-929 1-836 — 1-827 1-952 
0-16 2-002 2-084 2-196 2-216 2-093 _— 2-079 2-234 
0-18 2-247 2-336 2-479 2-503 2-351 — 2-332 82-511 
0-20 2-488 —_ 2-761 2-787 2-607 —_ 2-582 — 


TABLE 5. Osmotic coefficients of some organic bases. 
m* COMe, COPhMe COPh, (-MeC,H,),CO (p-Cl-C,H,),CO NH,Ph NHPh, NPh, 


0-04 0-976 1-002 1-008 1-016 0-986 0-978 0-989 1-023 
0-06 0-987 1-012 1-019 1-021 0-992 0-978 0-995 1-034 
0-08 0-986 1-010 1-029 1-034 1-000 0-972 1-001 1-060 
0-10 0-974 1-011 1-042 1-046 1-002 0-975 1-003 1-066 
0-12 0-978 1-014 1-051 1-059 1-014 0-975 1-008 1-085 
0-14 0-979 1-017 1-063 1-071 1-019 —_ 1-014 1-091 
0-16 0-981 1-020 1-076 1-085 1-025 — 1-018 1-105 
0-18 0-981 1-022 1-086 1-097 1-029 — 1-021 1-117 
0-20 0-985 _ 1-094 1-105 1-033 —_ 1-023 1-124 
TABLE 6. Values of b and s for organic bases. 
bs (eq. 7) ‘s (eq. 12) b ss (eq. 7): s (eq. 12) 
ST eRe 0025 165 1-0 (p-Cl-C,H,),CO ...... 0-15 4-0 0-5 
COPhMe ....0..0000000. 0-14 3-8 1-4 MED. Nepaedeconabese 0-025 1-5 0-8 
Ly 4 SRE 0-31 7-2 1-3 RE ee 0-14 3-8 0-6 
(p-Me-C,H,),CO ...... 0-34 7-8 1-1 DROS. “osesclssaiscaients 0-31 7-2 0-6 


It seems that in many cases the plots of (¢ — ¢") are not quite linear at high con- 
centrations, but their slope decreases, corresponding to the apparent decrease in the 
solvation number, with increasing concentration. This might be due to experimental 
error in the freezing points but it seems to be more noticeable with the larger cations and 
may well be a real effect. Because of their large size these organic cations will be 
surrounded in the solution by a large number of (probably ten or more) sulphuric acid 
molecules. Since the measured solvation numbers are much smaller than this, one must 
suppose that these solvent molecules are held only rather loosely by the cation, the 
measured solvation number representing the equivalent number of more strongly held 
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solvent molecules. It then seems plausible that in relatively concentrated solutions 
competition for solvent molecules between neighbouring cations will become noticeable, 
leading to a decrease in the solvation number. In a 0-2m-solution there are 50 solvent 
molecules for each cation—anion pair. If the cation has ten or more solvent molecules in 
its first solvation shell, there will be competition for molecules in the second solvation 
layer. A similar effect was noticed by Stokes and Robinson ™ who found an apparent 
decrease in solvation numbers in aqueous solution when 20—25% of all the water molecules 
are bound to ions as water of hydration. 

Conclusion.—The non-ideal behaviour of electrolyte solutions in sulphuric acid can be 
attributed mainly to the effects of ion solvation and ion size. Electrostatic interionic 
forces are not negligible but because of the high dielectric constant of sulphuric acid and 
the high ionic strength of the pure solvent the effect of these forces is almost independent 
of the concentration of any electrolyte. This largely accounts for the fact that the effects 
of interionic forces were not noticed by earlier workers ®! who incorrectly concluded that 
interionic forces in sulphuric acid were negligible. 


Experimental._—The experimental determination of the equilibrium freezing points has been 
described in a preceding paper.* The experimental procedure for the Beckmann method of 
measuring freezing points has been previously described. A modified supercooling correction, 
8T = 0-03S6.p3, where S in the amount of supercooling and 0p, the observed freezing-point 
depression, was used. The factor 0-03 replaces the factor 0-012 used previously and makes an 
approximate allowance for the heat capacity of the cryoscope. This was obtained by direct 
measurement and also by comparison of the freezing points of metal sulphate solutions 
determined by both the equilibrium and the Beckmann method. 


WILLIAM RAMSAY AND RALPH FORSTER LABORATORIES, 
UNIVERSITY COLLEGE, GOWER StT., Lonpon, W.C.1. (Received, June 8th, 1959.} 


11 Stokes and Robinson, J. Amer. Chem. Soc., 1948, 70, 1870. 
12 Gillespie, Hughes, and Ingold, J., 1950, 2473. 





169. Solutions in Sulphuric Acid. Part XXIX.1 Densities and 
Apparent Molar Volumes of Some Electrolyte Solutions. 


By R. H. Fiowers, R. J. GmL_espieE, and E. A. RoBINson. 


The densities of solutions of a number of electrolyte solutions in sulphuric 
acid at 25° are reported. The temperature-dependence of the densities of 
sulphuric acid and sodium and potassium hydrogen sulphate solutions has 
also been studied. Apparent molar volumes of some metal cations have been 
calculated from the densities. They are compared with the corresponding 
values in aqueous solutions and are discussed in terms of the solvation of the 
cations. 


SOLUTIONS in sulphuric acid are most conveniently made up by weight, so that in order to 
obtain the volume concentrations needed for the interpretation of cryoscopic and con- 
ductivity measurements}? it was necessary to obtain the densities of all the solutions 
studied by these methods. Densities can also be used to provide information on ion— 
solvent interaction. The densities of some electrolyte solutions have been measured at 
25° by Gillespie and Wasif.2 The present work extends these measurements to cover all 
the electrolyte solutions whose conductivities and freezing points have been measured.}-? 
The results obtained at 25° are given in Table 1 in the form of interpolated values at round 


1 Part XXVIII, Bass, Gillespie, and Oubridge, preceding paper. 
* Flowers, Gillespie, and Robinson, unpublished work, 
* Gillespie and Wasif, J., 1953, 215. 
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concentrations w (moles per kg. of solution). The densities of sulphuric acid and of soly. 
tions of sodium and potassium hydrogen sulphates were also measured at 5° intervals over 
the range 0—40°. In each case the densities were linear functions of the temperature: 


where p95 is the density at 25° and ¢ is the temperature in °c. The coefficient a was found 
to be the same for sulphuric acid and the two electrolyte solutions and almost independent 


TABLE 1. Interpolated densities at 25°. 


LiH#SO, NaHSO, KHSO, RbHSO, CsHSO,  AgHSO, 
1-828 1-830 1-830 1-8335 1-8360 1-835 
1-829 1-833 1-834 1-8410 - 1-8463 1-846 
1-829 1-836 1-838 1-8474 1-8562 1-857 
1-830 1-839 1-841 1-8545 1-8660 1-869 
1-831 1-842 1-845 1-8628 1-8759 1-881 
1-832 1-845 1-849 1-8681 1-8858 1-893 
1-832 1-848 1-852 1-8754 1-8957 1-906 
1-833 1-851 1-856 1-8827 1-9055 1-919 

NH,HSO, H,0,HSO, Ca(HSO,), Sr(HSO,), Ba(HSO,, 4H,S,0, 
1-828 1-8272 1-834 1-839 1-843 1-8276 
1-828 1-8275 1-842 1-850 1-858 1-8290 
1-829 1-8278 1-849 1-862 1-874 1-8307 
1-830 1-8282 1-857 1-874 1-890 1-8323 
1-830 1-8286 1-864 1-886 1-906 1-8336 
1-831 1-8291 1-872 1-898 1-922 1-8344 
1-832 1-8296 — 1-911 1-939 1-8360 
1-832 1-8302 — _ — 1-8373 


COMe, COPhMe COPh, (p-Cl-C,H,),CO (p-Me-C,H,),CO NH,Ph NHPh, 
18231 1-821 1-817 1-819 1-815 18223 1-815 
18194 1815 1-808 1-812 1-803 18196 1-803 
18157 1-808 — 1-798 1-804 1-790 18131 1-791 
18119 1-802 1-789 1-796 1-778 18085 1-779 
18082 1-796 1-779 1-789 1-766 18035 1-766 
18045 1-790 1-770 1-781 1-754 1-7983 1-754 
18008 1-784 1-760 1-773 1-742 17931 1-742 
17972 1-778 1-751 1-766 1-729 1-7878 1-730 


of the concentration of the solutions up to w=0-5. The mean value a= 
(1-08 + 0-01) x 10% was used in order to obtain the densities at 10° that were required 
for the interpretation of cryoscopic measurements. 

Apparent Molar Volumes.—From the densities at 25° apparent molar volumes were 
calculated by means of the expression 


go = M/p? + 10°%(1/p—Ije*)w . . . . . . - 


where M is the molecular weight of the solute, p is the density of the solution and 9° is the 
density of the pure solvent. The densities were not sufficiently accurate to give reliable 
values of the apparent molar volumes at concentrations less than w= 0-1. At higher 
concentrations the apparent molar volumes were either independent of the concentration 
or varied only slowly and almost linearly with concentration up to w = 0-5. When 
necessary a value of the apparent molar volume at w = 0 was obtained by linear extrapol- 
ation. Values are given in Table 2. In aqueous solutions the apparent molar volume isa 
linear function of ct, and by extrapolation to c = 0 the partial molar volume can be 
obtained. It was not possible to obtain such a plot from our data, partly because they 
were not sufficiently accurate at low concentrations, and partly because of the complication 
of the relatively high ionic strength of the pure solvent. 

If it is assumed that the apparent molar volume of the hydrogen sulphate ion is the 
same as that of sulphuric acid,® 7.e., 54 c.c., the apparent molar volumes of the cations 
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(¢.*) may be calculated, and these are given in Table 2. They may be compared with the 
jal molar volumes in aqueous solution * [V*+(H,O)] which are also given in this Table. 
The close similarity in the values for univalent ions in the two solvents is remarkable—the 


TABLE 2. Apparent molar volumes and solvation numbers of cations in solutions of 
their hydrogen sulphates. 


de de® V*n.o Y V+ (2-5r3) 8V 
Cation (c.c./mole) (c.c./mole) (c.c./mole) (A) (c.c./mole) (c.c./mole) 
Li 47 —7 —7-0 0-78 1-2 —8 
46 —8 5 0-98 . —10 
53 ad —7 
59 +5 —3 
68 +14 +3 
53 —1 —5 
62 8 0 
59 5 —3 
61 7 —1 
84 —24 —27 
87 —21 —27 
96 —12 —19 
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1-33 
1-49 
1-65 
1-13 
1-49 
1-48 
1-48 
1-06 
1-27 
1-43 
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difference in the case of H,O* is not particularly surprising in view of the special relation of 
H,0* to the water structure. This agreement may be regarded as supporting the assump- 
tions on which these values are based, namely, that * the partial molar volume of the 
hydrogen ion (H*) in aqueous solution is 6 c.c., and that * the apparent molar volume of 


Apparent molar volumes of cations in sulphuric acid and partial molay volumes of cations in water. 








L 
3 


r? (r = atomic radius) 








the hydrogen sulphate ion in sulphuric acid is 54.c.c. For bivalent ions the partial molar 
volumes in water are smaller than the apparent molar volumes in sulphuric acid. 
Couture and Laidler showed that the partial molar volumes of ions in aqueous solution 
* Couture and Laidler, Canad. J. Chem., 1956, 34, 1209. 
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are proportional to the ionic charge and the cube of the crystal radius.® A similar relation 
appears to hold for apparent molar volumes of cations in sulphuric acid as is shown by the 
plot of ¢, + 18z against 7° in the Figure, where z is the ionic charge. The straight line 
shown has a slope of 5-6 and an intercept of 6 c.c. The mean deviation in the volumes is 
1-6 c.c. Thus the following empirical relation holds between the apparent molar volumes 
of the cations and their crystal radii and charge: 


od =6+4+ 567-18 .......:. 
Couture and Laidler * have given the relation 
V+ = 1644082. . . . .... @ 


for the partial molar volumes of cations in aqueous solution. However, on replotting their 
values for uni- and bi-valent ions it was found that a straight line could be drawn through 
them having the same slope as that for the apparent molar volumes in sulphuric acid and 
corresponding to the relation: 


V+=44+56%—%......2.2.8 
The mean deviation in the volumes is 2-1 c.c., compared with 2-4 c.c. for Couture and 
Laidler’s relation (equation 4). Thus for univalent ions identical relations appear to hold 
for sulphuric acid solutions and for aqueous solutions. The physical significance of these 
empirical relations is not clear. 

Solvation Numbers.—If we follow Eucken * and Gillespie and Wasif’s treatment ? we can 
relate the apparent contraction in the solvent (8v = ¢,* — v*) to the primary solvation 
number of the cation. By assuming a solvation number for one cation, values for other 
cations may be obtained provided that the solvent contraction is proportional to the 
extent of solvation, t.e., that 3/ = s8V, where 8V, is the contraction produced per solvent 
molecule in the solvation shell, and s is the solvation number of the cation. If we take the 
solvation number of the sodium ion to be 3-0 from cryoscopy,! then 8V, = 3-5 c.c./mole. 
The solvation numbers of the other cations deduced on this basis are given in Table 2. The 
values obtained by cryoscopy,! which are also given, agree well with these. The cesium 
ion produces an apparent expansion in the solvent. It is presumably very little, if at all, 
solvated and the apparent expansion might be explained if the solvent structure is broken 
by the large ion or, perhaps more plausibly, if the actual volume of the ion is greater than 
that calculated from its crystal radius.’ A radius in solution of 1-77 compared with the 
crystal radius of 1-65 A would account for the observed apparent molar volume. Even if 
no precise significance can be attached to our values of the solvation numbers the values of 
8V, give an indication of the relative extents of interaction between the ions and the 
solvent. 


Experimental.—Densities were measured by using either the float densitometer, described 
previously,® or a 10 c.c. specific-gravity bottle. Temperature coefficients were studied by 
using a small dilatometer that had been calibrated with water. Preparation and purification 
of sulphuric acid and the various solutes are described elsewhere.’ 


WILLIAM RAMSAY AND RALPH ForSTER LABORATORIES, 
UNIVERSITY COLLEGE, GOWER Srt., Lonpon, W.C.1. [Received, June 8th, 1959.) 


5 Goldschmidt, Skrifter Norske Videnshap. Akad., Oslo I, Matem.-Naturvid. Klasse, 1926, No. 2. 
* Eucken, Z. Elektrochem., 1948, 51, 6. 

7 Gurney, “‘ Ionic Processes in Solution,’’ McGraw-Hill, New York, 1953. 

§ Flowers, Gillespie, Oubridge, and Solomons, J., 1958, 667. 

* Bass and Gillespie, J., 1960, 814. 
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470. The Stobbe Condensation. Part II.1 The Cyclisation of Methyl 
Hydrogen cis-y-3,4-Methylenedioxyphenyl- and Methyl Hydrogen cis- 
y-3,4-Dimethoxyphenyl-itaconate to the Corresponding Polysubstituted 
Naphthalene Derivatives. 

By Lanson S. EL-AssaL, and (Mrs.) Samia A. M. EL-WAHHAB. 

6-Methyl a-hydrogen cis-y-3,4-methylenedioxyphenyl- and -y-3,4-di- 
methoxyphenyl-itaconate are cyclised by acetic anhydride and sodium 
acetate to methyl 4-acetoxy-6,7-methylenedioxy- and -6,7-dimethoxy-2- 
naphthoate which are converted into 1-methoxy-6,7-methylenedioxy- 
and 1,6,7-trimethoxy-naphthalene, respectively. 

Alcoholysis of cis~y-3,4-methylenedioxyphenyl- and cis~y-3,4-dimethoxy- 
phenyl-itaconic anhydride yields a-methyl ®-hydrogen cis-y-3,4-methylene- 
dioxyphenyl- and -y-3,4-dimethoxyphenyl-itaconate, respectively. 


Tue aim of this investigation was to study the Stobbe condensation as an easy new method 
for the synthesis of polysubstituted naphthalenes! and at the same time, to confirm the 
cis-configuration assigned ! to the intermediate of the products. 

Heating piperonaldehyde or veratraldehyde with methyl succinate in presence of 
potassium t-butoxide in t-butyl alcohol* gave $-methyl «-hydrogen cis~y-3,4-methylene- 
dioxyphenyl- (Ia; R® = Me) and 3,4-dimethoxyphenyl-itaconate (Ib; R* = Me), respectively, 
in about 80% yield. In thé former reaction, «$-dipiperonylidenesuccinic acid ** was 

H 


R! R2 . Cc R! R? R‘ 
> 3 
la -O-CH,O- aG-COnR COR? 11. ~0.CH,-O- OAc 
R? «CH R? 
Ib OMe OMe Poa Z, IIb OMe OMe OAc 
2 


also isolated, in about 6% yield. The unexpected formation of this disubstituted acid at 
high temperature 5* could be attributed to (a) the completely anhydrous conditions 
which hindered hydrolysis of methyl succinate (especially in the t-butyl alcohol), and thus 
facilitated attack at the second activated methylene group, or (b) the comparative 
reactivity of piperonaldehyde. 

The structure and the cis-configuration of the 8-half esters (Ia and b) were, as in Part I, 
confirmed by their almost quantitative cyclisation by sodium acetate in acetic anhydride 
to the naphthoates (Ila and b; R* = Me); the absence of isomers indicates steric hindrance 
at position 2. This cyclisation provides a route to polysubstituted naphthalenes which 
are difficult to prepare otherwise. 

Alkaline hydrolysis of the acetoxy-esters (Ila and b; R* = Me) gave 4-hydroxy-6,7- 
methylenedioxy- and -6,7-dimethoxy-2-naphthoic acid (as II), respectively. These acids 
were converted by methyl sulphate and potassium carbonate in acetone into methyl 
4-methoxy-6,7-methylenedioxy- and 4,6,7-trimethoxy-2-naphthoate which on hydrolysis 
gave the naphthoic acids. Thence decarboxylation with copper bronze in quinoline gave 
1-methoxy-6,7-methylenedioxy- and 1,6,7-trimethoxy-naphthalene. 

Hydrolysis of either the crystalline cis-8-half esters (Ia and b; R® = Me) or the oil 
from their mother-liquor (see Experimental) with boiling aqueous barium hydroxide gave 
the cis-y-arylitaconic acids 7 (Ia and b; R? = H). The anhydrides with boiling methanol 

1 Part I, El-Abbady and El-Assal, J., 1959, 1024. 

* Cf. Johson and Daub, “‘ Organic Reactions,’”’ J. Wiley and Sons, Inc., 1951, Vol. VI, p. 1. 

* Stobbe, Viewig, Eckert, and. Reddelien, Annalen, 1911, 380, 78. 

* Haworth and Woodcock, J., 1938, 1985. 

® Stobbe and Naoum, Ber., 1904, 37, 2240. 

° Stobbe, Ber., 1908, 41, 4350. 

? Baddar, El-Assal, Doss, and Shehab, J., 1959, 1016. 


* Cornforth, Hughes, and Lions, J. Proc. Roy. Soc., N.S. Wales, 1939, 72, 238. 
* Stobbe and Leuner, Annalen, 1911, 380, 75. 
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gave the cis-«-methyl half-esters which were different from the cis--half esters (I; R3 ~ 
Me) obtained by the Stobbe condensation.!_ These cis-«-half esters could not be the trans. 
isomers since methylation of both the czs-8- (Ia) and the cis-a-half ester gave authentic 
dimethyl cis-y-3,4-methylenedioxyphenylitaconate.? The formation of the cts-a-methy] 
half-esters by alcoholysis of the cis-anhydrides further supports the mechanism of their 
formation put forward by El-Abbady and El-Assal.1_ We have noted that the polar nature 
and position of substituents in the anhydrides noticeably affect the rate of alcoholysis, 
The cis-acids and their half-esters were unaffected by direct sunlight for 20 days 
(June/Cairo), or by ultraviolet irradiation (mercury-vapour quartz lamp) for 12—15 hr. 


»CO,Me 


me 
Ar™ I> 

of CH, 
( “cd 


~~ CH,*CO3H 


We tried unsuccessfully to isolate or identify the trans-8-half esters or their correspond- 
ing tvans-acids or anhydrides: we attribute this failure to their formation in very low 
proportions ® or to the instability of the tvans-isomers towards heat or reagents used 
(which might convert them into the more stable cis-isomers *). This finds theoretical 
support if we accept the mechanism of the Stobbe condensation postulated by Johnson 
and Daub.? Formation of only the cis-6-half-esters (I) may be attributed to the fact that 
the “‘ trans ”’-conformation (A) is more stable than the “ cis ’’-conformation (B) owing to 
steric factors. The former (A) will lead to the intermediate lactone (C) which rearranges 
to the cis-8-half esters (I). 


EXPERIMENTAL 


Microanalyses were by Dr. A. Bernhardt, Max-Plank Institut fiir Kohlenforschung, 
Miilheim (Ruhr), Germany. 

B-Methyl a-Hydrogen cis-y-3,4-Methylenedioxyphenylitaconate (Ia; R* = Me).—Piperon- 
aldehyde (15 g., 1 mol.), methyl succinate (17-5 g., 1-2 mol.) in t-butyl alcohol (25 ml.), and 
potassium t-butoxide [from metallic potassium (5-8 g.)] were treated as described previously.’ 
The product (ca. 25 g.) was extracted with boiling benzene, and the insoluble residue (2-5 g.) was 
filtered off. The benzene-soluble product was repeatedly crystallised from benzene to give 
B-methyl a-hydrogen cis-y-3,4-methylenedioxyphenylitaconate (ca. 16 g.), m. p. 135—136° (Found: 
C, 59-5; H, 4-6; OMe, 10-8. C,,H,,0, requires C, 59-1; H, 4:55; OMe, 11-7%). 

The combined benzene mother-liquors gave, on concentration, another crop (ca. 3 g.) of the 
same product. Evaporation of its benzene filtrate left only a viscous oil which on hydrolysis 
by boiling aqueous barium hydroxide gave an acid (Ia; R* = H) (ca. 2-8 g.), identical with that 
obtained by the hydrolysis of the pure preceding cis-B-half ester (Ia; R* = Me) (see below). 

The benzene-insoluble product (ca. 2-5 g.) crystallised from acetic acid, to give yellowish- 
green af-dipiperonylidenesuccinic acid, m. p. 211—212°. Stobbe e¢ al.? and Haworth and 
Woodcock * give m. p. 210° and 207—208°, respectively. On repeated crystallisation of the 
acid from glacial acetic acid, it was gradually transformed into its anhydride, as indicated by 
the lowering of its m. p. (155—165°) and by a change of colour. The anhydride was obtained 
from the acid (2-5 g.) and acetyl chloride (20 ml.) (4 hours’ refluxing) as red rosettes, m. p. 
229—231° (from benzene). Stobbe e¢ al. and Haworth and Woodcock ¢ give m. p. 210° and 
212—213°, respectively. The dimethyl ester, prepared by use of dimethyl sulphate and 
potassium carbonate in acetone, had m. p. 184—185° (from benzene), depressed on admixture 
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with dimethyl y-3,4-methylenedioxyphenylitaconate * (Found: C, 64-4; H, 4-4; OMe, 14-9. 
CogH ss requires C, 64-4; H, 4-4; 20Me, 15-1%). ; 

Methyl 4-Acetoxy-6,7-methylenedioxy-2-naphthoate (Ila; R* = Me).—The above cis-$-half 
ester (8 g.) was cyclised with sodium acetate (2-7 g.) in acetic anhydride (45 ml.) as usual. 
The product (ca. 8 g.) was crystallised from benzene to give methyl 4-acetoxy-6,7-methylene- 
dioxy-2-naphthoate in light brown needles, m. p. 151—152° (Found: C, 62-0; H, 4-1; OMe, 10-7. 
CysHy20%¢ requires C, 62-5; H, 4:2; OMe, 108%). The combined benzene mother-liquors, 
on concentration and storage, gave another crop, m. p. and mixed m. p. 149—151°, which 
indicated the absence of an isomeric product. 

This ester (4 g.) was hydrolysed with 16% aqueous-alcoholic potassium hydroxide solution 
(50 ml.) (3 hours’ refluxing) to 4-hydroxy-6,7-methylenedioxy-2-naphthoic acid (ca. 3-5 g.), 
m. p. 288—290°. This acid, being insoluble in many organic solvents and partly soluble in 
glacial acetic acid with darkening in colour (decomposition), was directly methylated. 

Methyl 4-Methoxy-6,7-methylenedioxy-2-naphthoate.—The preceding crude acid (3-5 g.) with 
dimethyl sulphate (9 g.) and potassium carbonate (12 g.) in acetone (100 ml.) gave the ester 
(ca. 3-5 g.), mM. p. 108-5—110° (from benzene) (Found: C, 64-8; H, 4-6; OMe, 23-2. C,,H,,0, 
requires C, 64-6; H, 4:6; 20Me, 23-8%), hydrolysed as above to 4-methoxy-6,7-methylenedioxy-2- 
naphthoic acid (0-7 g.), m. p. 247—248° (from acetic acid) (Found: C, 63-1; H, 3-95; OMe, 12-35. 
C,3H9O; requires C, 63-4; H, 4:1; OMe, 12-6%). 

1-Methoxy-6,7-methylenedioxynaphthalene.—A solution of the above methoxy-acid (0-4 g.) in 
quinoline (6 ml.) was heated to the b. p. with copper bronze (0-2 g.) during 15 min., then an 
equal amount of copper-bronze was added in portions to the boiling solution during 45 min. ; 
the whole was then refluxed for a further 30 min. and worked up as usual. The product (ca. 
0-3 g.) crystallised from light petroleum (b. p. 60—70°) to give 1-methoxy-6,7-methylenedioxy- 
naphthalene, m. p. 82—83° (Found: C, 71-5; H, 4:9; OMe, 14-9. (C,,H,,O, requires C, 71-3; 
H, 4:95; OMe, 15-3%). 

8-Methyl a-Hydrogen cis~y-3,4-Dimethoxyphenylitaconate (Ib; R* = Me).—Veratraldehyde 
(16-6 g., 1 mol.) and methyl succinate (17-6 g., 1-2 mol.) in t-butyl alcohol (20 ml.) were added to 
a boiling solution of potassium t-butoxide [from potassium (5-8 g.) and the alcohol (85 ml.)] 
during 15 min. and the whole was refluxed for a further hour, then worked up as usual.t The 
solid product (ca. 25 g.) was digested with boiling benzene; the benzene solution, on concen- 
tration, afforded B-methyl a-hydrogen cis-y-3,4-dimethoxyphenylitaconate which on repeated 
crystallisation from benzene had m. p. 149—150° (ca. 17 g.) (Found: C, 60-45; H, 5-7; OMe, 
32-2. C,,H,,O, requires C, 60-0; H, 5-7; 30Me, 33-2%). 

The combined benzene mother-liquors afforded another crop (ca. 3 g.) and on evaporation 
gave a light brown semisolid product (ca. 3-5 g.). This, on hydrolysis by concentrated aqueous 
barium hydroxide gave the cis-acid (Ib; R* = H), identical with that from the pure cis-B-half 
ester (Ib, R? = Me) (see below). 

Methyl 4-Acetoxy-6,7-dimethoxy-2-naphthoate (IIb; R* = Me).—The preceding cis-f-half 
ester (4-2 g.) was cyclised with sodium acetate (1-6 g.) in boiling acetic anhydride (50 ml.) 
(5 hours’ refluxing) in the usual manner. Crystallisation of the product from benzene gave 
pale brown methyl 4-acetoxy-6,7-dimethoxy-2-naphthoate (ca. 4 g.), m. p. 141—142° (Found; 
C, 63-2; H, 5-15; OMe, 30-0. C,,H,,O, requires C, 63-2; H, 5-3; 30Me, 30-6%). 

Hydrolysis of this acetoxy-ester (3 g.) with 15% aqueous-alcoholic potassium hydroxide 
solution (40 ml.) (2 hours’ refluxing) gave 4-hydroxy-6,7-dimethoxy-2-naphthoic acid (2-5 g.), 
m. p. 245—246°. 

Methyl 4,6,7-Trimethoxy-2-naphthoate——The crude phenolic acid (1-3 g.) with methyl 
sulphate (3-5 g.) and potassium carbonate (6 g.) in acetone (40 ml.) (12 hours’ refluxing) gave 
methyl 4,6,7-trimethoxy-2-naphthoate (1-2 g.) in needles (from benzene), m. p. 126—127° (Found: 
C, 65-5; H, 6-05; OMe, 43-45. C,,H,,O, requires C, 65-2; H, 5-8; 40Me, 44-9%). 

Hydrolysis as above gave the trimethoxynaphthoic acid (2-5 g.) (tablets, from benzene), m. p. 
227—228° (Found: C, 64-6; H, 5-5; OMe, 34-9. C,,H,,O,; requires C, 64-1; H, 5°35; 30Me, 
355%). Crystallisation of this acid from acetic acid gave diamond-shaped solvated crystals 
(Found: C, 61-5; H, 5-6;’ OMe, 31-1. C,,H,,0;,4C,H,O, requires C, 61-6; H, 5-5; 
30Me, 31-5%). 

1,6,7-Tvimethoxynaphthalene.—The preceding acid (1-3 g.) was decarboxylated with copper 
bronze (0-4 + 0-4 g.) in quinoline (12 ml.) as described for the above methylenedioxy-derivative, 
affording 1,6,7-trimethoxynaphthalene in plates [from light petroleum (b. p. 60—70°)], m. p. 
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132—133° (Found: C, 71-8; H, 65; OMe, 42-0. C,,;H,,O, requires C, 71:6; H, 64; 
OMe, 42-7%). 

cis~y-3,4-Methylenedioxyphenylitaconic Acid (Ia; R* = H).—The cis-f-half-ester (Ia; R? ~ 
Me) (5 g.) was hydrolysed with concentrated aqueous barium hydroxide (150 ml.) (6 hours’ 
refluxing), and the precipitated barium salt was treated as usual. The liberated cis-y-34. 
methylenedioxyphenylitaconic acid (ca. 4 g.) crystallised ‘rom acetone in diamond-shaped 
crystals, m. p. and mixed m. p. 201—202° (Found: C, 57-8; H, 4-05. Calc. for C,,H,,0,: 
C, 57-6; H, 40%). Baddar e¢ al.” and Cornforth et al.* give m. p. 200—201° and 114—1]5° 
respectively, for this acid (of unidentified configuration). Another crop of the same cis-aciq 
(0-5 g.) was obtained on acidification of the aqueous-alkaline filtrate, indicating the partial 
solubility of its barium salt. 

cis~y-3,4-Methylenedioxyphenylitaconic Anhydride——The above cis-acid (2 g.) was boiled 
with acetyl chloride (8 ml.) for 3 hr. After evaporation, anhydride formed pale orange crystals 
(1-8 g.), m. p. 158—159°, from benzene (Found: C, 62-35; H, 3-3. C,,H,O; requires C, 62-1; 
H, 3-4%). 

a-Methyl B-Hydrogen cis-y-3,4-methylenedioxyphenylitaconate.—The cis-anhydride (1 g.) was 
refluxed in absolute methanol (15 ml.) for 4 hr. Evaporation and crystallisation of the residue 
(ca. 1 g.) from benzene gave a-methyl B-hydrogen cis~y-3,4-methylenedioxyphenylitaconate in 
needles, m. p. 143——-144°, depressed on admixture with the isomeric §-half ester (Ia; R? = Me) 
(Found: C, 58-95; H, 4-6; OMe, 11-2. C,,H,,O, requires C, 59-1; H, 4-55; OMe, 11-7%). 

Dimethyl cis-y-3,4-Methylenedioxyphenylitaconate.—(a) The cis-$-half ester (Ia) (2 g.) with 
dimethyl sulphate (3 ml.) and potassium carbonate (6 g.) in acetone (30 ml.) (10 hours’ refluxing) 
gave dimethyl cis-y-3,4-methylenedioxyphenylitaconate, m. p. and mixed m. p. 82—83° [from 
benzene-light petroleum (b. p. 60—80°)] (Found: C, 60-6; H, 5-1. Calc. for C,,H,,O,: C, 60-4; 
H, 50%). (b) The cis-a-half ester similarly gave the same diester, m. p. and mixed m. p. 
82—83°. 

cis~y-3,4-Dimethoxyphenylitaconic Acid (Ib; R* = H).—The cis-f-half ester (Ib; R* = Me) 
(ca. 2 g.) was refluxed with concentrated aqueous barium hydroxide (50 ml.) for 5 hr., then 
worked up as described for its isomer. The cis-acid (1-5 g.) was obtained in diamond-shaped 
crystals, m. p. 168—169° (from acetone or chloroform) (Found: C, 58-2; H, 5-45; OMe, 23-0, 
Calc. for C,;H,,0,: C, 58-6; H, 5-3; 20Me, 23-3%). Stobbe and Leuner ® give m. p. 175° for 
this acid (from water or chloroform) (with unidentified configuration). 

cis~y-3,4-Dimethoxyphenylitaconic Anhydride——The cis-acid (Ib; R* =H) (2-6 g.) with 
acetyl chloride (25 ml.) (4 hours’ refluxing) gave the anhydride (ca. 2-4 g.) in pale brown needles 
(from benzene), m. p. 169—-170°, depressed on admixture with the cis-acid. Stobbe and 
Leuner ® give m. p. 167° (Found: C, 62-8; H, 4-7; OMe, 24-45. Calc. for C,,H,,0;: C, 62:9; 
H, 4:8; 20Me, 25-0%). 

a-Methyl B-Hydrogen cis~y-3,4-Dimethoxyphenylitaconate.—The cis-anhydride (ca. 2-5 g.) in 
absolute methanol (100 ml.) gave, as in the preceding case, a-methyl B-hydrogen cis-y-3,4-di- 
methoxyphenylitaconate (ca. 2-3 g.) in needles (from benzene), m. p. 151—152°, depressed on 
admixture with the cis-8-half ester (Found: C, 60-2; H, 5-9; OMe, 32-9. C,,H,,O, requires 
C, 60-0; H, 5-7; 30Me, 33-2%). 
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471. Amide Hydrolysis in Very Strong Acids. Part II4 Rate 
Measurements in Various Media, and a Discussion of the Mechanism. 


By J. A. Durry and J. A. LEISTEN. 


First-order rate constants are recorded for the hydrolysis of 11 amides 
at temperatures between 13-3° and 90° in mixtures of sulphuric acid with 
water, disulphuric acid, chlorosulphonic acid, and methanesulphonic acid; 
and in deuterosulphuric acid. The mechanism is discussed with regard to 
constitutional influences, polar and steric, on both sides of the amide group; 
to the effect on the rate of changes in the reaction medium; and to the 
temperature-dependence of the rate. It is concluded that in highly acidic 
media containing little free water, amide hydrolysis occurs by a rate-deter- 
mining fission of the conjugate acid in its less stable form, with the proton 
on the amino-group: and that this step is generally-catalysed by strong acids. 


It has been shown that certain amides are hydrolysed in anhydrous sulphuric acid, but 
that a delicate balance exists between sulphonation and hydrolysis. It would be a clear 
advantage to continue the kinetic study in less strongly sulphonating media, for apart 
from avoiding this complication, measurements in different solvents should lead to further 
knowledge of the mechanism. The sulphonating power of sulphuric acid decreases very 
sharply on addition of small amounts of water.? Unfortunately, however, the hydrolysis 
can be followed cryoscopically only in 100% acid: e.g., a 0-25m-solution of an amide in 
the presence of as little as 0-3% of water is hydrolysed according to the reaction: 


R’*C(OH*)*NHR + H,O+ ++ 2HSO,- —— RCO,H,* + R*NH,*t + 2HSO,.~ 


and there will be little change in the freezing point accompanying hydrolysis since the 
total number of solute particles remains the same. 

For these reasons alternative methods have been used to measure rate constants for 
the hydrolysis of amides in sulphuric acid—water mixtures and in other strongly acid 
solutions. 

RESULTS 


Table 1 gives first-order rate constants for the hydrolysis of 11 amides in sulphuric acid— 
water mixtures at various temperatures. The hydrolysis of isobutyramide and pivalamide was 
followed by estimation of the ammonia produced. The reactions of the substituted anilides 
were followed in each case by converting the amine, via the diazonium salt, into a water-soluble 
azo-dye whose concentration was measured spectrophotometrically. Good linear plots of 
log (Do — D) against time were obtained, D referring to optical density. The value of Do 
chosen to give the best straight line in general agreed closely with that predicted from experi- 
ments in which the pure amine was diazotised and coupled. In the case of 2,4-dinitro-N-o- 
nitrobenzoylaniline, however, the values of Do were rather low, and varied with the acid concen- 
tration as follows: in 100% acid, Do = 0-84; in 95-4% acid, Do = 0-92. This shows the 
presence of a side reaction, possibly sulphonation, which is more prominent in anhydrous than 
in aqueous sulphuric acid. 

The hydrolyses of p-nitro-N-o- and -N-p-toluoylaniline appear from the spectrophoto- 
metric results to be free from side reactions in 98% sulphuric acid. These cases require comment 
since the cryoscopic results show that in 100% acid considerable sulphonation occurs.1_ From 
the results in Table 1, assuming that the ratio of the rate in 100% to that in 98% acid is similar to 
that for N-acetyl-3,5-dinitroaniline, we estimate the rate constant for hydrolysis in 100% acid 
to be 0-023 min.“ for the p-toluoyl at 50-2°, and 0-006 min.“ for the o-toluoyl compound at 20°. 
These values may be compared with the respective cryoscopically determined rate constants, 
0-039 and 0-019 min.~!, which ‘will be the sum of sulphonation and hydrolysis components if 
both processes occur.!_ It appears from this comparison that both processes occur at comparable 
rates in 100% sulphuric acid. Now the rate of sulphonation in sulphuric acid—water mixtures 


* Part I, J., 1960, 545. 
* (a) Cowdrey and Davies, J., 1949, 1471; (b) Jacques and Leisten, unpublished work. 


















854 Duffy and Leisten: (1 
falls off approximately according to the square of the non-logarithmic acidity function, h,1 m 
The sulphonation rate should therefore be more than 3000 times less in 98% acid (H, = — 9-36) so 
than in anhydrous acid (Hy = —11-10). From this we can be sure that hydrolysis alone takes 
place in 98% sulphuric acid, and that the only results in Table 1 that are somewhat uncertain 
on account of a side reaction are those for 2,4-dinitro-N-o-nitrobenzoylaniline. 
TABLE 1. Hydrolysis in sulphuric acid—water mixtures. 

Amide R-CO-NHR’ * H,SO, 10°% H,SO, 10% 

R R’ (%) Temp. (min.~') (%) Temp. (min.~1) 

Me 3,5-(NO,),C,H, 100-0 48-9° 1-38 79-5 65-0° 0-90 

100-0 71-0 33-8 72-7 65-0 2-30 
100-0 65-0 13-8 70-2 65-0 4-86 
97-2 65-0 10-4 68-4 65-0 8-30 
94-9 65-0 7-55 66-1 65-0 13-2 
84-6 65-0 1-50 68-4 57-25 4-07 
torte 65-0 —_ 68-4 72-2 18-3 
D,SO, 
Et 0% 68-4 65-0 14-0 
p-NOyC,H, 2,4-(NO,),C,H, 100-0 35-75 1-22 100-0 53-45 14-2 
100-0 42-0 2-67 94-9 53-45 6-45 
100-0 50-0 9-75 94-5 50-3 4-58 
100-0 57-9 25-8 94-5 63-4 25-1 
100-0 63-0 54-8 
o-NO,°C,H, os 100-0 13-3 20-7 95-4 13-3 6-76 
98-2 13-3 15-2 95-2 25-0 48-9 
Ph % 100-0 13-3 22-0 
p-ChH,Me p-NO,C,H, 97-8 59-2 55-8 98-1 48-1 13-3 
97-8 37-95 3-22 

o-C,H,Me a 98-1 35-0 53-7 98-1 25-0 10-8 

Ph - 98-1 48-1 3-91 

Me o 100-0 45-0 3-94 69-7 55-0 0-76 

100-0 55-0 14-8 69-7 74-7 5-48 
100-0 63-7 44-1 69-7 87-9 19-7 
92-1 55-0 1-89 63-1 55-0 4-97 
92-1 68-05 9-53 63-1 67-0 16-2 
92-1 80-9 47-2 63-1 77-0 42-8 
77:8 55-0 0-12 
Isobutyramide 97-2 90-0 0-001 
Pivalamide 97-2 90-0 0-30 
* Concn, ~0-25M. 

The results in Table 1 give good Arrhenius plots, and the parameters derived from them are 
collected in Table 2. Also derived from these results, and the Arrhenius plots, are Table 3 
and Fig. 1, which display features to be discussed below. The rate of hydrolysis of N-acetyl- 
3,5-dinitroaniline in mixtures of sulphuric acid with disulphuric acid, chlorosulphonic acid, 

TABLE 2. Arrhenius parameters.* 
Amide R-CO-NHR’ 
R R’ Solvent (H,SO,, %) logy) A (min.“) E (kcal./mole) 

Me p-NO,"C,H, 100-0 16-2 27-2 

92-1 16-6 29-1 
69-7 12-6 23-6 
63-1 11-8 22-6 
p-NO, C,H, 2,4-(NO,),C,H, 100-0 17-1 28-4 
94-5 16-8 28-4 

o-NO,°C,H, " 95-2 20-6 30-0 

o-C,H,Me p-NO,'C,H, 97-8 16-9 27-7 

o-C,H,Me a 98-1 19-4 29-3 

Me 3,5-(NO,),C,H, 100-0 18-7 31-8 

68-4 12-4 22-5 
58 mole % H,SO, 17-9 30-0 m 
{ao mole % Cl‘SO,H e 
* For the significance of the italicised figures see text. 











hy. 
36 
akes 
tain 


are 
le 3 
tyl- 
cid, 








[1960] 


methanesulphonic acid, and water, are shown graphically in Fig. 2. 
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The spectra of 4-3 x 10m- 
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solutions of p-nitroacetanilide in ethanol, 100% sulphuric acid, and 88% sulphuric acid were 


TABLE 3. Constitutional effects on amide hydrolysis in sulphuric acid solutions. 


Amide R-CO-NHR’ 
R’ 


No. 
Me 3,5-(NO,).C,H; 
2 * Et ” 
3* CH,Cl oo 
4 Ph 2,4-(NO,).C,H, 
5 p-NO,°C,H, am 
6 o-NO,°C,H, LE 
1 Ph p-NO,°C,H, 
8 p-C,H,Me po 
9 o-C,H,Me a 


Solvent (H,SO, %) Temp. 10*% (min.~*) 

100-0 60-0° 8-56 

100-0 60-0 22-2 

100-0 90-0 <0-2 

100-0 13-3 22-0 

100-0 13-3 0-46 

100-0 13-3 20-7 
98-1 48-1 3-91 
98-1 48-1 13-3 
98-1 48-1 380 


* Results obtained cryoscopically.* 
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“1G. 1. Rates of hydrolysis of p-nitro- 
acetanilide (A) and 3,5-diniiroacet- 
anilide (B) in sulphuric acid—water 
mixtures at 65°. 
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Fic. 3. Absorption spectra of p-nitro- 


acetanilide solutions. 


Solvents: A, ethanol. 
B, 100% H,SO,. 
C, 88% H,SO,. 


measured between 220 mu and 400 my with a Beckman spectrophotometer (Fig. 3). 


Optical density 


Fic. 2. Rates of hydrolysis of 3,5-dinitro- 
acetanilide in different media at 65°. 
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3,5-dinitroacetanilide the spectra in the three solvents studied were almost indistinguishable. 


Peaks were observed at 237 and 274 mu. 
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DISCUSSION 


The present work was undertaken in order to establish a unimolecular mechanism of 
amide hydrolysis analogous to that of esters.3 The occurrence of hydrolysis in medig 
containing little free water suggests that such a mechanism might prevail and the results 
will be discussed from this standpoint. First, however, it is necessary to decide in what 
state the amides exist in the solutions which have been studied. 

The Extent and Position of Proton Addition.—The evidence as to the extent of proton 
addition, although rather fragmentary, suggests that the amides are completely converted 
into the conjugate acids in all the solutions. First, the amides give approximately two-fold 
freezing-point depressions in 100% sulphuric acid.t Secondly, the spectrum of 3,5-d. 
nitroacetanilide is similar in 88% to that in 100% sulphuric acid. (Comparison with the 
spectrum in ethanol shows that the amide and its conjugate acid are distinguishable) 
Thirdly, the pK, of acetanilide is 0-61,* and the value of the Hammett reaction constant, 
e, for the dissociation of substituted anilinium ions is +2-8;° even if the same high value 
of p is assumed for the dissociation of substituted acetanilidium ions it can be shown, by 
using the Hammett op relation and acidity function data,® that p-nitro- and 3,5-dinitro- 
acetanilide are converted into conjugate acids to the extent of at least 99% in 689% 
sulphuric acid. Finally, solubility limits for the different amides occur in different regions 
of acid concentration, and appear to depend upon the basicity of the amides. Thus the 
most weakly basic amides studied, 2,4-dinitro-N-o- and -f-nitrobenzoylaniline are insoluble 
in 90% sulphuric acid, whereas the solubility range for p-nitroacetanilide extends down to 
about 60% sulphuric acid. The facts are better explained by assuming the amides to be 
insoluble, and the conjugate acids soluble, in all the solvents studied, than by general 
solvent effects. We shall assume accordingly that conversion into the conjugate acid is 
virtually complete in all cases. 

The position of the added proton is also important in interpreting the kinetic results. 
Nuclear magnetic resonance measurements have shown that in the case of several amides 
the proton is attached to the oxygen atom in the stable form of the conjugate acid,’ and 
this will be assumed to apply to all the compounds studied. The assumption has an 
important bearing on the unimolecular mechanism because a dissociation of this form of 
the conjugate acid cannot be seriously considered: to explain the occurrence of the reaction 
in highly acidic media we must assume that the heterolytic electron-shift occurs towards 
the added proton; in the stable form of the conjugate acid this would produce the unlikely 
fragments R’*C-OH and R:NH*, and would moreover be associated with quite different 
polar effects from those observed. The unimolecular mechanism must therefore be written: 


+ 
OH Fast oO 
RCE eam rc, aa ee a a a 
NH:R NH,'R 
R“CO'NH,Rt >— R“COt4-RNHy. © 2 2 7 2 sD 
ow 
RNHy+ Ht RNHY 2 ee eB 
R“COt + HO =P RCO 2 ee ee 


Polar Constitutional Effects—There is no reason to suppose that polar groups in R’ 
should greatly affect the position of equilibrium (1). The effect of such groups on the rate 
should be largely confined to the heterolysis (2). If the mechanism (1)—(4) operates we 


8 (a) Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” G. Bell and Sons Ltd., London, 
1953, p. 771; (b) Leisten, J., 1956, 1572. 

* Heilbron, “ Dictionary of Organic Compounds,” Eyre and Spottiswood, 1937, Vol. I, p. 3. 

5 Jafié, Chem. Rev., 1953, 53, 191. 

* Paul and Long, Chem. Rev., 1957, 57, 1. <a 

7 Berger, Loewenstein, and Meiboom, J. Amer. Chem. Soc., 1959, 81, 62; Bunton and Figgis, 
personal communication. 
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should therefore expect electron-donating groups in R’ to accelerate, and electron- 
attracting groups to retard, hydrolysis. Results 1—3, 4—5, and 7—8 (Table 3) show just 
such effects. From nos. 4—5 and 7—8, values of the Hammett reaction constant —3-4 
and —3-1 can be derived which contrast sharply with the value of +1-2 found for the 
A2 hydrolysis of substituted benzamides,* but which are of the same sign and similar 
magnitude to those for Aaol ester hydrolysis.” 

Polar effects in R cannot be predicted by mechanism (1)—(4). £.g., an electron- 
attracting group in R should increase the rate of the heterolysis (2), but it should also drive 
the equilibrium (1) to the left-hand side by reducing the proton-affinity of the adjacent 
nitrogen atom more powerfully than that of the oxygen atom: the two effects will oppose 
to an unknown extent. The available results are scanty, but accord with the mechanism. 
The rate of hydrolysis of p-nitroacetanilide can be greater or less than that of 3,5-dinitro- 
acetanilide, depending upon the acid concentrations (see Fig. 1), in the region of acid 
concentration in which hydrolysis goes entirely by the process under consideration. (As 
will be seen from the discussion of the dependence of rate upon medium, this region extends 
from 100% to about 80% sulphuric acid.) 

Steric Effects —Results 5—7 and 8—10 (Table 3) show that ortho-substituents in the 
acyl moiety accelerate the reaction regardless of their polar nature. If polar effects of 
ortho- and para-substituents are taken to be equal ® it appears from these results that an 
o-nitro-group increases the rate 45 times by a steric effect, and an o-methyl group 28 times. 
Again the results contrast with those found for amides in more aqueous acids where the 
A-2 mechanism prevails,? but are in the same direction as those observed for ester 
hydrolysis in anhydrous sulphuric acid. Comparison of the results 4 and 7 suggests that 
ortho-groups in the amine moiety also exert a large accelerative steric effect. 

The Influence of the Medium.—A change in the solvent from anhydrous to aqueous 
sulphuric acid should have little effect on the equilibrium (1). The slow step (2) involves 
no change in the total electrical charge from reactant to transition state, and likewise 
should be rather insensitive to changes in the medium. Changes of rate with solvent 
composition should therefore be small and similar for different amides. The observed 
results (in Figs. 1 and 2, and Table 1) do not follow these conclusions: ¢.g., in concentrated 
aqueous sulphuric acid the rates of hydrolysis of p-nitro- and 3,5-dinitro-acetanilide depend 
considerably, and to different extents, on the composition of the solvent (Fig. 1). This 
effect is shown by the results in Fig. 2 to depend on acidity. The acidity of the solvent 
components used in these measurements is in this order: H,S,0, > Cl‘SO,H > H,SO, > 
CH,‘SO,H > H,O, and it will be observed that in all mixtures of sulphuric acid with 
stronger acids the rate of hydrolysis of 3,5-dinitroacetanilide is greater than that in 100% 
sulphuric acid, whilst in mixtures with weaker acids the rate is slower. The rates of 
hydrolysis of p-nitro- and 3,5-dinitro-acetanilide are, respectively, 13-8 and 3-8 times as 
fast in 100% as in 90% sulphuric acid. Over the same interval of concentration the 
non-logarithmic acidity function 4, changes ® by the factor 660. The dependence of the 
rate on acidity cannot therefore be reconciled with a rate-determining heterolysis of the 
doubly protonated amide, formed to a fractional extent in a pre-equilibrium, for such a 
mechanism would require the rate to increase proportionally with , (or strictly 4,). 
On the other hand the results in Fig. 2 suggest general acid-catalysis, for the reaction rate 
varies almost linearly with the mole fraction of the stronger acid in the solvent, particularly 
in cases C and D. 

To explain these results as well as those which are accounted for satisfactorily by 
mechanism (1)—(4) we propose the following modification of that mechanism: that step 
(3) occurs synchronously with ‘the heterolysis (2), i.e., that proton addition to the nitrogen 
atom commences before the transition state of the heterolysis is fully formed. This 


® Leisten, J., 1959, 765. 

* Taft, J. Amer. Chem. Soc., 1952, 74, 3120. 

© Long and Paul, Chem. Rev., 1957, 57, 935. - 
FF 
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modification accounts for general acid-catalysis. It also explains why the rate of hydrolysis 
of p-nitroacetanilide is more sharply dependent upon acidity than that of 3,5-dinitroacet. 
anilide: it is because the extent of catalysis depends, not only upon the strength of the 
acid, but also upon the basic strength of the amine which is formed, and #-nitroaniline jg 
a stronger base than 3,5-dinitroaniline. 

The faster rate in deuterosulphuric acid than in sulphuric acid is perhaps surprising: 
it should be remembered, however, that the two protons originally on the nitrogen atom 
will be replaced by deuterons in this solvent and the rate may be subject’ to secondary 
isotope effects. 

The A2 Mechanism.—Below 78% sulphuric acid the rate of hydrolysis rises with 
decreasing acid concentration. This is a normal property of the A-2 mechanism, the rate 
increase being attributed to the increasing concentration of free water; for under the 
present conditions, where the amide is entirely converted into its conjugate acid, the rate 
by this mechanism is determined solely by the attack of water, (5): 


+ 


OH H 
RCW + OH, —> w-cLoH,! + ope Nel ee 
NHR \NHR 


The curves for /-nitro- and 3,5-dinitro-acetanilide in Fig. 1 are parallel in this region, 
showing that the rate variation is associated with the solvent and not with the particular 
amide. This is expected for the process (5) and has been previously demonstrated in the 
case of aqueous perchloric acid. It is also expected for this process that electron- 
attracting substituents should have an accelerating effect, whether in R’ or R. Polar 
effects in R have not been previously studied, but the present results suggest that this is 
the case, for in the A2 region 3,5-dinitroacetanilide is hydrolysed about 2-5 times faster 
than f-nitroacetanilide in solutions of the same acid concentrations. 

Contrary to what might be deduced from polar and steric effects on reaction (5), the 
hydrolysis of 3,5-dinitro-N-propionylaniline is faster than that of 3,5-dinitroacetanilide: 
the rates in 68-4°% sulphuric acid at 65° are 0-014 and 0-0083 min. respectively. This 
apparent anomaly is not confined to the present work, because propionamide has been 
found to be hydrolysed faster than acetamide over a wide range of acid concentration” 
A likely explanation is that the conjugate acid of the amide is stabilised by conjugation, 
or hyperconjugation, with R’. No such stabilisation can occur of the addition complex, 
and increased conjugation therefore increases the potential energy barrier and slows 
reaction (5). Propionamides have one less hydrogen atom capable of hyperconjugation 

than acetamides. The same explanation could be applied to the 

me-bX 7OH anomalously slow hydrolysis in perchloric acid solutions of anis- 
“NH, amide, the results for which fail to obey an otherwise excellent 

(A) relation.’ In this case the conjugate acid is probably stabilised, 

relatively to the transition complex, by the important structure (A). 

Temperature Dependence.—The values of the Arrhenius parameters in Table 2 accord 
with the conclusions which have been reached in two respects. First, the values for all 
those hydrolyses which are held to proceed by the modified mechanism (1)—(4) fall in 
rather narrow ranges. (E = 27-2—31-8 kcal./mole, and log,, A = 16-2—18-7, except 
that for compounds with an ortho-group in the acyl moiety higher values of A are found.) 
These values are well separated from those for A-2 hydrolysis, which are italicised in 
Table 2 (E = 22-5—23-6, log,, A = 11-8—12-6). The latter values are in the ranges 
previously observed for A-2 amide hydrolysis: ¢.g., the figures in Table 2 are almost 
identical with those for the hydrolysis of benzamide in 1—10m-hydrochloric acid.” 
Secondly, the results for hydrolysis by the modified (1)—(4) mechanism give a linear 


11 Ref. 3(a), p. 788. 
12 Rabinowitch and Winkler, Canad. J. Res., 1942, 20, B, 73. 
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enthalpy-entropy relation from which the ortho-substituted benzanilides depart in accordance 
with the size of the ortho-group. Reactions which proceed by the same mechanism often 
give this type of relation: it is known to fail where substituents have a steric influence on 


the rate.1* 


EXPERIMENTAL 


Materials —To prepare 2,4-dinitroacetanilide, 2,4-dinitroaniline (10 g.), acetic anhydride 
(5 ml.), and acetic acid (5 ml.) were refluxed for } hr., and the cooled mixture poured into water. 
The precipitate, recrystallised from ethanol, had m. p. 120°. N-Benzoyl-p-nitroaniline was 
prepared by heating p-nitroaniline (13-8 g.) and benzoyl chloride (11-5 ml.) at 220° for } hr. 
The product, recrystallised from ethanol, had m. p. 198°. Pivalic acid was converted into 
pivaloyl chloride,!* and hence into pivalamide which had m. p. 151° (from ethanol). Chloro- 
sulphonic acid was purified by distillation (b. p. 153°), and methanesulphonic acid was distilled 
under reduced pressure. Deuterosulphuric acid was prepared from pure sulphur trioxide and 
deuterium oxide: 1 it had f. p. 14-33°. 

Kinetic Measurements.—Hydrolysis of the substituted anilides was followed by estimation 
of the substituted anilines formed. The estimation was based on a method of Ridd and Lark- 
worthy.” In the case of 3,5-dinitroacetanilide 1 ml. samples of the reaction mixture (initially 
0-25 in anilide) were pipetted on to ice. In each case the solution was diluted to 10 ml. and its 
temperature adjusted to 25—27°. 25 drops of 6% sodium nitrite solution were added and the 
solution was stirred and diluted to exactly 20 ml. with water. A 0-2% aqueous solution (5 ml.) 
of sodium §-naphthol-3,6-disulphonate and 6% borax solution (10 ml.) were placed in a 50 ml. 
volumetric flask, and 2 ml. of the diazotised solution were added. The solution was made up 
to 50 ml. with 6% borax solution, and 10 ml. were further diluted 5 times with borax. The 
optical density at 474 my was then determined by means of a Beckman spectrophotometer. 
It was shown that Beer’s law was obeyed and that the colour was stable for several days. A 
typical set of results is given below, for initially 0-22m-3,5-dinitroacetanilide reacting in 68-4% 
sulphuric acid at 72-2°. A value of 1-420 was chosen for D., and the graphically determined 
rate constant was 18-3 x 10° min.+. 


Time (min.) . ‘ 5 89-5 
D (A 476 my) S 5 ° S : 1-146 
10%% (min.~) ° , , : 18-3 


2,4-Dinitro- and p-nitro-acetanilide were treated in a similar way, but in both these cases 
the spectrophotometric measurements were made at 490 my on solutions of half the concen- 
traction used for 3,5-dinitroacetanilide. The hydrolyses of pivalamide and isobutyramide were 
followed by estimation of the ammonia produced.’® 
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172. Alternaric Acid. Part II+ 
By J. R. BArtets-KEITH. 


Oxidation. 


Alternaric acid is oxidised by alkaline hydrogen peroxide to 7,8-di- 
hydroxy-9-methyl-3-methyleneundec-5-ene-1,7-dicarboxylic acid. 


ALTERNARIC ACID, the antifungal and phytotoxic metabolite of Alternari solani (Ell. and 
Mart.) Jones and Grout, is oxidised slowly by alkaline hydrogen peroxide at room temper. 
ature, giving a crystalline acid C,,H,,0,, together with formic acid and acetone. The yield 
of acetone is small, however, and comparative experiments indicate that it arises from 
concomitant alkaline hydrolysis of alternaric acid.1 The compound C,;H,,0, is an 
optically active, unsaturated dibasic acid; degradative evidence shows that it is 7,8-dj- 
hydroxy-9-methyl-3-methyleneundec-5-ene-1,7-dicarboxylic acid (I; R =H). It follows 
that alternaric acid is also optically active and that the apparent inactivity is due to 
internal compensation. 
HO OH 


saacatien Hate eetiinnd ‘edeebdaiedl (I) 
Me  CO,R CH, 
(NO,4)gCgHg*N—N2C*CH:CH*CHy'C*CHyCHyrCOMe (II) 


H-----OC-OMe CH, 
CMe, 
1@) 
ree % *CO,H HO,C*CH!CH*CH4°C*CH,°CH,"CO,H 
Me Cco,R by 
(II (IV) 


iiciitiia arin Ghia tie (Vv) 
Me 


Hydrogenation of the acid (I; R = H) indicated the presence of two ethylenic double 
bonds, which were not conjugated as shown by the absence of a maximum in the ultra- 
violet absorption spectrum. The infrared absorption and active-hydrogen content of the 
acid and of its methyl ester, obtained by the action of diazomethane, showed the presence 
of two hydroxyl groups. Treatment of the ester (I; R = Me) with acetic anhydride and 
pyridine gave only a monoacetate which showed infrared absorption at 3510 cm.+ 
(aliphatic OH), while the acid (I; R = H) and its methyl ester both gave liquid 00-iso- 
propylidene derivatives. These findings show that the acid C,,H,,0, is acyclic and 
contains a 1,2- or 1,3-diol system in which one hydroxy] is tertiary. 

The acid (I; R = H) gave a positive test for the 1,2-diol grouping with potassium 
triacetoxyosmiate in acetic acid,? and rapidly consumed 1 mol. of periodic acid, giving 
(+)-«-methylbutyraldehyde. The ester (I; R = Me) reacted similarly with periodic acid 
and gave, in addition to the above aldehyde, a neutral oil which formed a 2,4-dinitro- 
phenylhydrazone, C,,Hj,0,N,. The ultraviolet absorption in ethanol was characteristic 
of a C:C-C:N-N grouping in accordance with structure (II), but in chloroform the principal 
absorption band suffered a bathochromic shift of 19 my, which we attributed to intra- 
molecular hydrogen-bonding between the NH group and the neighbouring ester-carbonyl 
group. The infrared spectrum showed bands at 3140 (bonded NH), 1744 (free ester- 
carbonyl) and 1700 cm. (bonded ester-carbonyl). This compound was also obtained 


1 Part I, J., 1952, 4056. 
* Criegee, Marchand, and Wannowins, Annalen, 1942, 550, 99. 









ee g 


> @ @ we ZZ 





, and 
aper- 
yield 
from 
S an 
8-di- 
lows 
le to 


uble 
|tra- 
the 
nce 


m.7 
and 
jum 
ving 
acid 


tro- 
stic 


tra- 
nyl 
ter- 
ned 








1960] Bartels-Keith: Alternaric Acid. Part II. 861 


from the products of oxidation of the ester (I; R = Me) with lead tetra-acetate or with 
manganese dioxide in chloroform. Cleavage of the glycol system by the latter reagent is 
unexpected but may be due to the presence of the tertiary allylic hydroxyl group. 

The 00-isopropylidene derivative of the ester (I; R = Me), on oxidation with potass- 
jum permanganate in acetone, gave an acid, characterised as the S-benzylthiouronium salt, 

390sN2S, which contained one methoxyl group and showed infrared absorption at 
1736 cm. (carboxylic ester). The acid product, C,,H,.Og, is thus a monomethy] ester and 
must therefore have structure (III; R= Me). The free monomethyl ester was obtained 
as a syrup showing infrared absorption at 3240 and 2640 cm." (hydrogen-bonded hydroxyl) 
and at 1747 cm.+ (ester and hydrogen-bonded carboxyl); mild alkaline hydrolysis 
gave the crystalline hygroscopic diacid (III; R = H). 

Further confirmation of the «8-dihydroxy-acid system in the acid (I; R =H) was 
afforded by oxidation with lead tetra-acetate in aqueous acetic acid, which gave carbon 
dioxide, (++)-«-methylbutyraldehyde, and an optically inactive, unsaturated dibasic acid, 
C,H,,0,- The ultraviolet absorption spectrum indicated the presence of an «f-unsaturated 
acid grouping in the dibasic acid. Catalytic hydrogenation resulted in the uptake of 
2 mols. of hydrogen, giving an acid, CyH,,O,, the thorium salt of which gave 4-methylcyclo- 
heptanone on pyrolysis. The reduction product must therefore be (+)~y-methylsuberic 
acid, although its m. p. differs from that reported ° for the (-+-)-acid (146°) and is closer to 
the reported m. p.* of the (—)-acid (81°). 

Ozonolysis of the dibasic C, acid gave formaldehyde, indicating the presence of a 
terminal methylene group, togéther with succinic acid and a syrupy mixture from which 
levulic acid (isolated as its methyl ester 2,4-dinitrophenylhydrazone) was obtained. 
Similar results were obtained on ozonolysis of the acid (I; R= H). The presence of a 
terminal methylene group in the latter was confirmed by the formation of formaldehyde on 
oxidation with Lemieux and von Rudloff’s periodate-permanganate reagent.5 These 
results are consistent only with structure (IV) for the acid C,H,,O, and hence (I; R = H) 
for the acid C,;H,,0,. The derivative of methyl levulate mentioned above presumably 
arises owing to decarboxylation of the expected ozonolysis product, 8-oxoadipic acid. 

The presence of a 1,4-diene system in the acid (IV) was confirmed by the action of hot 
aqueous potassium hydroxide, which gave the isomeric 5-methylocta-2,4-dienedioic acid 
(V) with the ultraviolet absorption characteristic of a 2,4-dienoic acid. 

The 2,4-dinitrophenylhydrazone (II) gives 0-46 C-methyl group in the Kuhn—Roth 
estimation. This must arise from rearrangement of the 1,4-diene system; a similar case 
of a spurious C-methyl value, due to rearrangement of a terminal methylene group, has 
been noted previously.* It is likely that the C-methyl value observed for the acid (I; 
R = H) also includes a contribution from rearrangement of the terminal methylene group. 


EXPERIMENTAL 

M. p.s are corrected. Unless otherwise stated, ultraviolet absorption spectra were deter- 
mined for ethanol solutions in a Unicam S.P. 500 spectrophotometer. Infrared absorption 
spectra were determined on Nujol mulls. 

Action of Hydrogen Peroxide on Alternaric Acid.—Isolation of the acid (I; R=H). (A) A 
solution containing alternaric acid (5-02 g.), N-sodium hydroxide (77-6 ml.; 6-35 equivs.), and 
aqueous hydrogen peroxide (150 ml.; 20-vol.) was made up to 850 ml. with water. After 3 days 
at room temperature further hydrogen peroxide (100 ml.) was added, and after 6 days the 
solution was acidified with 3n-sulphuric acid (35 ml.) and continuously extracted with ether for 
24hr. The ethereal extract was washed with 25% aqueous sodium chloride, dried, and evapor- 
ated, and the crystalline residue (4-3 g.) triturated with benzene. A solution of the product in 
ether was diluted with benzene, and the solvent removed under reduced pressure until crystallis- 
ation commenced. The crystals (3-2 g.) were separated and recrystallised from benzene (2—4 

* Qudrat-i-Khuda and Ghosh, J. Indian Chem. Soc., 1940, 17, 19. 

* Ruzicka and Steiger, Helv. Chim. Acta, 1927, 10, 688. 


5 Lemieux and von Rudloff, Canad. J. Chem., 1955, 38, 1710. 
* Mulholland, J., 1958, 2693. 
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times) and finally from ethyl acetate—light petroleum (b. p. 60—80°), giving pure 7,8-dihydroxy. 
9-methyl-3-methyleneundec-5-ene-1,7-dicarboxylic acid as flat needles or leaflets, m. p. 95° (1-92, 
52%) [Found: C, 60-2; H, 8-0; active hydrogen (Zerewitinoff; in pyridine), 1-33; C-Me, 11-6%; 
equiv., 152. C,,H,,O, requires C, 60-0; H, 8-1; 4 active hydrogens, 1-33; 2C-Me, 10-0; 3C-Me, 
15-0%; equiv. (dibasic), 150), [a],*4 +43-5° (c 2-01 in acetone), e 4560 at 210 my, v,,, 3300— 
3400, 2500, 1718, 1701, 1684, 1669, and 1645 cm.. On hydrogenation in acetic acid with a 
palladium catalyst, 4-929 mg. of the substance took up 0-69 ml. of hydrogen at N.T.P., corre. 
sponding to 1-9 double bonds. The compound decomposed slowly in air but could be stored 
indefinitely in a vacuum. 

The acid (I; R= H) (299 mg.), on methylation with ethereal diazomethane and 
chromatography of the product in ether on alumina, gave a product (252 mg.), m. p. 37~ 
43-5°. After recrystallisation from ether-light petroleum (b. p. 40—60°) at —60° this methyj 
ester (I; R = Me) had m. p. 41—43-5° [Found: C, 62-4; H, 8-5; OMe, 18-6; active hydrogen 
(Zerewitinoff in pyridine), 0-63. C,,H,,O, requires C, 62-2; H, 8-6; 20Me, 18-9; 2 active 
hydrogens, 0-61%], [aJ,"* +48° (c 2-01 in ethanol), ¢ 4440 at 210 my, vax 3515, 1720, and 
1642 cm.7}. 

The foregoing methyl ester (198 mg.) with acetic anhydride (4 ml.) and pyridine (4-5 ml) 
at room temperature (20 hr.) gave a product (201 mg.) which was chromatographed in benzene- 
light petroleum (b. p. 40—60°) (1: 1) onalumina. Elution with benzene gave methyl 8-acetoxy-1. 
hydroxy-9-methyl-3-methyleneundec-5-ene-1,7-dicarboxylate (89 mg.), b. p. 70—80°/10 mm. 
(Found: C, 61-7; H, 8-2; OMe, 16-4; Ac, 11-9. C,H 3 gO, requires C, 61-6; H, 8-2; 20Me, 
16-8; lAc, 11-6%), Vmax. 3510w, 1743s, and 1650w cm.7}. 

The acid (I; R =H) (100 mg.) was dissolved in dry acetone (10 ml.) containing con- 
centrated sulphuric acid (0-05 ml.). After 18 hr. at room temperature sodium hydrogen 
carbonate (0-63 g.) was added and the mixture shaken for 0-5 hr., cooled to 0°, and shaken with 
water (20 ml.) and ether (20 ml.). The aqueous layer was acidified at 0° with 3N-sulphuric acid 
(2-5 ml.) and extracted with ether (3 x 15 ml.), and the combined ethereal extracts were washed 
with water and evaporated. The resulting syrup (120 mg.) was dissolved in N-sodium hydroxide 
(0-85 ml.), adjusted to pH 3 with n-hydrochloric acid, and added with stirring to a solution of 
S-benzylthiouronium chloride (135 mg.) in water (1 ml.). After 1 hr. at 0° the solid was 
collected [m. p. 162—166° (decomp.) (184 mg.)]. Recrystallisation from aqueous ethanol and 
then from ethanol at —60° gave di-(S-benzylthiouronium) 17,8-isopropylidenedioxy-9-methyl-3- 
methyleneundec-5-ene-1,7-dicarboxylate, m. p. 173-5—174-5° (Found: C, 60-9; H, 7-6; N, 81; 
S, 9-2. C,H gO,N,S, requires C, 60-7; H, 7-2; N, 8-3; S, 9-5%). 

The ester (I; R = Me) (532 mg.) was dissolved in dry acetone (50 ml.) containing con- 
centrated sulphuric acid (0-25 ml.). After 18 hr. at room temperature an excess of sodium 
hydrogen carbonate and of anhydrous magnesium sulphate was added. After 3 hr. with 
occasional shaking, the acetone solution was filtered and evaporated, and the residue (657 mg.) 
chromatographed in light petroleum (b. p. 40—60°) on alumina. Elution with ether-light 
petroleum (b. p. 40—60°) gave the isopropylidene derivative (530 mg., 89%), [aJ,,2° +33° (c 4-53 
in ethanol). For analysis, the chromatography was repeated and the column eluted with light 
petroleum (b. p. 40—60°). Molecular distillation of the product at 60—75°/0-001 mm. gave the 
analytical sample (Found: C, 65-4; H, 8-7; OMe, 16-6. C, 9H;,O, requires C, 65-2; H, 8-75; 
20Me, 16-85%), ¢ 3248 at 210 my, vpx 1743 and 1651 cm.. There were no infrared bands due 
to the hydroxyl group. 

(B) Alternaric acid (2-00 g.) was oxidised as above and the acidified mixture distilled to 
small bulk. The distillate was made alkaline with 0-12N-barium hydroxide, saturated with 
carbon dioxide, filtered, and distilled to small bulk. Treatment of the distillate with 
aqueous 2,4-dinitrophenylhydrazine hydrochloride gave a complex mixture of 2,4-dinitrophenyl- 
hydrazones (0-11 g.). This mixture was also obtained in an experiment in which the hydrogen 
peroxide was omitted. Fractional crystallisation from methanol and from light petroleum 
(b. p. 60—80°) gave a product, m. p. 120—123°, raised to 123—125° on admixture with acetone 
2,4-dinitrophenylhydrazone. 

The residue from the second distillation, on dilution with acetone, deposited barium formate 
(228 mg.) (Found: Ba, 60-2. Calc. for C,H,O,Ba: Ba, 60-4%), which was converted into 
S-benzylthiouronium formate, m. p. and mixed m. p. 150-5—151-5° (Found: C, 51-05; H, 5:5; 
N, 13-2. Calc. for CJH,,0,N,S: C, 50-9; H, 5:7; N, 13-2%). 

Oxidation of the Acid (I; R = H) with Periodic Acid.—A solution of the acid (152 mg.) in 
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methanol (1 ml.) was treated with 0-12Mm-periodic acid (4-5 ml.) at room temperature. Volatile 

ucts were removed with a current of nitrogen and absorbed in a solution containing 0-5% 
of 2,4-dinitrophenylhydrazine in 4n-hydrochloric acid (30 ml.) at 5°. After 45 min. the yellow 
precipitate in the latter solution was collected, chromatographed on alumina, eluted with 
benzene, and crystallised from methanol, giving plates, m. p. 134—134-5° (64 mg.), [a],,"* +32-6° 
(c 2-50 in chloroform) (Found: C, 49-8; H, 5-6; N, 21-3. Calc. for C,,H,,O,N,: C, 49-6; H, 
53; N, 21-0%), identical (mixed m. p. and infrared absorption spectrum) with (+-)-«-methyl- 
putyraldehyde 2,4-dinitrophenylhydrazone.’ Further material, m. p. 133° (11 mg.), was 
recovered from the mother-liquors. 

Oxidation of Ester (1; R = Me) with Periodic Acid.—A mixture of the ester (323 mg.), 0-17M- 
periodic acid (6-3 ml.), and ethanol containing 5% of ethyl acetate (6 ml.) was kept in the dark 
for 1 hr., then distilled at 25°/25 mm., the distillate being condensed at —80°. After 1 hr. the 
distillate was added to 0-2% aqueous dimedone solution (175 ml.) containing acetic acid 
(2 drops). After 5 days the crystalline product was collected (m. p. 127—130°; 172 mg.). 
Recrystallisation from aqueous methanol gave plates, m. p. 134—135°, of the dimedone deriv- 
ative of (+)-«-methylbutyraldehyde (Found: C, 72-1; H, 9-2. C,,H 5,0, requires C, 72-4; H, 
93%), {a),2° > +2° (c 1-88 in ethanol; / = 1 dm.), identical (mixed m. p. and infrared absorp- 
tion spectrum) with a synthetic specimen. 

In a second experiment the ester (1-05 g.) gave a distillate which was heated under reflux 
ina current of nitrogen with semicarbazide hydrochloride (0-4 g.) and sodium acetate trihydrate 
(0-6 g.). After 1 hr. evaporation under reduced pressure and addition of water gave plates, 
m. p. 113—117° (240 mg.). After recrystallisation from aqueous ethanol the derivative had 
m. p. 113—115°, identical (mixed m. p. and infrared absorption spectrum) with the semi- 
carbazone, m. p. 115—115-5°, of (+)-a-methylbutyraldehyde (Found: C, 50-45; H, 9-1; N, 
29-3. C,H,,ON; requires C, 50-3; H, 9-15; N, 29-35%), [a],2* +32° (c 1-5 in ethanol). The 
residue from the distillation was extracted with ether (2 x 20 ml.), and the extracts were 
washed with 9% aqueous sodium hydrogen carbonate and with 10% aqueous sodium chloride 
and dried. Evaporation under reduced pressure gave an unstable yellow oil (816 mg.). This 
product (262 mg.) was added to a solution of 2,4-dinitrophenylhydrazine (225 mg.) in methanol 
(15 ml.) and concentrated hydrochloric acid (0-5 ml.). After 2-5 hr. at room temperature the 
mixture was kept overnight at 0°. The red solid (251 mg.) was collected and chromato- 
graphed from benzene on alumina. Elution with the same solvent gave a product which on 
purification from ethyl acetate-light petroleum {b. p. 60—80°) furnished yellow needles, m. p. 
149—150° (102 mg.) of the 2,4-dinitrophenylhydrazone (II) of methyl 6-methylene-2-oxonon-3- 
enedioate (Found: C, 51:2; H, 4-85; N, 13-1; OMe, 14-5; C-Me, 1-7. C,,H.,O,N, requires C, 
51-4; H, 4-8; N, 13-3; OMe, 14-8; 1C-Me, 3-6%), Amax, 217, 253, 257, 375 my (e 20,510, 11,880, 
11,570, 23,810), Amax, (in CHCI,) 249, 394 (c¢ 12,230, 25,620), Aing, 403 mu (e 25,300). 

Oxidation of Ester (1; R = Me) with Lead Tetra-acetate——The ester (101 mg.) in benzene 
(5 ml.) was treated portionwise with lead tetra-acetate (154 mg.). After 1-5 hr. the lead salts 
were separated and the filtrate distilled at 20° under reduced pressure into a trap at —80°. The 
distillate, on treatment with an excess of 0-25% 2,4-dinitrophenylhydrazine in 3n-hydrochloric 
acid followed by extraction with benzene, gave a product which after purification on alumina 
and crystallisation from methanol furnished (+)-a-methylbutyraldehyde 2,4-dinitrophenyl- 
hydrazone (18 mg.) (mixed m. p. and infrared absorption spectrum). The residue from the 
distillation on treatment with methanolic 2,4-dinitrophenylhydrazine hydrochloride and 
isolation as described above gave yellow needles, m. p. 148—148-5° (48 mg., 37%), identical 
(infrared absorption spectrum) with the 2,4-dinitrophenylhydrazone (II). 

Oxidation of Ester (I; R = Me) with Manganese Dioxide.—A solution of the ester (492 mg.) 
in chloroform (25 ml.) was shaken with active manganese dioxide ® (5 g.) at room temperature 
for 23 hr. The manganese dioxide was separated and washed with acetone (4 x 10 ml.) and 
the combined filtrates were evaporated, giving a dark yellow oil (268 mg.). A solution of this 
product in ether at —80° deposited a yellow oil (55 mg.), Amax. 233 and 302 my (E}%, 255, 212). 
The filtrate yielded a second oil (204 mg.), Amax, 233 my (E}%, 253). The latter product (46 mg.) 
with 2,4-dinitrophenylhydrazine gave yellow laths (from ethyl acetate), m. p. 146-5—147-5° 
(14 mg.), identical (mixed m. p. and infrared absorption spectrum) with methyl 6-methylene-2- 
oxonon-3-ene-1,9-dioate 2,4-dinitrophenylhydrazone (II). 

? Badin and Pacsu, J. Amer. Chem. Soc., 1945, 67, 1352. 
§ Mancera, Rosenkranz, and Sondheimer, J., 1953, 2190. 
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Oxidation of Methyl 7,8-Isopropylidenedioxy-9-methyl-3-methyleneundec-5-ene-1,7-dicarboxylate 
with Potassium Permanganate.—A solution of the isopropylidene derivative (1-047 g.) in 
acetone (50 ml.) was treated portionwise with powdered potassium permanganate (4-0 g.) during 
lhr. at 24°. After a further 3 hr. the mixture was cooled to 0°, decolorised by sulphurous acid, 
and quickly extracted with ether (4 x 30 ml.). The combined ethereal extracts were washed 
with 9% aqueous sodium hydrogen carbonate (6 x 10 ml.), and the combined aqueous washings 
were cooled in ice, acidified with 3n-sulphuric acid, and rapidly extracted with ether 
(3 x 50 ml.). The combined ethereal extracts were washed with water, dried, and evaporated, 
The resulting syrup (631 mg.) was dissolved in N-sodium hydroxide (2-5 ml.), adjusted to pH 3 
with n-hydrochloric acid, and added with stirring to a solution of S-benzylthiouronium chloride 
(589 mg.) in water (3 ml.). After 1 hr. at 0° the precipitate of S-benzylthiouronium methyl 2,2-dj. 
methyl-5-s-butyl-1,3-dioxolan-4,4-dicarboxylate was collected (m. p. 141—141-5°; 446 mg). 
Recrystallisation from 50% aqueous ethanol raised the m. p. to 146° (Found: C, 56-7, 56-6; 
H, 7-3, 7:5; N, 6-6, 6-6; S, 7-2, 7-3; OMe, 7-5, 7-7. CggH39O,N,S requires C, 56-3; H, 7-1; N 
6-6; S, 7-5; LOMe, 7-3%), [a],** + 64° (c 1-00 in EtOH). 

This salt (1-37 mg.) was shaken with ether (10 ml.) and 3N-sulphuric acid (5 ml.) at 0°. The 
aqueous layer was quickly extracted with further ether (2 x 10 ml.), and the combined ethereal 
solutions were washed with water, dried, and evaporated under reduced pressure. The residue 
when dried over phosphoric oxide in vacuo gave methyl hydrogen 2,2-dimethyl-5-s-butyl-1,3-di- 
oxolan-4,4-dicarboxylate as a viscous syrup (Found: C, 53-1; H, 7:6%; equiv., 281, 
Cy.H909,,4H,O requires C, 53-5; H, 7-°9%; M, 269). 

A solution of the monomethy] ester (190 mg.) in 0-4N-potassium hydroxide (12 ml.) was left 
for 20 hr. at room temperature, then washed with ether, cooled in ice, acidified with 3Nn-sulphuric 
acid, and extracted with ether (3 x 15 ml.). The combined ethereal extracts on evaporation 
gave the intensely hygroscopic diacid, m. p. 87—94° (171 mg.), which could be handled only ina 
dry-box in the presence of a 2*T1 static eliminator. Recrystallisation from methylene chloride- 
light petroleum (b. p. 40—60°) gave shining prisms, m. p. 88-5—94° [Found: C, 53-2; H, 7-2%; 
equiv., 113. C,,H,,O, requires C, 53-65; H, 7-4%; equiv. (dibasic), 123], [aJ,1° +40-5° (c 0-97 
in acetone), Vmax, 3100—2500, 1728 and 1715 (shoulder) cm.“1._ The silver salt decomposed above 
150° (Found: C, 28-8; H, 3-8; Ag, 45-95. C,,H,,0,Ag, requires C, 28-7; H, 3-5; Ag, 46-9%). 

Ozonolysis of the Acid (1; R = H).—(A) In acetic acid. A stream of ozonised oxygen was 
passed into a solution of the dihydroxy-acid (143 mg.) in acetic acid (15 ml.) at 19° for 14 min, 
After addition of magnesium powder and water (70 ml.) the mixture was distilled to small bulk 
and the distillate added to 0-2% aqueous dimedone (150 ml.). After 6 days the precipitate was 
collected (m. p. 179-5—186-5°; 83mg.). Recrystallisation from methanol gave needles (71 mg.), 
m. p. 189—191°, alone or mixed with formaldehyde dimethone. After a further 15 days the 
aqueous filtrate deposited further solid from which additional material (10 mg.) was obtained 
having m. p. 189—190°. The pure derivative so obtained represents a 58% yield of 
formaldehyde. 

(B) In methyl acetate. A stream of ozonised oxygen was passed into a solution of the acid 
(144 mg.) in methyl acetate (12 ml.) at —50° for 14 min. After removal of the solvent at 
0°/2 mm. the ozonide was decomposed with water (25 ml.) and steam-distilled. The distillate 
was added to 0-2% aqueous dimedone (100 ml.). After 3 days the solid was collected (58 mg.); 
recrystallisation from methanol gave formaldehyde dimethone (31 mg., 22%), m. p. and mixed 
m. p. 187°. 

The residue from the steam-distillation was extracted continuously with ether (24 hr.). 
Evaporation of the ethereal extract gave a product (111 mg.) which partly dissolved in methylene 
chloride. The undissolved solid, m. p. 176—183° (9 mg.), on sublimation at 150/12 mm. gave 
succinic acid (5-8 mg., 10%), m. p. and mixed m. p. 187° (correct infrared spectrum). 

Evaporation of the methylene chloride solution gave an oil which was heated under reflux 
with 2,4-dinitrophenylhydrazine (0-20 g.) and concentrated hydrochloric acid (3 ml.) in methanol 
(20 ml.). After 1-5 hr. the mixture was evaporated to half bulk and kept at 0° for 5days. The 
dark precipitate (62 mg.) was collected and a solution in benzene chromatographed on alumina. 
Elution with benzene gave an orange solid (44 mg.). Crystallisation from methanol gave orange 
leaflets, m. p. 140° (32 mg., 21%), of methyl levulate 2,4-dinitrophenylhydrazone, identical 
(mixed m. p. and infrared spectrum) with a synthetic specimen. 

Periodate—Permanganate Oxidation of the Acid (1; R = H).—A solution of the acid (30-5 mg.) 
in water (10 ml.) containing 4N-sodium carbonate (0-3 ml.) and N-sodium hydroxide (2 ml.) was 
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treated with sodium metaperiodate (0-56 g.) and 0-034m-potassium permanganate (1 ml.) in 
water (20 ml.). After 1 min. N-hydrochloric acid (2 ml.) was added and after 3 hr. a solution of 
arsenic trioxide (2-0 g.) in 3N-sodium hydroxide (8 ml.), followed by 3Nn-sulphuric acid (15 ml.). 
Steam-distillation gave a distillate from which formaldehyde dimethone was isolated as above, 
having m. p. and mixed m. p. 187-5—188-5° (7-3 mg., 25%). 

In a parallel experiment titrimetric analysis showed that the acid consumed 9-0 atoms of 
oxygen per mol. in 1-5 hr. Thereafter oxidation was slow, 10-7 atoms being consumed 

r 18 hr. 

a deitetion of the Acid (I; R =H) with Lead Tetra-acetate.—(a) A current of nitrogen was 

successively through a vessel containing lead tetra-acetate (1-59 g.), a trap containing 
a 033% solution of 2,4-dinitrophenylhydrazine in 4n-hydrochloric acid (160 ml.), an empty 
trap cooled to — 80°, and two traps which contained in all 100 ml. of 0-147N-barium hydroxide. 
A solution of the dihydroxy-acid (479 mg.) in 60% aqueous acetic acid (25 ml.) was admitted, 
whereupon rapid reaction occurred with effervescence. After 2 hr. the contents of the barium 
hydroxide traps were made up to 200 ml. with boiled-out water. 20 ml. of this solution 
neutralised 11-6 ml. of 0-100N-hydrochloric acid, equivalent to the formation of 0-98 mole of 
carbon dioxide per mole of the dihydroxy-acid. 

The reaction mixture was then distilled at 20°/2 mm. into the cooled (— 80°) trap, and the 
distillate added to the contents of the 2,4-dinitrophenylhydrazine trap. The mixture was kept 
overnight at 0°, after which the precipitate was collected (265 mg.) and purified in benzene on 
alumina. Crystallisation of the product from methanol gave leaflets, m. p. 134—135° (227 mg., 
535%), identical (mixed m. p. and infrared spectrum) with (+)-«-methylbutyraldehyde 2,4-di- 
nitrophenylhydrazone. 

The residue from the above distillation was treated with 3N-sulphuric acid (2 ml.) and 
extracted with ethyl acetate (3 x 10 ml.), and the combined extracts were washed with 25% 
aqueous sodium chloride, dried, and evaporated. The semicrystalline residue (264 mg.), on 
sublimation at 90—100°/10 mm., gave a sticky sublimate which on crystallisation from 
acetone-carbon tetrachloride yielded a product, m. p. 115-5—119-5° (57 mg.). Further purific- 
ation gave 5-methyleneoct-2-enedioic acid as prisms, m. p. 120—122° (37 mg., 12-5%) [Found: 
C, 58:3, 58-3; H, 6-7, 65%; equiv., 91, 94. C,H,,O, requires C, 58-7; H, 6-6%; equiv. 
(dibasic), 92}, [aJ,2° + +1° (c 2-0 in acetone). Amx (in 90% EtOH) 208 my (ec 12,860); vasx 
1700, 1685, and 1648 cm.+. The compound sublimed at 150—180°/15 mm. with only slight 
decomposition and was recovered unchanged -after treatment with boiling acetyl chloride 
for 1 hr. 

(b) The crude non-volatile oxidation product (1-18 g.) (from 2-00 g. of the dihydroxy-acid) 
was subjected to 100 transfers in a counter-current apparatus, with acetic acid—benzene—water 
(4:4:1). Evaporation of the contents of tubes no. 25—41 at 20°/2 mm. gave crystals which 
were purified from acetone—carbon tetrachloride to yield 5-methyleneoct-2-enedioic acid, m. p. 
121—123° (464 mg., 38%). 

Hydrogenation of 5-Methyleneoct-2-enedioic Acid.—A solution of 5-methyleneoct-2-enedioic 
acid (118 mg.) in ethyl acetate (10 ml.) was hydrogenated over Adams platinic oxide catalyst 
(28 mg.). Uptake (1-99 mol. of hydrogen) ceased after 0-5 hr. Isolation gave (+)~y-methyl- 
suberic acid, m. p. 53—63° (112 mg.). Crystallisation from benzene-light petroleum (b. p. 
60—80°) and then from water gave prisms, m. p. 64-5—67° [Found: C, 57-75; H, 8-8%; equiv., 
101. C,H,,O, requires C, 57-4; H, 8-6%; equiv. (dibasic), 94]. 

Pyrolysis of y-Methylsuberic Acid.—A solution of (+)~y-methylsuberic acid (112 mg.) in 
N-sodium hydroxide (1-20 ml.) was added to thorium nitrate tetrahydrate (180 mg.) in water 
(Iml.). After 1 hr. the precipitate was collected, washed cautiously with water, and dried at 
110° for 1 hr. The dried salt (194 mg.) was placed in a small tube connected to a trap cooled 
to —80° and heated at 340—350°/1 mm. After 0-5 hr. the temperature was raised slowly to 
390°. The contents of the cold trap gave a semicarbazone as prisms, m. p. 153—155° (49 mg.). 
Recrystallisation from ethanol raised the m. p. to 156-5—157-5°, alone or mixed with synthetic 
4-methylcycloheptanone semicarbazone.® The infrared absorption spectra of the natural and 
the synthetic specimen were identical. 

Ozonolysis of 5-Methyleneoct-2-enedioic Acid.—Ozonised oxygen was passed through a solution 
of the acid (62 mg.) in methyl acetate (8 ml.) at —50° for 14 min. Water (120 ml.) was added 
and the mixture distilled. The aqueous distillate (100 ml.), treated as above, gave formaldehyde 


® Adamson and Kenner, J., 1939, 181. 
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dimethone, m. p. and mixed m. p. 190-5—191-5° (66-5 mg., 67-5%) (infrared spectrum). The 
residue from the distillation was extracted continuously with ether for 20 hr. Evaporation of 
the ethereal extract gave a semi-solid product (39 mg.), which with methylene chloride gave q 
solid. Sublimation at 130°/12 mm. then gave succinic acid (4-4 mg., 11%) identical (infrareg 
spectrum) with an authentic specimen. The methylene chloride-soluble fraction on evaporation 
gave an oil which was converted into the 2,4-dinitrophenylhydrazone as above. The crude 
product (56 mg.), after purification in benzene on alumina and elution with benzene, gave a solid 
(42 mg.) which crystallised from methanol to give methyl levulate 2,4-dinitrophenylhydrazone 
(37 mg., 35%) (mixed m. p. and infrared spectrum). 

Isomerisation of 5-Methyleneoct-2-enedioic Acid.—The acid (37-5 mg.) was heated in y. 
potassium hydroxide (4 ml.) under reflux in nitrogen for 4 hr. The cooled mixture was 
cautiously acidified with concentrated hydrochloric acid, and the precipitate collected (m. p, 
181-5—185°; 22 mg.). Recrystallisation from ethyl methyl ketone gave 5-methylocta-2,4-4j- 
enedioic acid, feathery needles, m. p. 195—196-5° (10 mg.) [Found: C, 58-5; H, 6-6%; equiv., 97, 
CyH,,0, requires C, 58-7; H, 66%; equiv. (dibasic), 92], Amax. (in 90% EtOH) 271 my (ce 26,780), 
Vmax, 1695 (shoulder), 1685, 1630, and 1610 cm.*. 

Extraction of the foregoing aqueous filtrate with ethyl acetate (2 x 10 ml.) and evaporation 
of the extracts gave further material, m. p. 120—150° (16 mg.). Attempts at further purific- 
ation were unsuccessful, but ultraviolet absorption measurements indicated the presence in the 
material of 60% of 5-methylocta-2,4-dienedioic acid. 





I am indebted to Dr. L. A. Duncanson for infrared measurements, to Mr. B. D. Akehurst for 
technical assistance, and to many colleagues for suggestions and criticisms. 


IMPERIAL CHEMICAL INDUSTRIES LIMITED, AKERS RESEARCH LABORATORIES, 
THE FRYTHE, WELWYN, HERTs. (Received, September 21st, 1959.] 
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173. Studies in Relation to Biosynthesis. Part XXII 
Palitantin and Cyclopaldic Acid. 


By A. J. Brrcw and M. Kocor. 


Palitantin (IV), a metabolite of Penicillium cyclopium, was produced by 
growth on a medium containing Me*™“CO,Na. Degradation of the radio- 
active substance shows that it is built up by the head-to-tail linkage of 
acetic acid units. Cyclopaldic acid (X), produced by the same organism, has 
a labelling-pattern in accord with the origin of its nucleus from four acetic 
acid and two C, units. 


SEVERAL mould metabolites containing both aliphatic and aromatic groups in their 
molecules have been shown to arise by the head-to-tail linkage of acetic acid units }* but 
at present little evidence is available about intermediates in such syntheses. Biosynthesis 
of such compounds can be conveniently considered under two headings for purposes of 
investigation: (i) production of the main skeleton from acetic acid units, and (ii) further 
structural changes, including the introduction of C, and C; groups,“ aromatisation, and 
introduction or removal of oxygen. Investigation of stage (i) appears at present to be 
feasible only by strictly biochemical techniques, but much information on stage (ii) should 
be obtainable by studies of intermediates of about the same molecular size as the final 
products. 

Among other approaches to these problems we have sought cyclic compounds which 
might be related to precursors of aromatic compounds, and substances which might be 
suitable for study of the oxidative metabolism of intermediates. We report now some 


1 Part XXI, Tetrahedron, 1959, 7, 241. 
2 Birch and Donovan, Austral. J. Chem., 1953, 6, 360; Birch, Massy-Westropp, and Moye, ibid., 
1955, 8, 539; Birch, Massy-Westropp, Rickards, and Smith, J., 1958, 360. 
* Birch, English, Massy-Westropp, Slaytor, and Smith, J., 1958, 365. 
* Birch, Schofield, and Smith, Chem. and Ind., 1958, 1321. 
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work.on palitantin which is in the former category, and cyclopaldic acid which is in the 
latter. 

Palitantin.—Recent studies * on the biosynthesis of auroglaucin (II) indicate operation 
of the scheme (I) — (II), the core of the molecule being a C,, compound into which has 
been introduced an isopentane unit. A non-aromatic cyclic C,, compound known to 
contain a C, side-chain is palitantin,' the structure of which was incompletely known when 


[H] Mevalonic acid 
7Me-CO,H ¥ 
oc. co if, OH 
\ heat | 
Cc c =C.H, OHC CH,CH=CMe, 
erenrae © - Serle Sores _— Me-[CH=CH], 
[H} = [HK] “ 
fo] @ (11) 
me-co,H [Hl] 
° 
\ oC. ZR “ 
C-cO-C-—CO-C-CO-C m ae Me-CH,-CH Bes b= 
- a — -_ — —_ — ~<~— i e- . . = 
> *# 4 * ‘e*7 es 7 eae tu , 
HAR ‘in in 


° 
referrer 
HO re) 


this work was projected. Before beginning experimental work we learned that Professor 
B. Lythgoe, F.R.S., was engaged on the structural problem and our work was postponed 
until his was complete, showing the structure to be (IV).6 We are very grateful to 
Professor Lythgoe for information in advance of publication. The degradations employed 
were either from the original work 5 or from that of Lythgoe,® with some additions noted 
in the Experimental section. 

The structural similarities between structures (II) and (IV) can be rationalised on the 
biogenetic conversions (I) —» (II) and (III) —» (IV), which would indicate that the 
two substances are branches of a common scheme which probably includes a C,, compound 
such as (V). Palitantin itself is unlikely to be an intermediate of auroglaucin biosynthesis. 
A notable similarity is that in both cases the reduction of one of the carbonyl groups in the 
hypothetical precursor (V) must be postulated to account for the presence of a hydroxyl 
in its place in palitantin (IV) and for the loss of an expected hydroxyl group meta to the 
side chain in auroglaucin (II). Auroglaucin is accompanied by flavoglaucin with a 
saturated C, side chain, so the reduction of this chain, as in (III) —» (IV), obviously 
could occur readily. With these ideas in mind further approaches to the problem are 
possible and are being pursued. 

The first step necessary to support such ideas is to show that palitantin, like auro- 
glaucin, arises from acetic acid units, a possibility also noted by Lythgoe and his 
colleagues. The strain of Penicillium cyclopium, obtained from Professor Lythgoe, was 
grown on a medium containing Me*CO,Na and the palitantin was isolated and degraded 
as shown in scheme A, the results being expressed in our usual manner.‘ In this case the 
relative molecular activity (r.m.a.) x 10% values permit the number of labelled carbon 
atoms per molecule to be read directly. The assumption of alternate labelled atoms is 


(V) 


5 Birkinshaw and Raistrick, Biochem. J., 1936, 30, 801; Birkinshaw, ibid., 1952, 51, 271. 
* Bowden, Lythgoe, and Marsden, J., 1959, 1662. 
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Abbreviations: 2,4-DPH 2,4-Dinitrophenylhydrazone. 


labelling, as shown in (X). 
(theoretical figures in parentheses). 


Birch and Kocor: 


supported, not only by the fit of all the results, but also by the fact that it is possible either 
to determine directly or to calculate that the 1-, 3-, and 7’-positions contain no Mc, 
Assuming that this distribution holds completely makes it possible to calculate the activity 
of each labelled atom (r.m.a. x 10°, theoretical = 1). 


SCHEME A 


’ 


Me-CO:-Me 


n ~4 


44; 


HO-H,C 
OH ide 0% 


OH a 
7-0 


> 


psp hp _t- Bal, 
eee e . 0-92 
CrHi5 ie) > 


Baco, 
(VI) 70 :o% 


H-CHO a 


2,4-DPH_ 1-00 
DM 0-96 


(iii) Hgl,. (iv) (@) KBHg, (6) |. 
(ix) @ Me*CgH,y’SO,Cl, (6) pyridine. 


7 Raistrick, Raistrick, Ross, and Stickings, Biochem. J., 1951, 50, 610. 


(v) Pd-H,. 


DM Dimedon derivative. 


6 
Me-CO,H —> PBE 0-95 


—> CHI, —> BaCO; 0-05 
6’ 4! 
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(VI) 
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BacO, 
ie) 0°93 
(IX) 


(vi) (a) Pd-Hg, (6) Zn—AcOH. 
(x) HNg. (xi) Heat. (xii) HNO3. 


PBE p-Bromophenacy] ester. 


Numerals denote relative molecular activities x 10-5. 


Cyclopaldic Acid.—This substance (X), which occurs in larger amounts in other strains 
of P. cyclopium (Westling),? was a minor product with our strain, but sufficient 
was obtained from media containing Me-#CO,H to support the expected distribution of 
The degradations carried out are shown in scheme B 
Although it is not yet finally confirmed, the nuclear 
methyl and one aldehyde group are therefore probably introduced C, units.3 The 
substance therefore raises a number of problems connected with the stages at which 
methylations and oxidations occur, and with the nature of the acetic acid-derived side 
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chain which appears as CHO adjacent to CO,H. These problems may be attacked by 
feeding experiments involving potential intermediates, and such work is in progress. 


EXPERIMENTAL 

[4C)Palitantin.—Penicillium cyclopium was grown as described in the literature. After 
17 days at 24° the extracted material * (200 mg./l.) had m. p. 163—165°. In a similar culture 
Me-“CO,Na [0-2 mc in water (10 c.c.), distributed between 10 penicillin flasks in a total of 
15 1.) gave rise to [4C]palitantin (1-8%, 9-64uc). For the degradations, material of r.m.a. 
300—450 x 105 was used. For simplicity, all the r.m.a. values below have been referred to a 
palitantin of r.m.a. 7 x 105. 

Degradations of Palitantin——Kuhn-Roth oxidation gave acetic acid, whose p-bromophen- 
acyl ester, m. p. 84—86°, had r.m.a. x 10°, 0-95. A portion of the acetic acid was pyrolysed 
as lithium acetate, and the resulting acetone was converted into iodoform and thence into 
barium carbonate of negligible activity (Found: r.m.a. x 10°, 0-05). 

Ozonolysis of palitantin (0-25 g.) in chloroform (10 c.c.) at 0° gave butyraldehyde, converted 
into its 2,4-dinitrophenylhydrazone, m. p. 123—124° (Found: r.m.a. x 10°, 1-94). 

Palitantic acid § (Found: r.m.a. x 10-5, 7-0) (25 mg.) was refluxed in quinoline (5 c.c.) with 
copper bronze (50 mg.) under nitrogen for 2 hr., the resulting carbon dioxide being absorbed in 
saturated barium hydroxide solution. The activity of the resulting barium carbonate was 
negligible (Found: r.m.a. x 10°, 0-08). 
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Tetrahydropalitantin was oxidised to the C,,H,,O, lactone acid (VI) of Raistrick ang 
Birkinshaw ® which in our hands crystallised from ether—pentane as colourless prisms, m, p. 
68—69° (Found: C, 64:55; H, 905%; r.m.a. x 10%, 7. Calc. for C,,H,,0,: C, 64:5; 1, 
9-1%; r.m.a. xX 10%, 7). The infrared spectrum included maxima at 3225, 2905, 2837, 1710, 
1379, and 1185 cm.. Pyrolysis gave rather a poor yield of barium carbonate (r.m.a. x 10%, 
1-04), and Schmidt degradation gave also rather a small yield of barium carbonate 
(r.m.a. X 10°5, 0-92). 

The C,;H,,0, lactone-acid (VI) (500 mg.) was oxidised with concentrated nitric acid as 
described,® giving n-heptylsuccinic acid (150 mg.), m. p. 74—76° (Found: r.m.a. x 10°, 5-18), 
The succinic acid (60 mg.) and phosphorus oxychloride (30 mg.) were heated at 200° for 10 min. 
After cooling, fuming sulphuric acid (d 1-86; 0-25 c.c.) was added and dissolution completed by 
shaking and gentle warming. To this mixture, at 0°, powdered sodium azide (50 mg.) was 
quickly added and the flask immediately attached to an acid potassium permanganate trap and 
a trap containing saturated barium hydroxide solution. Nitrogen was then passed through 
the mixture, which was allowed to warm to room temperature and then heated to 60—g0°, 
After 15 min. precipitation was complete of the barium hydroxide (Found: 2 x r.m.a. x 16%, 
1-05). The acidic residue was diluted with water (10 c.c.), made alkaline with concentrated 
aqueous potassium hydroxide, and extracted with ether (altogether 50 c.c.). The ether 
solution was dried (K,CO,) and the ether removed. The residue was converted into the NN’- 
dibenzoyl derivative by reaction with benzoyl chloride (0-1 c.c.) in pyridine (0-5 c.c.). Worked 
up in the usual way the NN’-dibenzoyl derivative of n-heptylethylenediamine was obtained, 
It was difficult to crystallise and was sublimed in a vacuum, then having m. p. 166—168° 
[Found: C, 75-3; H, 805%; r.m.a. x 10%, 4-0. C,3H 3,0,N, requires C, 75-4; H, 825%: 
r.m.a. X 1075 (4C), 4-0). 

Tetrahydropalitantin was converted * into the C,,H,,0, lactone (VII), m. p. 46° (Found: 
r.m.a. X 105, 7-0). Yields of carbon dioxide were low on pyrolysis of the lactone in quinoline, 
but the activity of the barium carbonate was the same! (Found: r.m.a. x 10°, 0-93) as that 
obtained on pyrolysis of the sodium salt of the free acid. The C,,H,,0, lactone was converted 
via the toluene-p-sulphonate into the unsaturated lactone,* C,,H,,0,, which was ozonised in 
ethyl acetate-acetic acid solution. The resulting formaldehyde was measured as the 2,4-di- 
nitrophenylhydrazone (Found: r.m.a. x 10%, 1-0) and the dimedone derivative (Found: 
r.m.a. X 10°5, 0-96). 

Palitantol * (0-62 g.) was converted by iodination, hydrogenation, and de-iodination ® into 
dihydropalitantol (Found: r.m.a. x 10%, 7:0). This was ozonised at 0° in ethyl acetate- 
acetic acid solution to give n-hexanal 2,4-dinitrophenylhydrazone, m. p. 100—103° (Found: 
r.m.a. X 10°, 2-98). 

Cyclopaldic Acid.—The mother-liquors after crystallisation of the palitantin were evaporated 
and redissolved in ether. After several days the crystalline precipitate was removed, dissolved 
in ethyl acetate, and taken up in potassium hydrogen carbonate solution. The aqueous 
solution was treated with charcoal, acidified, and extracted with ethyl acetate, and the cyclo- 
paldic acid crystallised from aqueous ethanol. It was finally purified by vacuum-sublimation 
and crystallised from ethanol, then having m. p. 224—226° (Found: C, 55-75; H, 4:3. Cale. 
for C,,HyO,: C, 55-45; H, 42%). It gave the reported colour reactions and had Amax 245, 
278, 322 my (log « 4:57, 4-04, 3-41). It gave a tetra-acetyl ester, m. p. 159—161° (lit., 
159°). Isotopically labelled acid was obtained from the metabolic solutions containing 
Me#4CO,H (incorporation 0-2%). 

Degradation to 5-hydroxy-7-methoxy-6-methylphthalazine. Cyclopaldic acid (70 mg.) 
(r.m.a. X 10°, 7-2) was converted as previously described into the phthalazine (45 mg.), m. p. 
259—263° [Found: r.m.a. x 10°, 5-46 (3C, 5-49)] and carbon dioxide, converted into barium 
carbonate (56 mg.) [Found: r.m.a. x 10°, 1-70 (1C, 1-8)]. 

Oxidation of the phthalazine to pyridazine-4,5-dicarboxylic acid. The general process followed 
the oxidation of phthalazine by Gabriel. The above phthalazine (45 mg.) in N-aqueous sodium 
hydroxide (0-8 c.c.) and water (3 c.c.) was heated on the steam-bath and 2-5% potassium 
permanganate solution was added drop by drop until its colour persisted (6-5 c.c.). A small 
amount of ethanol was added, the solution filtered, and the filtrate evaporated under reduced 
pressure. The solid was treated with N-hydrochloric acid (3c.c.). The phthalazinedicarboxylic 
acid separated. When recrystallised, it had m. p. 208—210° (23 mg.) [Found: r.m.a. x 10°, 
8 Gabriel, Ber., 1903, 36, 3373. 
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3-64 (2C, 3°6)]. At this stage it was diluted with inactive material to r.m.a. 4-89 x 10. This 
acid (30 mg.) was decarboxylated by heating it with copper bronze (100 mg.) in quinoline 
(5 c.c.) under nitrogen. The carbon dioxide was converted into barium carbonate (81 mg.) 
(Found: r.m.a. X 10°, 1-22 (0-5C, 1-22)]. 


We are grateful to Dr. Herchel Smith for assistance with the tracer measurements and for 
helpful discussions, to the Polish Ministry of Higher Education for a Fellowship (to M. K.), to 
Imperial Chemical Industries Limited for the loan of tracer equipment, and to the Rockefeller 
Foundation and to the Distillers’ Company Limited for financial assistance. 


Toe UNIVERSITY, MANCHESTER, 13. [Received, May 22nd, 1959.] 





174. Optical Rotatory Dispersion. Part I. 17- and 20-Mono- 
hydroxy-steroids and their Derivatives. 
By P. M. Jones and W. KLyNeE. 

The rotatory dispersion curves of some steroid hydrocarbons and 
complete series of 17- and 20-monosubstituted steroids have been determined. 

The data have been examined in different ways in order to find the most 
appropriate way of dealing with plain dispersion curves for structural 
purposes. 

It is suggested that the value of the molecular rotation at 300 muy is of 
more use than the value at the D line, and that elaborate mathematical treat- 
ment of the curves is unprofitable. 


Tue recent introduction of a commercial spectropolarimeter by O. C. Rudolph & Sons, 
Caldwell, N.J.,+2 has made it possible for organic chemists to measure optical rotatory 
dispersion curves (from 700 to 270 my) as a routine operation, and to use them as an aid in 
structural work. The only extensive studies made hitherto with this new tool are those of 
Djerassi and his colleagues (for reviews see refs. 3 and 4); they concentrated attention on 
ketones which give very characteristic Cotton-effect curves on account of the weak 
carbonyl absorption band at about 300 my (for nomenclature see ref. 5). 

Compounds which do not absorb light specifically within the spectral range studied do 
not show Cotton effects, but have plain curves rising or falling more or less steeply towards 
shorter wavelengths. Extensive and careful studies were carried out by earlier workers 
using tedious photographic methods (for summaries see Lowry,® Levene and Rothen,’ and 
Klyne *), with the aim of fitting equations of the Drude type to the curves. Similar 
attempts were made by Djerassi et a/. in their first studies on rotatory dispersion,’ but these 
were soon abandoned because the amount of structural information gained did not warrant 
the labour. 

We felt it worth while examining a series of simple non-ketonic steroids in order to 
find the best ways of using rotatory dispersion curves as an empirical tool in structural and 
stereochemical studies with non-absorbing compounds. The successful application of 
“monochromatic ”’ molecular rotation measurements (usually for the sodium D line at 
589 mu; for reviews see ref. 9) led us to believe that “ polychromatic ” rotation measure- 
ments could hardly fail to give more information. 

This paper describes the results obtained with complete isomeric series of 17- and 


1 Rudolph, J. Opt. Soc. Amer., 1955, 45, 50. 
* Rudolph, Proc. Instr. Soc. Amer., 1956, Paper 56-3-1. 
* Djerassi, Bull. Soc. chim. France, 1957, 741; Record Chem. Progr., 1959, 20, 101. 
. : Klyne, in ‘“‘ Newer Methods of Organic Chemistry,” ed. Raphael, Interscience Publ. Inc., New 
ork, 1959. 
5 Djerassi and Klyne, Proc. Chem. Soc., 1957, 55. 
* Lowry, “‘ Optical Rotatory Power,” Longmans Green, London, 1935. 
ae Leven and Rothen in “‘ Organic Chemistry,” ed. Gilman, Ist edn., chap. 21, Wiley, New York, 
8 Djerassi et al., J. Amer. Chem. Soc., 1955, 77, 4354, 4359, 4364. 
® Mills and Klyne, Progr. Stereochem., 1954, 1, 177; Klyne in ‘“‘ Determination of Organic Structures 
by Physical Methods,”’ ed. Braude and Nachod, Academic Press, New York, 1955. 
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20-monohydroxy-steroids and their acetates and benzoates, and also with some steroid 
hydrocarbons. A study of steroids carrying single substituents at positions in the a and 
the B ring, especially at Cj), is being carried out jointly with Professor C. W. Shoppee, 
F.R.S. (Sydney), and Dr. G. H. R. Summers (Swansea). 

After this paper was submitted for publication, two other contributions on dispersion 
curves of non-absorbing compounds appeared (Mateos and Cram,!° Lyle 4). 

Units and Symbols.—Wavelength (A) is in my. Molecular rotation, [¢] = « x mol, 
wt./100. 

The symbol [¢] is used in preference to [M] because (a) angles are generally indicated 
by small Greek letters, (b) [M] is used for other quantities. The use of [4] was suggested 
to one of us by the late Dr. W. Moffitt (Harvard), and is included in proposals at present 
under consideration by the Commission of Molecular Spectroscopy of I.U.P.A.C. 


RESULTS 
All compounds were measured in methanol solution from 600 to 300 my (some down to 
270 my); all the curves were plain curves, and with few exceptions the sign of the rotation did 
not change within the range measured. Plain curves are to be expected since the hydroxy- 
and acetoxy-compounds have no absorption bands above 200 my. Our results (see p. 874) 
show that, although the benzoates have an absorption band at about 270 my, this is not 
optically active. 


TABLE 1. Rotatory dispersion data for steroid hydrocarbons. 


Curves measured in methanol-chloroform (80: 20 v/v) from 600 to 280 my; concn. 4 mg./c.c. for 
androstanes, 2 mg./c.c. for pregnanes and cholestanes. All curves are plain. 
Values given are molecular rotation [4] * at 600, 500, and 300 my (in that order). 


5a-Series , 5B-Series 
BEE | ih ecdcvdbdueubvenaeee +65, 10, 40 +5, 5, —10f 
MI: asides cnnbicdesivonsicese +55, 75, 280 +45, 65, 210 
SIIIIIIE ncesexcsccssbhssenebadns +100, 150, 550 +110, 160, 530 
* Degree signs are omitted. + None of the values for 58-androstane is significantly different 
from zero. 


TABLE 2. Rotatory dispersion data for 17- and 20-monosubstituted steroids. 


Curves were measured in methanol from 600 to 300 mu. All are plain curves and do not change sign, 
except that marked *. 
Values given are molecular rotations [4] ¢ at 600, 500, and 300 my (in that order). 


17- or 20-Substituent 





OH OAc OBz 
5a-Androstan-17a-ol ............ —25, 45, 150 +10, 10, 80 — 240, 310, 1270 
% SIE soesccisdacs +30, 50, 140 +150, 60, —380* +210, 310, 1710 
5a-Pregnan-20a-ol ............... +25, 50, 280 +25, 65, 160 +100, 240, 1120 
a PTE ccssensescacses +20, 40, 150 +180, 210, 890 —110, 180, 870 


* [¢] is 0 at 410 mp. f Degree signs are omitted. 


Table 1 gives the molecular rotations at 600 my (for practical purposes this is the same as 
the classical p line rotation at 589 my), 500 my, and 300 mu, for six steroid hydrocarbons, and 
the 5a- and 58-isomers of androstane, pregnane, and cholestane, which represent base lines for 
many calculations in these series. 

Table 2 gives similar data for the 17- and 20-monosubstituted steroids. Representative 
dispersion curves are shown in Fig. 1. 

Graphical Analysis.—Table 3 and Fig. 2 show the results of a simple analysis of the data in 
which 1/[¢] is plotted against .*. Compounds which give a straight-line plot when so treated 
are those which follow a single-term Drude equation (1) (cf. refs. 6 and 12) within the wavelength 


range studied. 
TTF OS ee a ee 


where A is a constant and 2, is the characteristic wavelength. 
10 Mateos and Cram, J. Amer. Chem. Soc., 1959, 81, 2756. 


11 Lyle, Abs. 136th Meeting Amer. Chem. Soc., 1959, p. 71P. 
12 Drude, “ Lehrbuch der Optik,” 2nd edn., Hirzel, Leipzig, 1906. 
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TABLE 3. Plots of 1/[¢] against 2; intercepts and slopes. 


These are the apparent X, and A values for one-term Drude equations. 


Apparent 

Ao (mp) = =«-:10°A 

5e-Androstane -. pitictnmeiwesp dene’ 204 +0-17 

5 12 tReet et ee enone — _ 

IED .cccovscccccecscccecs 167 +1-6 
- a, 135 +1:5 
Se Oolestane iMninctidddbabet 179 +3-1 
Recueetabereenm see 148 +3-°5 
e. Androstan- Seq prea 158 —1-0 
_ ee 118 +11 
ja-Pregnan- 202-011 Estedodes 205 +13 
ra 208-OH__ ......... 190 +0-8 


* Values cannot be calculated as [¢] changes sign. 


Apparent 

Ao (mp) = =_:10"A 

5a-Androstan-17«-OAc ...... 158 +0-54 

™ 17B-OAc* ... -- -- 

5a-Pregnan-20a-OAc ......... 134 +1-2 
sp GPE Kecsentes 205 +4-4 
5a-Androstan-17a-OBz ...... 212 —6-2 
6 17B-OBz ......... 220 +6-0 
ee shimaonne 214 +52 
06. PME, Sonexes se 219 —3-4 


f Ao, 234 mp in dioxan (Djerassi e¢ al.*). 


The phrase ‘‘ within the wavelength range studied ” is emphasized, because in many classical 
studies much labour was given to calculation over one range of wavelengths. These results 
then had to be discarded after a few years when measurements over a wider spectral range 


showed that the first calculations were inadequate. 


Fic. 1. Rotatory dispersion curves of 17-substit- 
uted 5a-androstanes. A, 17a-OH; B, 17B-OH; 
C, 17a-OAc; D, 17B-OAc; E, 17a-OBz; F, 
17B-OBz. 
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Fic. 2. Drude plots for rotations of 17a-substituted 


5a-androstanes; 1/[(¢) plotied against »*. A, 
17a-OH; B, 17B-OH; C, 17a-OAc; D, 17a- 
OBz; E, 17p-OBz. 
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The values of 4, obtained by the simple method of plotting described above are of two 
kinds: (i) those which lie at or near the maximum of an absorption band [Amax. (abs.)] and 
(ii) those which are not thus related to an absorption band (cf. the discussion by Balfe *). 
For compounds of the first type the single-term Drude equation has a real physical meaning; 


% Balfe, J., 1950, i871. 
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it expresses the fact that the dispersion curve over the given spectral range is essentially 
determined by the nearest optically active absorption band. In these cases the Drude 
constant A is a true characteristic of the compound, or of a specific function (say the benzoyloxy- 
group) in a particular stereochemical environment. For compounds of the second type, the 
single-term equation has no physical meaning; it is presumably a fortuitous simplification of 
a two-term or three-term equation. The above treatment represents only the first stage of the 
analysis proposed by Heller. 

For many compounds it was possible to fit a straight line to the Drude plot by eye. The 
slopes and intercepts of these lines gave apparent values of A and 2. In other cases where the 
points were widely scattered a mathematical analysis * was used to give the best-fitting line, 
The slope and intercept of this calculated line gave no more information than one fitted by eye, 

Benzoates. These have absorption bands at 273 and 230 my (log emax approx. 3 and 4 
respectively). The plots of 1/[¢] against 4? give satisfactory lines * with values of 2, at 210— 
220 mu, corresponding to the stronger absorption band. The A values in the Drude equation 
(slope of the 2-1/[¢] curves) are then seen to, be structural characteristics of the benzoate group 
in various positions. The weak absorption band at 273 my appears to be optically inactive. 

None of the other compounds studied has absorption bands except in the far-ultraviolet 
region (about 180 my). 

Hydrocarbons. All of these (except 58-androstane) give satisfactory straight line plots of 
1/[f] against »*. The » values for four compounds (5a- and 5f-pregnane; 5a- and 56- 
cholestane) fall between 140 and 180 mu, similar to values obtained for simple hydrocarbons 
(cf. refs. 7 and 15). 

Alcohols and acetates. Most of these also give satisfactory straight-line plots, but the 
apparent A, values range from 115 to 205 my. The far-ultraviolet absorption bands are at 
180 mu; the apparent A, values therefore have no physical meaning. 

These results (except for the benzoates) confirm the opinion expressed by Djerassi ef al.8 
that for many structural studies the calculation of Drude equations is not worth the labour 
involved. 

Other simple methods of presenting data. We have tested several different ways of presenting 
rotatory-dispersion data for the plain curves discussed in this paper, including (a) the ratio 
[P]s00 : [P]s00 (@ modification of the dispersion ratio commonly used in classical work), (b) the 
difference [4]300 — [¢]s59 (@ measure of the slope of the curve over the stated range of wave- 
lengths), and (c) the relative slope 2([¢]300 — [¢]ss0)/([¢]s00 + [¢]ss0) (for details see Jones "*), 

For the small range of compounds considered here none of these measures seems to be of any 
greater utility than the value of [¢] at a convenient short wavelength, e¢.g., [6]399; compounds 
containing other functional groups should be considered before any general conclusions can be 
drawn (cf. Lyle 14). 

Contributions of Substituents: A{g] Values.—For many structural purposes it is necessary 
to calculate the contributions of substituents to the molecular rotation; the contribution of a 
substituent (A[¢] — X) is ([¢] for a compound with the substituent) minus ([¢] for the corre- 
sponding compound without the substituent). This definition is similar to that given for 
“monochromatic ”’ rotation differences [AM,, values in earlier studies (cf. Barton and Klyne ”)). 

For 17-substituents in the androstane series the A[¢] values can be taken as equal to the 
molecular rotations of the 17-monosubstituted compounds, since the [¢] values for 5a-androstane 
itself are practically zero. In the 20-substituted pregnanes, however, subtraction of the [9] 
values for 5a-pregnane (the “‘ background ’’) is necessary (Table 4)—although this process 
makes no significant difference to the large [4] values for the 20«- and 208-benzoates. The 
A values for the 20a- and 208-hydroxyl substituents are of interest; the dispersion curves of the 
two hydroxy-compounds are both plain positive, as is that for the hydrocarbon 5a-pregnane. 
The curve for the 20«-hydroxy-compound is almost identical with that for the hydrocarbon 
within the limits of experimental error; that for the 208-hydroxy-compound lies below that for 
the hydrocarbon. The A¢ curve for 208-OH is therefore a negative curve. 


* Some values at 600 mp are anomalous, but this is presumably due to experimental error (see 
p. 876). 


4 Heller, J. Phys. Chem., 1958, 62, 1569. 

18 Levene and Rothen, J. Org. Chem., 1936, 1, 76; Kenyon and Pratt, J., 1939, 633. 
16 Jones, M.Sc. Thesis, London, 1959. 

17 Barton and Klyne, Chem. and Ind., 1948, 755. 
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TABLE 4. A[d] Values for 20-substituents. 
A[¢] — X = [¢] (compound R-X) minus [¢] (compound R-H). 
Values are molecular-rotation contributions at 600, 500, and 300 my (in that order). 


Series A{¢] — OH A[¢] — OAc A[¢] — OBz 
20a- —30, 25, 0 —30, 10, 120 +45, 165, 800 
208- —35, 35, 130 +125, 135, 610 —165, 260, 1150 


Drude Plots for Contributions of Substituents—The simple Drude treatment was applied to 
the contributions of substituents in two ways: 

(1) The observed molecular rotation of the hydrocarbon at each individual wavelength was 
subtracted from that of the substituted compound, giving a series of A[¢] values (Table 4). A 
new Drude plot was made of }* against 1/A[¢], the best straight line was drawn through the 
points, and its slope A’ and intercept 29’ were measured. (A’ may be called the “ differential 
slope’ for the substituent.) 

(2) The slope (given by the Drude constant A) of the hydrocarbon was subtracted from that 
of the substituted compound in each case. This gave the “ slope difference,’’ called AA, for 
the contribution of X in the compound (R-X): 


AA(X) = A(R-X) — A(R-H) 


The results of these two treatments are summarized in Table 5. 


TABLE 5. Apparent ) and A values for the contributions of functional groups in 
20-substituted 5a-pregnanes. 
Values in columns (1) and (2) are calculated from the A[¢] values for the substituents (cf. Table 4). 


The AA values in column (3) are obtained by subtracting the A value for 5a-pregnane itself (+- 1-6) 
from the A values of the substituted compounds. 


(1) (2) (3) (1) (2) (3) 


Subst. Ae’ (mz) —-:107.4’ 107AA Subst. Ao’ (mp) —s-:1074’ 107AA 
202-OH ......... = ® —? —03  208-OAc......... 210 +2-9 +28 
908-OH_ ......... 200 —0-62 —0-8 20a-OBz......... 205 +3-9 +3-6 
202-OAc ......... an @ = —0-4 208-OBz......... 205 —5-4 —5-0 


* Values of A[¢] are so irregular that A,’ and A’ cannot be calculated. 


EXPERIMENTAL 


Rotations.—Optical rotations were determined with a Rudolph photoelectric spectro- 
polarimeter ! (model 200) fitted with an oscillating polariser (model 200A).2, A Unicam SP.500 
spectrophotometer (with the cell unit removed) was used as monochromator, and a Siemens 
xenon arc (375 w, A.C., type XC) as source of illumination. The wavelength calibration of the 
monochromator was checked with a mercury-arc lamp. Symmetrical angle setting, 2°; slit- 
width, 2 mm. throughout. 

The tube for the solution was a centre-filling tube, 1 dm. long, of capacity approx. 3 c.c. 
The solvent was methanol and the concentration approx. 1 mg./c.c., unless otherwise stated. 
Temperatures were 18—21°. 

A series of control readings with methanol were taken before and after each set of observ- 
ations with solutions. Readings were made in duplicate by the method of symmetrical angles 
at 600, 500, 400, 350, 330, 320, 310, and 300 my (for some compounds also at 290, 280, and 
270mu). Duplicate readings generally agreed within 0-002°. 

The time required for a set of readings in duplicate was approx. 30 min.; to this must be 
added 15 min., during which the tube was allowed to lie in the polarimeter to come to the 
ambient temperature. 

Precision of Measurements.—Replicate measurements at four wavelengths were made with 
five separate portions of each of two steroid solutions for the purpose of estimating the precision 
ofthe method. A representative set of observations is given in Table 6. 

The standard deviation of a single observation («) (in 0-001°) was 2-2 (39 measurements). 
The standard deviation of a single measurement of the molecular rotation (¢) of a compound of 
molecular weight 400 was therefore 9. Expressed in non-statistical language, the scatter of 
individual observations was generally within +0-005° of the mean, and therefore the scatter 
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of calculated molecular rotations was within +20 of the mean (usually less). For the sake of 
convenience, all results for ¢ in the Tables are rounded off to the nearest 10°. 

The values for [¢] at 600 my are probably less accurate than those at lower wavelengths. The 
observed rotations («) are small and the percentage errors are therefore great. The values at 
500 my are more reliable because, although the observed rotations are still small, the xenon 
arc emits more light, and the photo-tube is more sensitive, at 500 my than at 600 my. The 
unreliability of the values at 600 my was first suspected from the fact that on many Drude 
curves (Table 3 and Fig. 2) the points for 600 my diverge widely from the straight-line plot 
covering the lower wavelengths. 

Compounds.—These were all made by standard methods from materials generously supplied 
for the M.R.C. Steroid Reference Collection by the pharmaceutical industry. 

The m. p. (corrected) and molecular rotations [¢] in CHCl, (measured with a visual] 
polarimeter) are listed below, in that order. Previous references to most compounds are given 


TABLE 6. Precision of measurements with polarimeter. 
5a-Androstan-17f-ol (1 mg./c.c.) in methanol-chloroform (4: 1, v/v); 1 dm. tube (all readings 


positive). 

A (mp) Observed readings («) (— blank) in 0-001° Mean 
600 Ss 4&4 4a ® 7 
500 17, 16, 19, 20, 20 18 
400 29, 29, 28, 28, 28 28 
300 63, 63, 63, 63, 55 61 


in Elsevier’s Encyclopedia * and in the Table of steroid rotations compiled by Mathieu 
and Petit.” 

Androstane: 5a, 48—49°, +2°; 58-, 80—81°, +4°. 

Pregnane: 5a-, 84—85°, +52°; 56-, 82—83°, +57°, 

Cholestane: 5a-, 79—80°, +91°; 58-, 71—72°, +95°. 

5a-Androstane derivatives: 17«-OH, 152—153°, —25° {Shoppee e¢ al.* give [4], —20°, 
— 16° (two samples); the value +37° given by Ruzicka e¢ al.*4 involves presumably an error of 
sign}; 17B-OH, 170—171°, +33°; 17a-OAc, 97—98°, —9°; 178-OAc, 81—82°, +6°; 17a- 
OBz, 116—117°, —122°; 178-OBz, 163—165°, + 195°. 

5a-Pregnane derivatives: 20«-OH, 146—147°, +42°; 208-OH, double m. p. 142—144°, 
148—150°, [¢] +12°; 20«-OAc, 127°, +35°; 208-OAc, 161—164°, +105°; 20a-OBz, 162— 
164°, +151°; 208-OBz, 149—150°, — 102°. 

New compounds are: 5a-androstan-l7a-yl benzoate (Found: C, 82-1; H, 9-5. C,.gH,,0, 
requires C, 82-1; H, 9-6%), and 5a-pregnan-20a- (Found: C, 82-0; H, 9-8. C,,H,,O, requires 
C, 82-3; H, 9-9%) and -208-y/ benzoate (Found: C, 82-7; H, 9-6%) (the last two compounds 
were prepared by Dr. G. Baumgartner). 


This work was financed in part by a contract from the U.S. Army Research and Develop- 
ment Group in Frankfurt-am-Main, and by a grant from the Department of Scientific and 
Industrial Research. The Rudolph polarimeter and ancillary equipment were a generous loan 
from the Wellcome Trust. We are indebted for the loan of other apparatus to Imperial 
Chemical Industries Limited and for gifts of steroids to Messrs. Parke Davis & Co., Detroit, 
Mich., British Drug Houses Ltd., London, and Ciba A.-G., Basel. We are grateful to our 
colleagues, Drs. G. Baumgartner, Sheila Palmer, and A. A. Wright for the preparation of some 
compounds, to Miss Jane Jackson for some polarimetric observations, and to Mr. C. Lordan and 
the workshop staff for help in the assembly of the polarimeter. 


POSTGRADUATE MEDICAL ScHoot, DucANE Roap, Lonpon, W.12. 
MEDICAL RESEARCH COUNCIL, 
STEROID REFERENCE COLLECTION. [Received, June 19th, 1959.] 


18 Elsevier’s ‘‘ Encyclopedia of Organic Chemistry,”” Vol. XIV, 1940, and Supplement, 1954. 

19 Mathieu and Petit, ‘‘ Pouvoir Rotatoire Naturel, Tome I, Stéroides,”” Masson, Paris, 1956. 

2° Shoppee, Lewis, and Elks, Chem. and Ind., 1950, 454; Shoppee, Jenkins, and Summers, /., 1958, 
3048. 

*1 Ruzicka and Muhr, Helv. Chim. Acta, 1944, 27, 503. 
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175. Solvent Shifts of Fluorine Nuclear Magnetic Resonance 
Spectra. 


By D. F. Evans. 


The solvent shifts of the fluorine nuclear magnetic resonance lines of a 
number of organic fluorine compounds are recorded and discussed. 
Appreciable shifts are observed with change in pressure of a gaseous 
fluorine compound, and with change in temperature of a liquid compound. 
Intramolecular van der Waals forces may be important in determining 
fluorine shifts. 


Tue fluorine resonances of organic fluorine compounds show ? large solvent shifts, which 
are too great to be attributed to changes in the volume susceptibilities of the solvents. 
These anomalous shifts may be due to an increase in the paramagnetic shielding term of 
the electrons in the vicinity of the fluorine nucleus, caused by the polarizable solvent 
molecules. Recently Glick and Ehrenson ? published similar results, and more data are 
now presented. 

EXPERIMENTAL 

The solvents were purified by standard procedures. Two or more dilute solutions of each 
fluorine compound were studied, and the results extrapolated to infinite dilution. A capillary 
containing the pure fluorine compound, or a strong solution of it, was normally used as an 
external reference. Carbon tetraflucride was studied at pressures up to 30 atm., obtained by 
condensing a known volume of gas in the standard Pyrex nuclear magnetic resonance tubes 
(3mm. internal diameter, 5 mm. external diameter). These tubes have successfully withstood 
pressures of 60 atm. The external reference was a capillary of benzotrifluoride, and the results 
were extrapolated to zero pressure. 

Measurements were made at 40 Mc. on a Varian V4300B spectrometer. The data at tem- 
peratures other than room temperature (21° + 1°) were obtained with a Varian Model V-4340 
variable temperature probe. The accuracy of the results is normally about +0-02 p.p.m. 
The solutions were air-saturated, except those of carbon tetrafluoride. 


RESULTS AND DISCUSSION 


The solvent shifts observed for a number of organic fluorine compounds are given in 
Table 1, heptane being normally taken as the standard. Values are also given for the 
shifts corrected for the bulk diamagnetic shielding of the solvent. The theoretical 
expression ? AH/H = (2z/3)Ax was used, where Ax is the difference in volume suscepti- 
bilities. Higher numerical factors (~2-60) have been found for proton resonances.‘ 
Nevertheless, it seems preferable to use the theoretical factor of 2x/3 (—2-09) for fluorine 
resonances, since the deviations from the theoretical factor for proton resonances may be 
due to medium effects similar to, but much smaller than, those found with fluorine 
resonances. In any case, the use of an empirical factor of 2-60 for fluorine resonances 
would not affect the corrected values very greatly. 

It can be seen that, although the solvent shifts of fluorine compounds vary greatly in 
relative magnitude, the solvent dependence is roughly similar in all cases. Only one gas 
(carbon tetrafluoride) was studied, but the solvents probably produce an anomalous shift 
of all the fluorine resonances to lower fields, as compared with those for isolated molecules 
in the gas phase. This effect is greatest with methylene iodide, and least with the 
perfluoro-hydrocarbons. Carbon disulphide and benzene are anomalous; for example, 
carbon disulphide produces a very’large shift of the fluorine resonance of pentyl fluoride, 


1 Evans, Proc. Chem. Soc., 1958, 115. 

* Glick and Ehrenson, J. Phys. Chem., 1958, 62, 1599. 

* Dickinson, Phys. Rev., 1951, 81, 717. 

* Bothner-By and Glick, J. Chem. Phys., 1957, 26, 1647. 
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; : . ; Alterna 
TABLE 1. Solvent shifts 8 (p.p.m.) to lower applied fields of the fluorine resonances in redt 
compounds at infinite dilution in several solvents. Glic 
Compound shifts « 
C,HyCF,  CCI,F-CCI,F C,;H,,F (CH,),CF CF, polariz 
Solvent °) S(corr.) $8 $8(corr.) 68 S(corr.) 8 $S(corr.) 8 § (corr,) particu 
5-78 4:57 3-52 2-31 7-33 6-12 8-5, 7-3, 11-85 9-88 extrem 
4-03 3-26 2-71 1-94 4-53 3°76 5-95 5-18 to 

2-32 2-11 1-47 1-26 5-35 5-14 3-88 3-66 tha 
1-70 147 1:05 0-82 188 164 255 232 924 7.78 benzot 
1-42 lll 0:43 O11 shifts 2 

1-31 1-24 0-03 —0-05 1-24 1-17 

0-77 0-64 yolum: 
0-17 0-20 related 
0 0 0 0 0 0 0 0 7-30 6-06 
—0-08 +004 —0-78 —0-66 the po 
5-10 3-75 shifts ; 
—245 —2-61 —1-76 —1-:92 —3-00 —3-16 succes: 
" shifts 
Shifts to lower applied fields of perfluoroheptane in going from pure liquid to infinite dilution theore 
in carbon tetrachloride. index 
CF, p-CF,! CF: divide 
8 8 (corr.) 8 8 (corr.) 8 8(corr.) Th 
3-13 3-06 2-42 2-35 2-05 1-98 over t 
pressu 


but a comparatively much smaller shift of the fluorine resonance of tetrachloro-1,2- 
difluoroethane. It is perhaps significant that the molecules of carbon disulphide and TA 
benzene are the most anisotropic of those studied, and the extent to which the outer 





The solvent shifts, 8 (p.p.m. to lower applied fields, F 
relative to a heptane solution), of the fluorine reson- lineat 

















ance of benzotrifluoride, plotted against the refractive degre 
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electrons on the fluorine atoms interact with the solvent could depend considerably on tetra 
the preferred relative orientations of the molecules of the fluorine compound and of the A 
solvent, which will in turn be sensitive to the molecular geometry of the fluorine compound. solve 
Since chemical shifts of fluorine resonances in different fluorine compounds probably tetra 
arise largely from changes in the paramagnetic shielding term,® it seems likely that the Tun 
solvent shifts to lower applied fields are due to an increase in this term. This increase can ease 
arise from a decrease of 1—2% in the average energy AE between the ground state of the 
molecule and those excited states which contribute to the paramagnetic shielding term. 
This decrease is mainly brought about by the dispersion forces between the fluorine Tem 
compound and the solvent. Polar forces do not seem to be very important in the systems _ 
studied, although no detailed study of the effect of polar solvents was attempted. In t 


5 Saika and Slichter, J. Chem. Phys., 1954, 22, 26. 
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Alternatively, the dispersion forces (and possibly also the repulsive forces) can be regunded 
as reducing the free precession of the electrons round the fluorine nucleus. 

Glick and Ehrenson? have reported a correlation between the (corrected) solvent 
shifts and the (molar) polarizabilities of the solvents. Although it is likely that the 
polarizability will be an important factor in determining the shifts, other factors, and, in 

icular, the size of the solvent molecules, will also be important. Thus, to take an 
extreme example, the polarizability of hexadecane (313 x 10-5 cm.) is more than twice 
that of heptane (136 x 10° cm.%) but the solvent shifts of the fluorine resonance of 
penzotrifluoride are not very different (Table 1). A close correlation between solvent 
shifts and polarizabilities would only be expected for solvent molecules of similar molecular 
yolume, or for molecules where the polarizability and molecular volume are roughly 
related (as is the case for the halogenomethanes studied by Glick and Ehrenson *). Further, 
the polarizability of a solvent is virtually independent of temperature, whereas the solvent 
shifts are appreciably temperature dependent (see below). A relation which is reasonably 
successful for a wide range of different solvents is that between the (corrected) solvent 
shifts and the refractive index of the solvent (see Figure). It is unlikely that great 
theoretical significance attaches to this relation, except for the fact that the refractive 
index is approximately equal to a function of the polarizability of the solvent molecules 
divided by the molecular volume. 

The temperature dependence of the fluorine resonance of benzotrifluoride was studied 
over the temperature range —29° to 159°, carbon tetrafluoride being used at 13 or 26 atm. 
pressure as external reference (Table 2). To a good approximation, these values vary 


TABLE 2. Solvent shifts 8 (p.p.m. relative to heptane solutions) of the fluorine resonances 
in compounds at infinite dilution in bromoform and carbon tetrachloride. 


CHBr, CCl, CHBr, ccl, 
Compound 8 8 (corr.) 8 8 (corr.) Compound r) 8 (corr.) r) 8 (corr.) 
(CH,),CF...... 595 518 255 232 C,H,CF, ...... 403 326 1-70 1-47 
a too! eee 283 206 130 1-07 
SEsrsscsscceses 4-55 3-82 1-95 1-72 2 y eee 2-71 1-94 1-95 0-82 
. Jee 4-53 3-76 1-88 1-64 CEP oc cciseasice 1-57 0-80 0-81 0-58 
(C,H,),CF aceon 4-03 3-26 1-70 1-47 ° 


linearly with the temperature. A shift to higher applied fields of 1-06 x 10° p.p.m. per 
degree increase in temperature was obtained. The calculated shift due to the change in 
volume susceptibility is only 1-61 x 10% p.p.m. per degree (averaged over the temperature 
range 20—80°), and the anomalous shift of 9-0 x 10° p.p.m. per degree can be attributed 
largely to the increase in the average distance between the molecules as the temperature 
is raised (as indicated by the thermal expansion of the liquid). 

It was also found that the position of the fluorine resonance in gaseous carbon tetra- 
fluoride is noticeably dependent upon the pressure. A shift to lower applied fields of 
1-15 + 0-15 x 10? p.p.m./atm. was observed with increase in the pressure of the carbon 
tetrafluoride. 

An important point concerns the effect of changes in the fluorine compound on the 
solvent shifts. Some additional results are given in Table 2 for two solvents only, carbon 
tetrachloride and bromoform, in addition to the standard, heptane. The tabulated shifts 
tun closely parallel, which indicates that these values are, in fact, a good measure of the 
ease with which the fluorine resonances are affected by a (roughly isotropic) solvent. 


TABLE 3. Effect of a areetn on the fluorine resonance of liquid benzotrifluoride. 


ET kitties ithdikos thie cdnbibisvessacssecassseeesireantve — 29° 21° 65° 113° 135° «159° 
Relative shifts to higher applied fields (p.p.m.) ... —0-49 (0) +046 0-99 1-26 1-50 


In the absence of any additional data no definite conclusions can be drawn. However, 
two factors which should be important in determining the solvent dependence of the 
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fluorine resonance in a compound are (1) the electron distribution around the fluorine atom 
and (2) the extent to which the fluorine atom is protected from the solvent by other atoms 
or groups in the molecule. With the exception of the fluorine atom in triphenylmethy| 
fluoride, where appreciable steric interference from the phenyl groups will be present, the 
fluorine atom in t-butyl fluoride will probably have the highest electron density, and 
hence be most easily polarized. The largest solvent shifts are, in fact, observed with 
this compound. Similarly the shift from the gas phase to carbon tetrachloride solution js 
greater for silicon tetrafluoride (12-80 +. 0-15 p.p.m.) than for carbon tetrafluoride (9-24 + 
0-08 p.p.m.). Tribromofluoromethane shows the smallest solvent shifts. In this com. 
pound the fluorine atom will be considerably shielded by the bulky bromine atoms. 

Filipovich and Tiers ® have suggested that reliable chemical shifts for fluorine compounds 
can be obtained by the use of trichlorofluoromethane as a solvent. The data are extra- 
polated to infinite dilution, and the fluorine resonance of the solvent molecule is used as an 
internal standard. Although this is a useful procedure, its fundamental accuracy should 
not be overestimated. A measure of the accuracy of any method involving solution 
measurements is presumably given by how closely the observed shifts correspond to those 
which would be obtained for isolated molecules in the gas. For an infinitely dilute 
solution of a fluorine compound in trichlorofluoromethane, the difference between the gas 
shift (relative to gaseous trichlorofluoromethane) and the measured shift will be equal to 
the difference between the solvent shifts (gas — trichlorofluoromethane) of the fluorine 
compound and trichlorofluoromethane itself. Since, as discussed above, the solvent 
shifts of different fluorine compounds differ greatly, this difference will be neither zero 
nor constant, and may vary by as much as several parts per million. Fortunately, since 
the observed spread of fluorine resonances is so wide, this will not normally be very serious, 
and a more rigorous extrapolation procedure involving the use of several different solvents, 
such as that suggested by Glick and Ehrenson,? will not normally be necessary. 

Intramolecular interactions, similar to the intermolecular ones described above, will 
also be involved between a fluorine atom and other adjacent atoms or groups in the same 
molecule. Where these internal van der Waals forces are important, the fluorine 
resonance(s) should occur at lower applied fields than would be expected from purely 
electronic factors, such as electronegativity. Examples of the operation of this effect 
may be the fluorine derivatives measured by Tiers,’ the o-halogeno-fluorobenzenes,* and 
halogenated methanes such as trichlorofluoromethane and tribromofluoromethane. In 
the first case, bulky groups such as trichloromethyl and iodomethyl produced shifts of the 
fluorine resonance of an adjacent difluoromethylene group to lower applied fields as 
compared to that in the fully fluorinated compound. Tiers’ postulated a “ repulsion 
unshielding ”’ effect due to steric interactions to account for this, but did not elaborate 
further. 


The author thanks the Imperial Smelting Corporation Ltd. for fluorine compounds, and 
Dr. L. Pratt for helpful discussions. 


INORGANIC CHEMISTRY RESEARCH LABORATORIES, 
IMPERIAL COLLEGE, LONDON, S.W.7. [Received, September 18th, 1959.] 


® Filipovich and Tiers, J. Phys. Chem., 1959, 63, 761. 
7 Tiers, J. Amer. Chem. Soc., 1956, 78, 2914. 
8 Gutowsky, McCall, McGarvey, and Meyer, J. Amer. Chem. Soc., 1952, 74, 4809. 
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476. Organophosphorus Compounds of Sulphur and Selenium. ‘Part 
XIII.* Action of Hydrogen Sulphide on Dialkyl and Diaryl Phos- 
phorochloridites. New Synthesis of Dialkyl and Diaryl Thiophos- 
phites and Tetra-alkyl Thiopyrophosphites.} 


By Cz. KRAWIECKI and J. MICHALSKI. 


Reaction of hydrogen sulphide with dialkyl and diaryl phosphoro- 
chloridites in the presence of tertiary amines leads to the corresponding 
thiophosphites. In suitable conditions, tetra-alkyl thiopyrophosphites 
can be isolated as intermediates. 


One of the most important groups of esters containing phosphorus are dialkyl phosphites 
(RO),P-OH. Although they are usually referred to as phosphites, a tautomeric equilibrium 
is said to exist between the ter- and the quinque-valent forms, with a considerable 
predominance of the latter. 

Kabachnik and Mastryukova recently obtained dialkyl thiophosphites by action of 
phosphorus sulphides on alcohols. They showed that dialkyl thiophosphites have 
properties similar to those of dialkyl phosphites, and suggested a tautomeric equilibrium: 
(RO),P-SH === (RO),PH:S. Like the analogous oxygen compounds, dialkyl thio- 
phosphites have only weak nucleophilic activity, though the sodium or potassium salts 
are strongly nucleophilic and exhibit the unsaturated character of tervalent phosphorus 
compounds. They readily add sulphur and selenium,” and can be alkylated * or added 
to activated double bonds.* Useful as they are in synthesis of organophosphorus com- 
pounds, availability of dialkyl thiophosphites has been limited up till now, since 
Kabachnik and Mastryukova’s procedure can be applied only to simple aliphatic alcohols, 
and the thiophosphites formed are isolated in rather small yields from complex mixtures 
of sulphur-containing products. 

We showed earlier that reaction of dialkyl phosphorochloridates react with hydrogen 
sulphide in the presence of tertiary bases affords a convenient preparation of tetra-alkyl 
thiopyrophosphates *-° and similar anhydrides,’ apparently by way of a salt of a phosphorus 
thioacid. We have now shown that when hydrogen sulphide is allowed to react with 
dialkyl phosphorochloridites at room temperature in the presence of tertiary amines, 
(equation a), dialkyl thiophosphites are formed in good yield and, under specific conditions, 
tetra-alkyl thiopyrophosphites can be isolated as intermediate products. The use of pure 
starting esters was not always necessary: in certain cases, the reaction with hydrogen 
sulphide occurs with the crude phosphorochloridite obtained by reaction of the alcohol and 
phosphorus trichloride in the presence of a tertiary amine. For instance, di-4-nitrobenzyl 
thiophosphite was obtained in good yield by saturating with hydrogen sulphide a mixture 
prepared by adding a solution of 2 mols. of 4-nitrobenzyl alcohol in 3 mols. of NN-diethyl- 
aniline to a benzene solution of 1 mol. of phosphorus trichloride. Anhydrous conditions 
are necessary for good yields of pure thiophosphites. Water reacts with dialkyl phos- 
phorochloridites even in absence of tertiary amines, yielding dialkyl phosphites: removal 
of the latter is rather difficult owing to proximity of the boiling points of phosphites and 
thiophosphites; on the other hand, purification of the solid thiophosphites by crystallization 
presented no difficulties. 

* Part XII, Roczniki Chem., in the press. 

+ Preliminary communication, Roczniki Chem., 1955, 25, 960. 


1 Kabachnik and Mastryukova, Iwest. Akad. Nauk S.S.S.R. Otdel. khim. Nauk, 1952, 727. 
2 Idem, ibid., 1953, 163. 

3 Idem, ibid., 1956, 193. 

* Pudovik and Kovyrzina, Zhur. obshchei Khim., 1954, 24, 307. 

5 Fiszer and Michalski, Rovzniki Chem., 1951, 25, 514. 

® Fiszer, Michalski, and Wieczorkowski, ibid., 1953, 27, 482. 

? Michalski and Skowronska, ibid., 1956, 30, 799. 
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The method described below afforded simple dialkyl thiophosphites in yields of 70—90%,, 
Physical constants of the compounds were in general agreement with those given by 
Kabachnik and Mastryukova.! Their structure was confirmed by transforming them into 
dialkyl phosphorochloridothionates by sulphuryl chloride. We explored our method with 
special reference to preparation of thiophosphites, which were difficult or impossible to 
obtain by the previous method. 

We obtained in good yield cyclic thiophosphites (I) and (II); these compounds are less 
stable than simple thiophosphites. Compound (I) decomposes violently even at 100°, and 


Hyo-O\_ YS Ae > 
I P. H P II 
“ i om \u “Neo Na 


impure preparations do so at still lower temperatures, but they can be purified by 
evaporative distillation at about 50°/10+ mm. The six-membered ring analogue (II) is 
slightly more stable, and can be distilled under reduced pressure. When pure it is crystalline 
(m. p. 34°). Diphenyl thiophosphite was obtained as a high-boiling oil which was purified 
by evaporative distillation; its structure was confirmed by conversion into diphenyl 
phosphorochloridothionate. Di-4-bromobenzyl and di-4-nitrobenzyl thiophosphites were 
obtained crystalline. All these thiophosphites were neutral in aqueous solutions. 

As mentioned above, dialkyl phosphorochloridates with hydrogen sulphide in the 
presence of tertiary amines yield tetra-alkyl thiopyrophosphates as the main products. 
The evidence below suggests that reaction of dialkyl phosphorochloridites with hydrogen 
sulphide may involve four steps: 


(RO),PCI + H,S + R’sN——w (RO),PHS+R’s9NHCIL «2... ww 
(RO),PHS + R’sN SS (RO),PS- R’SNH* (ITI) 2 sw we. 

(RO),P*S~ R’;NH* + (RO),PC] — we (RO),PSP(OR), (IV) + R3NHCI . 2 2 . 
(RO),P*S*P(OR), + H,S(-+ R’sN) —— 2(RO),PHS Mes Se eee 


The course of the reaction depends on the type of tertiary amine used. In the presence 
of a weak base of the pyridine type reactions (5) and (c) do not occur, formation of dialkyl 
thiophosphites being adequately represented by (a). Pyridine and dialkylanilines are 
presumably too weak bases to provide a concentration of the salt (III) adequate for 
condensation (c). When a stronger base is used, e.g., triethylamine, the reaction involves 
all four steps, at least to some extent. The evidence is as follows: No tetraethyl thio- 
pyrophosphite (IV; R = Et) was isolated when diethyl phosphorochloridite reacted with 
0-5 mol. of hydrogen sulphide in the presence of pyridine. Attempts to condense diethyl 
phosphorochloridite with diethyl thiophosphite in the presence of pyridine or diethyl- 
aniline also failed; after 24 hours, only a slight amount of amine hydrochloride was 
precipitated from the ethereal or benzene solution, and phosphorochloridite could be 
recovered. With triethylamine or a similar tertiary amine and less than 1 mol. of hydrogen 
sulphide some tetra-alkyl thiopyrophosphite was isolated in addition to diethyl thio- 
phosphite. Condensation of diethyl thiophosphite with diethyl phosphorochloridite in 
the presence of triethylamine leads to the tetra-alkyl thiopyrophosphite in good yield. 
The latter reacts with hydrogen sulphide in the presence of a catalytic amount of triethyl- 
amine, diethyl thiophosphite being formed. No tetraethyl thiopyrophosphite was isolated 
when diethyl phosphorochloridite was allowed to react with hydrogen sulphide in con- 
siderable excess in the presence of triethylamine. 

The reaction of hydrogen sulphide with dialkyl phosphorochloridites in the presence 
of triethylamine or a similar tertiary amine is unsuitable for synthesis of tetra-alkyl 
thiopyrophosphites. The latter compounds, however, are conveniently prepared by 
condensation of dialkyl phosphorochloridites with dialkyl thiophosphites, as represented 
by (6) and (c). Tetraethyl thiopyrophosphite is a viscous and colourless oil. Its reactivity 
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is shown by reaction (d@) in the presence of a tertiary base in catalytic amounts, and in the 
vigorous reaction with water to yield an equimolar mixture of dialkyl phosphite and 
dialkyl thiophosphite. 

The reactions referred to illustrate the known tendency of organophosphorus compounds 
to pass from the tervalent to the quinquevalent state, and resemble the corresponding 
reactions of tetraethyl pyrophosphite. 

Tetra-alkyl thiopyrophosphites react also with carboxylic acids, producing mixed 
anhydrides. This will be the subject of a separate communication. 


° 
(EtO),P*S*P(OEt), ——p> (EtO),P-S*PO(OEt), (V) 
° 


(VII) (EtO),PS*O-PO(OEt), ~¢—— [(EtO),PO*S*PO(OEt),] (VI) 


Tetraethyl thiopyrophosphite is readily oxidised in air (to tetraethyl thiopyrophos- 
phate) and requires to be handled in nitrogen or carbon dioxide. 

The infrared spectrum of the oxidation product indicates thiono-structure (VII): 
bands at 809 and 952 cm. correspond to the P=S and P-O-P group respectively; in 
physical properties the ester resembles the tetraethyl thiopyrophosphate prepared by 
other methods.®8 

All attempts to synthesize compounds containing the system >P(O)-S-P(O)< have 
invariably given isomeric compounds >P(S)-O-P(O)<.8 Evidently, even when the 
starting compound almost certainly contains the system P-S-P, addition of oxygen leads 
to combinations with thionic sulphur. It seems likely that the transient symmetrical 
compound (VI) rearranges; however, since oxidation of tetra-alkyl thiopyrophosphites 
is undoubtedly a two-stage process, rearrangement may occur already with the first 
oxidation product, the mixed anhydride (V). We failed to isolate pure mixed anhydrides 
of this type, but the behaviour of the mixture after incomplete oxidation suggests their 
formation. 

EXPERIMENTAL 
Extracts were dried over MgSO,. Hydrogen sulphide was dried over P,O;. 

Dialkyl Hydrogen Thiophosphites.—Dialkyl phosphorochloridite ® (0-1 mole) and pyridine 
(0-1 mole) or other tertiary amine (triethylamine, NN-diethylaniline) in benzene (75 ml.) was 
stirred and hydrogen sulphide was passed in slowly for 3 hr. Reaction was exothermic, but 
the temperature was kept at +5°. The precipitated amine hydrochloride was filtered off. 
The filtrate was washed with ice-cold water (2 x 25 ml.), dried, and evaporated in vacuo, and 
the dialkyl hydrogen thiophosphite distilled as colourless liquid. Thus were obtained: diethyl 
(12-8 g., 83%), b. p. 75—76°/14 mm., n,* 1-4608 (Found: P, 20-0. Calc. for C,H,,0,PS: 
P, 20:1%) (Kabachnik and Mastryukova,! b. p. 67-5—68-5°/12 mm., n,° 1-4597), di-n-propyl 
(12:5 g., 67%), b. p. 100°/13 mm., m,% 1-4620 (Found: P, 16-7. Calc. for C,H,,0,PS: P, 
168%) (idem, b. p. 62—63°/3 mm., ”,”° 1-4581), and di-n-butyl hydrogen thiophosphite (16-0 g., 
76%), b. p. 81—83°/3 mm., m,,?° 1-4608 (Found: P, 14:5. Calc. for CgH,,O,PS: P, 14-7%) 
(idem, b. p. 89—90°/4 mm., 7,” 1-4583). 

Di-n-propyl Phosphorochloridothionate——Sulphuryl chloride (4-5 g.) in benzene (10 ml.) 
was added dropwise with stirring to di-n-propyl hydrogen thiophosphite (6-0 g.) in benzene 
(30 ml.) at 5° and the whole stirred for 1 hr. Benzene was removed in vacuo and di-n-propyl 
phosphorochloridothionate (5-0 g.) distilled; it had b. p. 113—114°/14 mm., n,”° 1-4684 (Found: 
P, 14-5. Calc. for C,H,,0,PSCl: P, 14:3%); Fletcher e¢ al.!° reported b. p. 70—75°/1 mm., 

51-4672. 
” Diphenyl Hydrogen Thiophosphite.—Diphenyl phosphorochloridite 14 (16-1 g.) and pyridine 

§ MclIvor, Grant, and Hubley, Canad. J] Chem., 1956 $4, 1611; cf. Jones, Katritzky, and Michalski, 
Proc. Chem. Soc., 1959, 321. 

® Cook, Ilet, Saunders Stacey, Watson, Wilding, and Woodcock, J., 1949, 2921. 

1 Fletcher, Hamilton, Hechenbleikner, Hoegberg, Beatrice, Sertl, and Cassaday, J Amer. Chem. 


Soc., 1950, 72, 2461. 
11 Forsman and Lipkin ibid., 1953, 75, 3145. 


































884 Organophosphorus Compounds of Sulphur and Selenium. Part XIII. 


(5-6 g.) in benzene (50 ml.) were stirred and hydrogen sulphide was passed in slowly for 2-5 hr 
at 5°. Pyridine hydrochloride was filtered off and the filtrate was washed with ice-cold water 
(2 x 25 ml.) and dried. Evaporation in vacuo yielded diphenyl hydrogen thiophosphite (11-5 g, 
70%) as undistillable oil, »,*° 15855. It was purified by evaporative distillation at 70°/0-001— 
0-005 mm., then having »,”° 1-5878, d, 1-2191 (Found: P, 12-1. C,,H,,O,PS requires 
P, 12-3%). 

Diphenyl Phosphorochloridothionate.—Crude thiophosphite (13-5 g.) obtained in the previons 
experiment in benzene (50 ml.) was stirred, and sulphuryl chloride (8-2 g.) in benzene (10 ml) 
was added dropwise at 0°. After the whole had been stirred for 1 hr. benzene and gaseous 
products were removed in vacuo; crystallisation of the residue from hot ethanol gave dipheny| 
phosphorochloridothionate (6-1 g.), m. p. 67°. The product showed no m. p. depression when 
mixed with the product prepared by Ephraim’s method." 

Ethylene Hydrogen Thiophosphite (1).—Ethylene phosphorochloridite 1 (20-1 g.) and pyridine 
(12-5 g.) in benzene (120 ml.) were stirred and hydrogen sulphide was passed in slowly for 25 
hr. at 5°. Pyridine hydrochloride was filteted off. The filtrate was washed with ice-cold 
water (2 x 25 ml.) and dried. After removal of solvent im vacuo crude ethylene hydrogen 
thiophosphite (12-0 g., 60%), ,”° 1-5438, was obtained. Evaporation at 55—65°/0-7 mm. gave 
a product having m,,”° 1-5401, d,” 1-4063 (Found: P, 25-1. C,H;O,PS requires P, 25-0%),. 

Trimethylene Hydrogen Thiophosphite (II).—As in the previous experiment, hydrogen 
sulphide was passed into trimethylene phosphorochloridite } (12-5 g.) and pyridine (10-0 g.) in 
benzene (60 ml.). The thiophosphite (8-5 g., 69%) distilled and had b. p. 60°/0-02 mm., m. p. 
34° (Found: P, 22-0. C,H,O,PS requires P, 22-4%). 

Di-4-bromobenzyl Hydrogen Thiophosphite.—A solution of 4-bromobenzyl alcohol (15-0 g,) 
and NN-diethylaniline (17-9 g.) in benzene (75 ml.) was added with stirring to phosphorus 
trichloride (5-5 g.) in benzene (25 ml.) at 5°. After being stirred for 15 min. the mixture was 
saturated with hydrogen sulphide for 5 hr. at 5°. The precipitated diethylaniline hydro- 
chloride was filtered off and the filtrate was concentrated in vacuo to 50 ml., and aniline hydro- 
chloride was filtered off again. The filtrate was treated with light petroleum (150 ml.), and the 
layers were separated. The petroleum layer was removed and the oily layer was extracted 
with hot benzene (2 x 25 ml.). The combined extracts were evaporated under reduced 
pressure to dryness. Crystallisation of the residue from light petroleum—benzene gave di-4- 
bromobenzyl hydrogen thiophosphite (9-0 g., 51%), as colourless plates, m. p. 84° (Found: §, 7-4. 
C,,H,,0,PSBr, requires S, 7-4%). 

Di-4-nitrobenzyl Hydrogen Thiophosphite.—A solution of 4-nitrobenzyl alcohol (10-0 g.) and 
diethylaniline (15-0 g.) in benzene (80 ml.) and ether (20 ml.) was added dropwise with stirring 
to phosphorus trichloride (4-5 g.) in ether (20 ml.) at 5°.44 After being stirred for 1 hr. the 
mixture was saturated with hydrogen sulphide for 3-5 hr. at 5°. The precipitated diethyl- 
aniline hydrochloride was filtered off. The solvent was evaporated in vacuo. Crystallisation 
of the residue gave di-4-nitrobenzyl hydrogen thiophosphite (7-3 g., 60%) as yellowish needles, 
m. p. 135° (from benzene) (Found: P, 8-5. C,,H,,;0,N,PS requires P, 8-4%). 

Tetraethyl Thiopyrophosphite.—(a) Diethyl phosphorochloridite ® (31-2 g.) and triethylamine 
(20-2 g.) in benzene (80 ml.) were stirred and hydrogen sulphide (ca. 2500 ml.) was passed in 
during 1-5 hr. at 5°. The precipitated triethylamine hydrochloride was filtered off under 
nitrogen. From the filtrate after removal of benzene in vacuo were obtained diethyl hydrogen 
thiophosphite (10-5 g.), b. p. 68—69°/10 mm., ,®° 1-4606, and tetraethyl thiopyrophosphite 
(7-5 g.), b. p. 64—65°/0-05 mm. 

(6) Diethyl phosphorochloridite (16-2 g.) in benzene (20 ml.) was added dropwise with stirring 
to the solution of diethyl hydrogen thiophosphite (16-0 g.) and triethylamine (11-0 g.) in benzene 
(80 ml.) at 20° and the whole was stirred for 45 min. Triethylamine hydrochloride was filtered 
off and washed with benzene (2 x 25 ml.) under nitrogen or carbon dioxide which had been 
deoxygenated and dried. From the combined filtrates benzene was removed in vacuo. 
Distillation of the residue gave tetraethyl thiopyrophosphite (19-5 g., 71%), b. p. 66—68°/0-05 
mm. (Found: P, 22-1. C,H, .0,P,S requires P, 22-7%). 

Action of Hydrogen Sulphide on Tetraethyl Thiopyrophosphite——The compound (10-0 g.) 


12 Ephraim Ber., 1911, 44, 631. 
18 Arbuzov, Zoroastrova, and Rizpolozhenskii, Izvest. Akad. Nauk S.S.S.R., Otdel. khim. Nauk, 1948, 
208. 
14 Félsch, Acta Chem. Scand., 1956, 4, 686. 
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obtained in the previous experiment in benzene (40 ml. + 2 drops of triethylamine) was cooled 
and hydrogen sulphide was passed into the solution with stirring for 1 hr. at 10°. The solvent 
was removed in vacuo. Distillation of the residue gave diethyl hydrogen thiophosphite (8-0 g., 
71%), b. p. 75—76°/14 mm., ,* 1-4602 (Found: P, 20-1. Calc. for C,H,,0,PS: P, 20-1%). 

Action of Water on Tetraethyl Thiopyrophosphite—Water (0-8 g.) in ether (100 ml.) was 
added to tetraethyl thiopyrophosphite (13-4 g.) and the whole was stirred for 15 min. Ether 
was removed in vacuo. Distillation of the residue gave a mixture (9-0 g.), b. p. 80—82°/20 mm., 

2 1.4356, of diethyl hydrogen phosphite and thiophosphite. The refractive index calculated 
for an equimolar mixture is ,*° 1-4360. 

Action of Oxygen on Tetraethyl Thiopyrophosphite.—Tetraethyl thiopyrophosphite (13-5 g.) 
in benzene (15 ml.) was stirred and dry oxygen was passed in slowly for 2-5 hr. at 70—80°. 
The solvent was removed under reduced pressure. Fractional distillation of the residue gave 
tetraethyl thiopyrophosphate (4-5 g.), b. p. 86—88°/0-1 mm., m,* 1-4495 (Found: P, 20-1. 
Calc. for CsHgO,P,S: P, 20-2%). Fiszer et al.* reported b. p. 82—83°/0-05 mm., m,* 1-4495. 

DEPARTMENT OF ORGANIC CHEMISTRY, INSTITUTE OF TECHNOLOGY (POLITECHNIKA), 

Lopz, PoLaNnD. [Received, June 8th, 1959.} 
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177. Organophosphorus Compounds of Sulphur and Selenium. Part 
XIV.* The Reaction of Organic Diselenides with Trialkyl Phos- 
phites. 


By J. MicHALskI and J. WIECZORKOWSKI. 


In their reaction with trialkyl phosphites ! and sodium dialkyl phosphites,* various types 
of organic disulphides have been found by the authors to display cationoid reactivity of 
the sulphur. Similar observations concerning the reaction of dialkyl disulphides with 
triethyl phosphite were made by Jacobson e¢ al. and by Walling and Rabinowitz. These 
findings are now extended to diselenides. 

Reactions of diphenyl diselenide and bisdiethoxyphosphinyl diselenide with triethyl 
phosphite in absence of a solvent were as shown in the equations. The diselenides are less 
active than disulphides and only with bisdiethoxyphosphinyl diselenide was an exothermic 
effect observed : 

(EtO),P + PhSe*SePh ——p> (EtO),P(O)*SePh + EtSePh 
(EtO),P + (EtO),P(O)-Se*Se*P(O)(OEt), ——t> (EtO),P(Se)"O"P(O)(OEt), + (EtO),P(O)*SeEt 


We postulate for the above reactions a polar mechanism resembling that accepted for 
Arbuzov’s reaction: 5 
n£o) 


(RO),P: + R’Se LXer! —>| ro-f—ser’ + R'se™| —> RON p—ser’ + RSeR’ 
8+ 6&- 4 RO” il 
RO 1°) 

The phosphoroselenolates and the selenide were identified by comparison with known 
products. Tetraethyl selenopyrophosphate was identical in physical and infrared properties 
with the condensation product of diethyl phosphorochloridate with sodium OO-diethyl 
phosphoroselenoate ® for which the selenono-structure seems to be the most likely ’ and is 


* Part XIII, preceding paper. 
1 Michalski and Wieczorkowski, Bull. Acad. polon. Sci., Classe III, 1957, 5, 917. 
2 Michalski, Wieczorkowski, Wasiak, and Pliszka, Roczniki Chem., 1959, 88, 247. 
% Jacobson, Harvey, and Jensen, J. Amer. Chem. Soc., 1955, 77, 6064. 

4 Walling and Rabinowitz, J. Amer. Chem. Soc., 1959, 81, 1243. 

5 Kukhtin and Pudovik, Uspekhi Khim., 1959, 28, 96. 

® Michalski and Wieczorkowski, Roczniki Chem., 1954, 28, 233. 

7 Coe, Perry, and Brown, J., 1957, 3604. 
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supported by its nuclear magnetic resonance spectrum.§ Both compounds exhibit the 
band 925 cm.*! due to the P-O-P group.® 


Experimental.—Materials. Bisdiethoxyphosphinyl diselenide was obtained by action of 
sulphuryl chloride (0-3 mole) on potassium OO-diethyl phosphoroselenoate (0-6 mole) in benzene 
as a red-brown oil, ”,”° 1-5260 (yield of undistilled product 74%). Diphenyl diselenide was 
obtained by oxidation of selenophenol with sulphuryl chloride in benzene or ether. 

Reaction of bisdiethoxyphosphinyl diselenide with triethyl phosphite. Triethyl phosphite 
(24-9 g., 0-15 mole) was added dropwise with stirring to bisdiethoxyphosphinyl diselenide 
(64-8 g., 0-15 mole). The temperature of the exothermic reaction was kept at 50—55° and 
decolorisation of the mixture was then observed. The mixture was distilled i vacuo, to give 
(i) OOSe-triethyl phosphoroselenolate (33-5 g., 91%), b. p. 39—41°/0-02 mm., 130—131°/24 mm., 
n,** 1-4768 (Found: P, 12-8. Calc. for C,H,,0,;PSe: P, 12-6%) (lit.,%° b. p. 134°/18 mm., n,% 
1-4762), and tetraethyl selenopyrophosphate (42-2 g., 80%), b. p. 87—88°/0-01 mm., n, 
1-4650 (Found: P, 17-6. Calc. for CsgH,g0,P,Se: P, 17-5%) (Michalski and Wieczorkowski* 
reported b. p. 107°/0-05 mm., 7,,”° 1-4638). The infrared spectrum was identical with that of 
selenopyrophosphate (b. p. 96—97°/0-1 mm.) prepared by condensation of diethyl phosphoro- 
chloridate with sodium OO-diethyl phosphoroselenoate. Both compounds exhibit the P-O-P 
band at 925 cm.}. 

Reaction of diphenyl diselenide with triethyl phosphite. Diphenyl diselenide (39 g., 0-125 
mole) and triethyl phosphite (30 g., 0-18 mole) were heated with stirring to the b. p. of the 
phosphite (155°). Then the temperature was increased gradually to 170—180° and was kept 
at 190—210° for 15 min., until the red-brown colour had disappeared, after which the yellowish 
mixture was distilled in vacuo. After the excess of phosphite had distilled off, two fractions 
were collected: (i) ethyl phenyl selenide, b. p. 85—86°/9 mm. (22 g.), which was freed from 
traces of phosphorus ester by 2 hours’ boiling with azeotropic hydrochloric acid, extracted with 
benzene, drying (MgSO,), and redistillation (20 g., 86%); :the product had b. p. 97-5°/15 mm., 
n,* 1-5845 (Found: C, 52-2; H, 5-5. Calc. for CgH,Se: C, 51-9; H, 5-6%) (lit.,% b. p. 
102—104°/20 mm., m,,”° 1-5825); and (ii) OO-diethyl Se-phenyl phosphoroselenolate, a yellowish 
liquid (27-4 g., 75%), b. p. 100°/0-2 mm., m,,”° 1-5235 (Found: C, 41-0; H, 5-4; P, 10-5. Cale. 
for C,9H,;0,;PSe: C, 41-0; H, 5-2; P, 10-6%). 


DEPARTMENT OF ORGANIC CHEMISTRY, INSTITUTE OF TECHNOLOGY (POLITECHNIKA). 
INSTITUTE OF ORGANIC SYNTHESIS, POLISH ACADEMY OF SCIENCES, 
Lopz, POLAND. [Received, July 8th, 1959.] 


8 Jones, Katritzky, and Michalski, Proc. Chem. Soc., 1959, 321. 

* Mclvor, Grant, and Hubley, Canad. J. Chem., 1956, 34, 1611. 

10 Michalski and Wieczorkowski, Roczniki Chem., 1959, 38, 105. 

11 Behaghel and Hofmann, Ber., 1939, 72, 710; Nardelli and Chicrici, Ann. Chim. (Italy), 1952, 42, 
111; Chem. Abs., 1953, 47, 7454. 


178. 5-Oxo-2-phenyl-1,3-dioxan. 
By A. A. Marer and R. A. RAPHAEL. 


For many aspects of carbohydrate synthesis a derivative of 1,3-dihydroxyacetone is 
needed where the hydroxyl functions are protected by a grouping which is resistant to 
nucleophilic reagents but subsequently easily removable. The benzylidene derivative, 
5-oxo-2-phenyl-1,3-dioxan, fulfils these criteria and a preparative route to this compound 
has been developed from the readily available tri(hydroxymethyl)nitromethane. Condens- 
ation of the latter with benzaldehyde! and catalytic reduction of the product furnished 
5-amino-5-hydroxymethyl-2-phenyl-1,3-dioxan. Fission of this vicinal amino-alcohol 
with sodium periodate yielded the stable crystalline hydrate 5,5-dihydroxy-2-phenyl-1,3- 


1 Scattergood and Maclean, J. Amer. Chem. Soc., 1949, 71, 4153. 
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dioxan, which was dehydrated by distillation to give the crystalline 5-oxo-2-phenyl-1,3- 
dioxan. Alternative routes to this derivative proved unsuccessful; these included oxid- 
ation of 1,3-benzylideneglycerol, acidification of the sodium salt ? of 5-nitro-2-phenyl-1,3- 
dioxan, and zinc dust reduction of 5-bromo-5-nitro-2-phenyl-1,3-dioxan.® 


Experimental.—5-A mino-5-hydroxymethyl-2-phenyl-1,3-dioxan. A solution of the corre- 
sponding nitro-acetal (5 g.) in ethanol (100 ml.) was shaken with a little Raney nickel and the 
filtrate stirred with fresh Raney nickel (1 g.) under 100 atm. of hydrogen at 80° for 4 hr. 
Filtration, evaporation, and trituration with light petroleum gave the amino-acetal which 
crystallised in needles, m. p. 117—118°, from ethyl acetate (Found: C, 63-05; H, 6-9; N, 7-2. 
CyHis03N requires C, 63-15; H, 7-2; N, 6-7%). 

5-Oxo-2-phenyl-1,3-dioxan. Cold solutions of the amino-acetal (4-2 g. in 75 ml. of water) 
and sodium metaperiodate (4-4 g. in 75 ml. of water) were mixed at 0° and kept at that temper- 
ature for 3 min. After 15 hr. at room temperature the solution was thoroughly extracted with 
ethyl acetate. Washing with water, drying (MgSO,), and evaporation at 50° under reduced 
pressure furnished a viscous product which was taken up in dry ether (12 ml.) and filtered. The 
filtrate was cooled to —70° and light petroleum (b. p. 40—60°) added with thorough scratching 
of the walls of the container. The resulting hydrate (2 g.) crystallised in plates, m. p. 81°, on 
addition of light petroleum to a cold concentrated ethyl acetate solution; it had vmqx (in CCl) 
3280 cm.~4 (strong) but no carbonyl band (Found: C, 61-2; H, 6-3. C, 9H,,O, requires C, 61-2; 
H, 62%). Cold ethanolic 2,4-dinitrophenylhydrazine sulphate produced the yellow 2,4-di- 
nitrophenylhydrazone, m. p. 175° (from dioxan-light petroleum) (Found: C, 53-2; H, 3-35; N, 
155. CygH,gO,N, requires C, 53-4; H, 3-9; N, 15-65%). The semicarbazone, m. p. 215° 
(decomp.), crystallised from methanol (Found: C, 56-3; H, 5-3; N, 18-05. C,,H,,;0,N, 
requires C, 56-15; H, 5-55; N, 17-85%). Distillation of the hydrate at 95—-99°/0-1 mm. gave a 
liquid which rapidly solidified. Crystallisation from light petroleum (b. p. 60—80°) gave 
anhydrous 5-0x0-2-phenyl-1,3-dioxan as needles, m. p. 69—71°, Vmax, (in CCl,) 1750 cm.*} (strong) 
(no hydroxyl band) (Found: C, 67-45; H, 5-8. Cy, 9H, O; requires C, 67-4; H, 565%). The 
free ketone slowly liquefies to an oil smelling strongly of benzaldehyde; it is best stored as the 
much more stable hydrate and regenerated just before use. 

5-Nitro-2-phenyl-1,3-dioxan. To a solution of lithamide in liquid ammonia (from 0-15 g. of 
lithium and 100 ml. of ammonia) was added 5-hydroxymethyl-5-nitro-2-phenyl-1,3-dioxan (3 g.), 
and the mixture was stirred for 6 hr. Addition of ammonium chloride (1-5 g.), evaporation of 
the ammonia, addition of water (25 ml.), and filtration gave the mitro-acetal (2-1 g.), needles, 
m. p. 127° (from ethanol or benzene) (Found: C, 57-6; H, 5-05; N, 6-75. Cj 9H,,O,N requires 
C, 57-4; H, 5-3; N, 6-7%). Addition of a sodium hydroxide solution of this product to ice- 
cold dilute sulphuric acid gave no pure product other than a trace of starting material. 

5-Bromo-5-nitro-2-phenyl-1,3-dioxan. Water was azeotropically separated from a refluxing 
mixture of 2-bromo-2-nitropropane-1,3-diol * (13 g.), benzaldehyde (7 g.), toluene-p-sulphonic 
acid (0-2 g.), and benzene (200 ml.). The solution was washed with sodium hydrogen carbonate 
solution and water and dried (MgSO,). Evaporation and addition of light petroleum (b. p. 40— 
60°) gave the solid bromonitro-acetal (16 g.), m. p. 86—87° after crystallisation from ethanol 
(Found: C, 41-7; H, 3-4; N, 4-8. C,)H,,O,NBr requires C, 41-7; H, 3-45; N,4-85%). Reduc- 
tion with zinc dust gave a zinc complex, but acid decomposition of this compound gave no 
useful product. 


We are indebted to the Chemical Society for a Research Grant and to the Egyptian Govern- 
ment for a Maintenance Award (to A. A. M.). 


THE UNIVERSITY oF GLASGOW. 
THE QUEEN’s UNIVERSITY OF BELFAST. (Received, July 13th, 1959.} 


* Noland, Chem. Rev., 1955, 55, 137. 
° Cf. Klager, J. Org. Chem., 1955, 20, 1348. 
‘ Schmidt and Wilkendorf, Ber., 1919, 52, 389. 
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179. Allyl 2,4,6-Triallylphenyl Ether and Derivatives. 
By A. C. Davis and R. F. HUNTER. 


REACTION of phenol with allyl halide and alkali, known to give the mono- and di-C-ally| 
derivatives, has been found to give allyl 2,4,6-triallylphenyl ether under forcing conditions 
though the yields are only about 20%. Under the conditions used, C-alkylation precedes 
etherification since allyl phenyl ether is unaffected. 

Alkali converts our product into 2,4,6-tripropenylphenol by combined hydrolysis and 
prototropic rearrangement, as judged by spectral changes and other evidence. 

Perbenzoic acid at 0° reacts only with the C-allyl groups of allyl 2,4,6-triallylpheny| 
ether! The tetraepoxide was obtained, though not pure, by oxidation of the glycidyl 
triallylphenyl ether. 


Experimental.—A llyl-2,4,6-triallylphenyl ether. Allyl bromide (121 g.) was gradually added 
to phenol (23 g., 0-25 mole), toluene (75 c.c.), and sodium hydroxide (48 g.) in water (50 c.c) 
which were stirred and boiled under reflux with a water-separating still-head. When separation 
of water from the condensate became very slow, further allyl bromide (121 g., 1 mole) was added 
during 3 hr., and the mixture was boiled under reflux for a further 2} hr. with separation of 
water. After addition of water and ether, the organic layer was separated, washed with 5% 
aqueous sodium hydroxide, then with water until neutral, and evaporated. Distillation gave 
lower allyl ethers (18-1 g.), b. p. 32—98°/0-7 mm., a fraction, b. p. 98—110°, and a small residue, 
The last two were refractionated, to give allyl 2,4,6-triallylphenyl ether (13-1 g., 20-6%), b. p. 102— 
116°/0-8 mm., ,,™ 1-5262 (Found: C, 84-7; H, 8-4; OH, 0. C,,H,,O requires C, 85-0; H, 
8-7%), which over palladium-charcoal absorbed 369 c.c. of hydrogen per g., though other 
samples absorbed 344—353 c.c./g. (4H, = 351 c.c./g.). 

Use of xylene as solvent gave 22-3% of the tetra-allyl compound. Heating the low-boiling 
fraction (95 g.) in xylene at 200° for 8 hr. gave liquid allylphenols (OH content, 9-2%) which 
with allyl bromide (145 g.) and sodium hydroxide (48 g.) in xylene (275 c.c.) gave a further 
quantity (44-2 g.) of the allyl triallylphenyl ether, b. p. 101—114°/0-8 mm., n,”* 1-5261. A 
typical sample was shown to contain less then 2% of the tripropenyl isomer by infrared 
spectroscopy. 

Phenol (70-5 g.), allyl chloride (230 g.), sodium hydroxide (126 g.), and sodium iodide (1 g.) 
in toluene (225 c.c.) in an autoclave for 5 hr. at 170° gave mixed allyl ethers (129 g.) which 
contained some phenolic material (Found: OH, 1%). Re-etherification afforded allyl] triallyl- 
phenyl ether (42-9 g., 22-5%), b. p. 99—115°/0-5 mm., m,!° 1-5282. The higher refractive index 
probably indicates a trace of triallylphenol. 

Other solvents gave similar results but often lower yields. 

Rearrangement. The ether was recovered unchanged after treatment with soda-lime in 
paraffin at 170°. 

The ether (5 g.) was distilled with saturated methanolic potassium hydroxide (30 c.c.) until 
the temperature of the liquid rose to 150° and the mixture was kept thereat for 6 hr., small 
quantities of solvent being added to maintain the temperature. Working up with ether and 
water gave crude 2,4,6-tripropenylphenol (1-5 g.), b. p. 130—140°/10 mm., 7,74 1-5817 [Found: 
C, 84-05; H, 9-3%; H, absorbed (Pd), 295 c.c./g. Calc. for C,,H,,0: C, 84-1; H, 8-5%; 
3H,, 314 c.c./g.}. 

After a similar experiment (ether, 5-7 g., KOH solution, 60 c.c.; 24 hr.), allyl bromide 
(2-5 g.) and benzene (40 c.c.) were added and the mixture was boiled under reflux for 4 hr. 
Working up as usual, followed by two distillations, gave allyl 2,4,6-tripropenylphenyl ether 
(2-0 g.), m,2 15727 (Found: C, 83-5; H, 9-0%; H, absorbed, 338 c.c./g. Calc. for C,,H,,0: 
C, 85-0; H, 87%; 4H,, 351 c.c./g.). 

2,4,6-Triallylphenol, prepared by Claisen rearrangement of allyl 2,6-diallylphenyl ether, 
had b. p. 101—103°/0-7 mm., »,)* 1-5440 (lit., 159°/14 mm., ”,!** 1-5445), and gave a phenyl- 
urethane, m. p. 92—93°. 

Spectra. As liquid capillary films, triallylphenol, had strong infrared bands at 3115 (sharp), 
995, and 913 (C-H stretching; bending of CH°CH,), 3559 (hindered phenol), and 1639 and 864 
em. (C°C and 1,2,4,6-tetrasubstitution)? 

1 Cf. Hopff and Jaeger, Helv. Chim. Acta, 1957, 40, 274. 

* Grisenthwaite and Hunter, J. Appl. Chem., 1956, 6, 324. 
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Tripropenylphenol had no band at 3115 cm.* and only very weak absorption at 995 and 
915 cm.” (little triallylphenol), a very strong band at 965 cm." (trams-CH‘<CH), and a doublet 
3559 (free OH) and 3333 cm. (hydrogen-bonded OH). Conjugation of the double bonds with 
the aromatic ring * led to a shift of the C°C band to 1661 cm., and of the 1,2,4,6-tetrasubstit- 
ution band to 884cm.~!. Also a band due to conjugation of C:C to the aromatic ring was observed 
at 1595 cm.*?. 

In the ultraviolet region (methanol solutions; Unicam spectrometer), triallylphenol showed 
a strong band at 280 my (ce 4000) due to the phenolic chromophore.* Tripropenylphenol 
showed bands at 389, 262, and 245 my (e 2500, 18,350, and 24,700 respectively), the first of 
which confirms the presence of double bonds conjugated to the aromatic ring. 

Allyl 2,4,6-tri-(2,3-epoxypropyl)phenyl ether. Allyl 2,4,6-tripropenylphenyl ether (39-8 g.) 
was gradually added to perbenzoic acid (4 mols.) in chloroform (810 c.c.) in an ice-bath. An 
exothermic reaction maintained the temperature at 5° for about an hour, after which the 
mixture was kept in ice for 43 hr. Titration then showed that about 5% more than the 
theoretical quantity of the peracid had been consumed. The acid was extracted by aqueous 
sodium carbonate and sodium hydroxide, and the solution was washed to neutrality and 
concentrated under reduced pressure, and finally to a constant weight at 70°/0-4 mm. The 
product (49 g.) was a golden-yellow oil, »,,” 1-5402 (Found: epoxide equiv., 109. Theor., 101). 

Glycidyl 2,4,6-triallylphenyl ether. 2,4,6-Triallylphenol (15-5 g.) and epichlorohydrin 
(19-1 g.) in ethanol (5-3 g.) were stirred at 60° whilst sodium hydroxide (3-1 g.) in water (3-5 c.c.) 
was added during 4hr. After a further } hr., the solvent was removed under reduced pressure, 
the residue dissolved in water and toluene, and the organic layer was washed with water until 
neutral, dried (K,CO,), and concentrated under reduced pressure; the product, a reddish- 
brown liquid (18-6 g., 95%), ,®° 1-5333, was distilled, giving the glycidyl triallylphenyl ether, 
n,?! 1-5315 (Found: C, 79-4; H, 8-6%; epoxide equiv., 285. C,sH,,O, requires C, 80-0; H, 
82%; epoxide equiv., 270). 

This ether (8-0 g.) reacted with perbenzoic acid (3-5 mol.) in chloroform (125 c.c.) at 0° 
for 3 days, 0-083 mol. of the peracid disappearing. The acids were removed as before. 
Concentration gave a tetraepoxide (8-7 g., 92%) (Found: epoxide equiv., 93. Calc. for tetra- 
epoxide C,,H,,O,: epoxide equiv., 79-5), which appeared to contain 3-5 epoxide groups. 

Attempted polymerisation. A solution of benzoyl peroxide (0-022 g.) in the allyl triallyl- 
phenyl ether (1-023 g.) was heated at 60° for 18 hr. There was no sign of reaction except a 
slight rise in refractive index to m,* 1-5297. Further treatment at 100° for 24 hr. resulted only 
in the development of a faint yellow colour and an increase in refractive index to m,!" 1-5364. 


The infrared spectroscopical data were obtained by Mr. R. J. Grisenthwaite using a Grubb- 
Parsons S3A Spectrometer. 


RESEARCH AND DEVELOPMENT DEPARTMENT, BAKELITE LIMITED, 
TYSELEY, BrrMINGHAM, II. [Received, June 30th, 1959.] 


8 Hunter, Morton, and Carpenter, J., 1950, 441. 





180. Structure and Reactivity of the Oxy-anions of Transition 
Metals. Part IX.* Electronic Structure. 


By A. CARRINGTON and M. C. R. Symons. 


Our initial structural studies,)? in which we used results obtained by spectrophotometry 
and electron-spin resonance, were interpreted in terms of an L.C.A.O. molecular-orbital 
treatment of permanganate and chromate given by Wolfsberg and Helmholz.* This level 
scheme, which accounted qualitatively for the main features of the electronic spectra 


* Part VIII, J., 1960, 290. 


1 Carrington, Ingram, Schonland, and Symons, J., 1956, 4710. 
* Carrington, Schonland, and Symons, J., 1957, 659. 
3 Wolfsberg and Helmholz, J. Chem. Phys., 1952, 20, 837. 
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of these ions,‘ was used to interpret the spectra of related ions such as manganate, hypo. 
manganate, and ferrate which have one or two electrons outside the “ closed-shell” 
structure considered by Wolfsberg and Helmholz. 

In this orbital scheme the highest filled orbital is a non-bonding orbital (¢,) compounded 
of oxygen 2p atomic orbitals, and the lowest unfilled level is triply degenerate having 7, 
symmetry. 

This scheme does not fit the detailed results obtained from electron-spin resonance 
studies of single crystals of potassium chromate containing small amounts of manganate 
or ferrate, and of sodium vanadate containing hypomanganate.> However, an alternative 
scheme, in which the first unfilled level for closed-shell ions is doubly degenerate 
(symmetry E£) has been suggested by Ballhausen and Liehr ® and used by them to compute 
values for the oscillator strengths of the first two electronic transitions of permanganate 
and chromate. 

If the “‘ outer” electrons of manganate, hypomanganate, and ferrate are fed into the 
e level, which uses d,s_,: and d,s orbitals of the metal atom with n-type overlap with oxygen 
2 orbitals, the detailed electron-resonance results are explained satisfactorily.5? In 
particular, the relative insensitivity of the hypomanganate and ferrate spectra to changes 
in temperature, and the isotropic hyperfine structure from manganese in hypomanganate, 
can only be understood if the orbital is doubly degenerate. 

Schonland? has analysed the electron-resonance spectrum obtained from manganate 
and has found that a good fit of the anisotropic hyperfine splitting and g-values can be 
obtained if the unpaired electron is in a doubly degenerate orbital, and that the first 
excited state for this electron is triply degenerate of symmetry 7,. Schonland also 
concludes that this ¢, orbital is spread over the molecule, whereas the ¢ level is largely 
localised on the manganese atom. The calculations predict a value for the isotropic 
hyperfine splitting for hypomanganate which is very close to the experimental value, and 
they also lead to a value for the quadrupole moment of manganese which is in good agree- 
ment with other values quoted in the literature. 

The transitions suggested in Part IV 2 to explain the electronic absorption spectra of 
manganate and related ions are therefore incorrect, and a new assignment has been made, 
and checked by calculations of intensities* similar to those made by Ballhausen and 
Liehr. Despite certain differences in the detailed calculations, agreement with experi- 
ment for “ closed-shell”’ ions, including vanadate, is satisfactory and is also good for 
ions with “ outer” electrons. In this scheme only those orbital levels used in the calcul- 


Interpretation of visible and ultraviolet absorption spectra. 


The ground state of the ion is indicated in the first row and the excited state to which the transition 
is occurring is shown in parentheses with the experimental frequency (in cm.-*). 


(t,)®: 1A, (t,)%e : 8E (t,)®e? : 9A, 


ma a ee —~ 
Transition MnO,- CrO,?- vo;- MnO,?- MnO,3- FeO,2- 
e<—-}, 18,320('T;) 26,810 36,900 16,530(?7,) 14,810(°7,) 12,720(°T,) 
22,940(?7,) 
t, ~<«—-?, 32,210('7;) 36,630 — 28,490(?77,) 30,800(37,) 19,600(87,) 
33,440(?7,) — _- 
t, <—-e _ _ _ 12,000(?7;) _— _ 








ations for the first two transitions of “ closed-shell” ions are used. These transitions are 
represented as e ~<«—/, and ¢, ~<«—4#,, both for “closed-shell” ions and ions having 
“outer” electrons. In addition, a transition of an outer electron to the ¢, level is possible, 


* Teltow, Z. phys. Chem., 1938, B, 40, 397; 1939, B, 43, 198. 

5 Carrington, Ingram, Lott, Schonland, and Symons, Proc. Roy. Soc., in the press. 
* Ballhausen and Liehr, J. Mol. Spectroscopy, 1958, 2, 342. 

7 Schonland, Proc. Roy. Soc., in the press. 

§ Carrington and Schonland, unpublished work. 
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and can be represented as t, «—e. The presence of ‘“ outer” electrons in the ¢ level can 
split the former transitions because of Coulomb effects (e.g., manganate spectrum, see 
Table). Calculations show that the 4, <— e transition should be weak and comparable 
with the familiar d ~«— d transitions of transition metal ions, whilst the e <«—#, and 
f,<—t, transitions should still be fairly intense. The assignments made for 

anganate, manganate, hypomanganate, and ferrate are given in the Table, and the 
orbital level scheme is shown in the Figure. 


Triply degenerate 
—— o antibonding orbital 


Highest filled and lowest unfilled levels for 
ions isoelectronic with MnO,~, showing Doubly degenerate 
the first two electronic transitions referred m-antibonding orbita/ 
to in the text. 











t Triply degenerate 





MOM w-type non-bonding orbita/ 


The main conclusions are the following: (i) There is strong o-bonding through the a, 
and f, levels. In the language of directed valency, the o-bonds can be pictured as being 
built up from d*s hybridised orbitals of the metal atom, overlapping with appropriate 
oxygen 2f orbitals. (ii) The “outer” electrons in manganate, etc., are concentrated 
mainly on the metal atom in a doubly degenerate orbital and, hence, the electrons in the 
bonding ¢ level are concentrated mainly on the oxygen atoms. Wolfsberg and Helmholz’s 
calculations appear to have over-estimated the importance of x-bonding. (iii) The intense 
bands in the visible and near-ultraviolet region, characteristic of transition-metal oxy- 
anions, are due to charge-transfer transitions from oxygen to the metal atom, and d<«—d 
type transitions, although fully allowed, still give rise to weak absorptions. 


One of us (A. C.) thanks the Esso Petroleum Company for the award of a Post-graduate 
Research Studentship. 


THE UNIVERSITY, SOUTHAMPTON. (Received, July 6th, 1959.) 





181. Inhibition of Proton Transfer to Conjugated Polyenes by 
Terminal Phenyl Groups. 


By ALBERT WASSERMANN. 


An attempt has been made to transfer a proton from trichloroacetic acid to three aw’-di- 
phenylpolyenes, Ph:[CH=CH],Ph, where » = 4, 5, and 6, under conditions which were 
conducive to the protonation of 13 polyenes with 2—15 conjugated double bonds}? but 
without the phenyl group at both ends. In the systems previously investigated 3 the 
time of half protonation was less than two minutes, and the formation of the protonated 
polyene could easily be detected by marked alteration of the electronic spectra and 
electrical conductance.:3 The electronic spectra of the three diphenylpolyenes* are, 
however, not altered when their benzene solutions are made 1m with respect to trichloro- 
acetic acid, the result of a typical experiment being shown in the Figure; and the small 

1 Wassermann, J., 1954, 4329; 1958, 1014, 3228; Trans. Faraday Soc., 1957, 58, 1030. 

* Wassermann, /J., 1959, 979, 983 986; Mol. Phys., 1959, 2, 226. 

* Wassermann, /., 1955, 581. 


P ‘ The spectra, without acid, were measured by Hausser, Kuhn, and Smakula, Z. phys. chem., 1935, 
, 29, 384. 
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electrical conductance of M-trichloroacetic acid in benzene, at 25°, is not detectably 
increased by addition of the diphenylpolyenes, the molarities of these polyenes being 
varied between 1-80 x 10° and 2-6 x 10°. Thus, the three «w-diphenylpolyenes are not 
protonated. 

The protonation of conjugated open-chain polyenes involves the withdrawal of two 
n-electrons and the formation of a methylene group at a position providing for the maximum 
number of conjugated double bonds and thus for maximum resonance stabilisation of the 


. 


Electronic spectrum of 1,8-diphenyloctatetraene 
(m. p. 232°, recrystallised from acetic anhydr- 
ide) in benzene at ~20°. 


...+ No acid (cf., ref. 4). @.... 100m 
with respect to trichloroacetic acid. Polyene 
concentration 6-47 x 10-* to 1-43 x 10-*m in 
both sets of tests. The symbols © and @ are 
used to distinguish the tests without and with 
acid; their number does not indicate the number 
of optical-density measurements. 
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resulting mesomeric carbonium ion.? If this mode of proton transfer is formally applied 
to the three polyenes, one would expect that the methylene group would be produced in 
position 1, 8, 10 or 12, adjacent to the phenyl groups, rather than in 
ea tn ao m the phenyl groups or in position 2—7, 2—9, or 2—11. The con- 
al clusion is consistent with the mode of proton transfer to vitamin-A 
acetate, there being no evidence for initiation of reaction at the carbon atoms situated 
in the middle of the system of conjugated double bonds.? It is suggested that the au- 
diphenylpolyenes remain unprotonated partly because the addition of a proton to a 
terminal carbon atom would block the conjugation between one of the phenyl groups 
and the rest of the cation and partly because the inductive effect of the phenyl groups® 
decreases the basicity of the carbon atoms nos. 1, 8, 10, and 12. These considerations 
relate to the equilibria between the proton donor and the polyenes. If rate effects 
played a réle one would have to take into account that the donor is a bulky hydrogen- 
bonded dimer and that the specified terminal carbon atoms of the polyene are shielded, 
to a certain extent, by the bulky phenyl groups. This steric hindrance could not 
operate if the proton were attached somewhere in the middle part of the system of 
conjugated double bonds. 


Discussions with Dr. C. A. Bunton, Dr. P. B. D. de la Mare, and Professor Sir Christopher 
Ingold, F.R.S., are gratefully acknowledged. 


WILLIAM RAMSAY AND RALPH ForsTER LABORATORIES, (Received, December 23rd, 1958; 
UNIVERSITY COLLEGE, GOWER ST., Lonpon, W.C.1. revised, May 3rd, 1959.) 


§ Ingold, “‘ Structure and Mechanism in Organic Chemistry,” 1953, Cornell Univ. Press, New York, 
p. 70. 
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182. Triterpenoids from Lignite. 


By RAPHAEL IKAN and JoHN McLEAN. 


Previously ? we described the isolation from a ‘‘ young” peat of epifriedelanol and an 
inseparable mixture of @-sitosterol and §-sitostanol. Continuing these studies in an 
attempt to relate chemical changes with the degree of humification of peat we have 
examined an “ old” peat kindly supplied by the Department of Agriculture for Scotland 
from the Peat Experimental Station at Gardrum Moss. This peat possessed a high degreee 
of humification (Von Post Scale value approximately H10); examination of the non- 
saponifiable portion of a petrol extract revealed the presence of friedelin in addition to 
epifriedelanol and the mixture of sterols found in the “ young” peat. Friedelin and 
epifriedelanol have been isolated from the bark of Ceratopetalum apetalum (coachwood) * 
and from a brown coal,’ and epifriedelanol from a lichen. Our findings suggest that 
humification is accompanied by the oxidation of epifriedelanol to friedelin, but such a 
generalisation is misleading as these peats came from different sources. 

Lignite is generally regarded as an intermediate stage in the transformation of peat to 
coal, and is believed to be the precursor of cannel coal, bituminous coal, and finally 
anthracite. We have examined lignite and cannel coal to find if the triterpenoids present 
in peat persist in these more compact fuels, and while a benzene extract of cannel coal did 
not yield triterpenoid materials, a similar extract of lignite which had been saponified, 
yielded the following members of the lupeol series: betulin, allobetulin, oxyallobetulin, 
allobetulone, and oxyallobetulone, along with the aliphatic alcohol tetracosanol. 

We did not find any members of the friedelane series present in lignite, although we had 
previously found those in peat } and their presence in Bohemian brown coal has also been 
established. Sorm? has also found allobetulin, oxyallobetulin, and oxyallobetulone in 
brown coal, but the presence of betulin and allobetulone in brown coal or lignite does not 
appear to have been shown previously. The presence of oxyallobetul-2-ene in a high- 
boiling American petroleum fraction has been described by Barton.5 


Experimental.—Rotations were measured in chloroform unless stated otherwise. Light 
petroleum refers to the fraction, b. p. 60—80°. © 

Powdered lignite (38 Ib.) was extracted continuously for 30 hr. with hot benzene (15 1.). 
Removal of benzene in vacuo gave semi-solid material (530 g.) which was extracted with boiling 
isopropyl alcohol (3 1.) for 4 hr. The extract was decanted from insoluble tars (60 g.) and set 
aside overnight at room temperature. The waxy material (150 g.) which separated was then 
filtered off. Evaporation of the filtrate in vacuo gave a brown solid (310 g.) which was dissolved 
in benzene (250 ml.) and adsorbed on a column of alumina (4 kg.). Elution with light petroleum 
(31.) gave waxy material. 

Allobetulone. The combined benzene-light petroleum (1:1) eluates (1-5 1.) were taken to 
dryness, triturated with light petroleum (40 ml.), and left overnight; allobetulone separated 
and was recrystallised from chloroform—methanol, forming needles (0-25 g.), m. p. and mixed 
m. p. 235—236°, [a], +84-9° (c, 0-9). The infrared spectrum was identical with that of an 
authentic specimen. 

Oxyallobetulone. Elution with benzene (1-5 1.) gave nonterpenoid material (0-770 g.), m. p. 
250—251°, which was not identified; continued elution with benzene-ether (1:1; 1 1.) and 
ether (2 1.), after trituration of the solid extracts with light petroleum (40 ml.), gave oxyallo- 
betulone, needles (1-1 g.) (from chloroform—methanol), m. p. and mixed m. p. 331—332°, [a], 
+84-4° (c 0-76). The infrared spectrum was identical with that of a specimen prepared from 
allobetulin. 

Allobetulin. After removal of oxyallobetulone from the column, elution was continued 
with ether-chloroform (9:1; 1 1.) and ether-chloroform (1:1; 11.). Working up as before 

' McLean, Rettie, and Spring, Chem. and Ind., 1958, 1515. 

* Jefferies, J., 1954, 473. 

3 Javolim, Streibl, Hovak, and Sorm, Chem. and Ind., 1958, 1142. 


* Bruun, Acta Chem. Scand., 1954, 8, 71; Bruun and Jefferies, ibid., p. 1948. 
* Barton, Carruthers, and Overton, /., 1956, 788. 











894 Notes. 
gave allobetulin (1-3 g.), which when recrystallised from chloroform—methanol formed plates, 
m. p. and mixed m. p. 265—266°, [a],, +51-7° (c 0-76). Identity with an authentic specimen 
was established by infrared spectroscopy. 

Betulin. Elution was continued with chloroform alone (7 1.). Early fractions contained 
betulin (0-8 g.), m. p. and mixed m. p. 255—256° (from ethanol), [a],, -+20-5° (pyridine, c 0-83), 
Infrared identity with an authentic specimen was established. 

Oxyallobetulin. The later fractions from elution with chloroform yielded oxyallobetulin, 
needles (0-35 g.), m. p. 345—346° (from chloroform—methanol), [a], +46-6° (c 0-76). Identity 
with an authentic specimen was established as above. 

Tetracosanol. Stripping of the column with chloroform-ethanol (1:1) gave tetracosanol, 
needles, m. p. 81—83°, from light petroleum-ethy] acetate (Found: C, 81-8; H, 13-8. Calc. for 
Cy,H,,0: C, 81-4; H, 14-1%); vmax, 3330 cm.? (OH group). 





We thank Messrs. Watts, Blake, Bearne, and Co. Ltd. for supplying lignite which occurs in 
association with china clay at Newton Abbot and which belongs to the oligocene period (30— 
50 million years ago). We also thank the Hebrew University, Jerusalem, for a grant (to R. 1), 


THE Royat COLLEGE OF SCIENCE AND TECHNOLOGY, GLascow. [Received, June 22nd, 1959.) 





183. The Reaction between 2,4-Dinitrotoluene and Phthalic 
Anhydride in Dimethylaniline. 
By K. J. CLarK and G. I. Fray. 


AN attempt to prepare 3-(2,4-dinitrobenzylidene)phthalide, m. p. 252°, by the reaction of 
2,4-dinitrotoluene with phthalic anhydride in dimethylaniline, as described by Porai- 
Koshits and Chizhevskaya? who report a 72% yield,: led in our hands instead to two 
isomers, C,;H,gO,Ny, m. p. 222° and 234°, which were identified as known phthalimide 
derivatives by mixed melting point determinations with authentic specimens. 


Experimental.—A mixture of 2,4-dinitrotoluene (9-1 g.), phthalic anhydride (7-4 g.), and 
dimethylaniline (50 c.c.) was refluxed for 2 hr., cooled, and poured into dilute hydrochloric acid. 
Crystallisation of the tarry product from acetone gave a yellowish solid (3-5 g.), m. p. 190—200°, 
which on fractional crystallisation from the same solvent finally afforded N-(4-methyl-3-nitro- 
phenyl)phthalimide as white needles, m. p. and mixed m. p. 222° (Found: C, 64-1; H, 3-9; N, 
9-5. Calc. for C,,H,,O,N,: C, 63-8; H, 3-6; N, 9-9%), and N-(2-methyl-5-nitrophenyl)- 
phthalimide as yellow plates, m. p. and mixed m. p. 234° (Found: C, 63-8; H, 3-9; N, 9-7%). 
Authentic specimens were prepared? from phthalic anhydride and the appropriate nitro- 
toluidines. 


RESEARCH LABORATORY, SHELL CHEMICAL Co. LTD., 
EGHAM, SURREY. [Received, July 23rd, 1959.] 


1 Porai-Koshits and Chizhevskaya, Zhur. obshchei Khim., 1956, 26, 842; Chem. Abs., 1956, 50, 
14,720. 
* Wanag and Veinbergs, Ber., 1942, 75, 1558. 





184. The Replacement of the Diazonium by the Nitro-group. Part VI} 
Further Simplifications in Technique, and the Improved Preparation 
of o- and p-Dinitrobenzenes. 

By E. R. Warp, C. D. JoHnson, and J. G. HAWKIns. 

Hopcson, Warp, and their co-workers }* showed that replacement of the diazonium by 

the nitro-group occurs only in neutral or alkaline medium. Earlier methods largely 

relied on the neutralisation of the excess of acid used for diazotisation by excess of sodium 


1 Part V, Hodgson and Heyworth, /J., 1949, 1624. 

* Hodgson and Marsden, J., 1944, 22; Hodgson and Ward, J., 1947, 127; Hodgson, Mahadevan, 
and Ward, J., 1947, 1392; Hodgson and Ward, J., 1948, 556. 
* Hodgson, Heyworth, and Ward /., 1948, 1512. 















orovwananaea wand 


anwtdwoy 


Ss "wD oO WwW 


—_— = 





nen 
ned 
33). 
ity 
nol, 
for 
; in 


1). 


by 
ely 
m 


an, 














(1960) Notes. 895 


nitrite employed in the subsequent decomposition. Hodgson, Heyworth, and Ward ® 
achieved this by neutralisation of the diazonium solution with calcium carbonate before 
diazo-replacement. We now find that, in certain cases, the diazonium solution can be 
satisfactorily decomposed by direct addition to the decomposition medium containing 
excess of sodium hydrogen carbonate. Another variation in which a decomposition 
medium of aqueous sodium nitrite containing cupric carbonate (for neutralisation and 
catalytic purposes) and cuprous oxide was employed was not successful for the preparation 
of 2-nitronaphthalene from 2-naphthylamine or of 2,5-dinitrotoluene from 5-nitro-o- 
toluidine. The new techniques provide an extremely simple and rapid method for 
preparing o- and #-dinitrobenzenes in almost quantitative yield, the only side products 
being traces of azo-compound. These preparations are much superior to any alternative 
procedure in terms of simplicity and rapidity of operation. 

The new method has also been applied to the preparation of extremely pure 1,4-dinitro- 
naphthalene, required for kinetic studies, and to the synthesis of 5,6,7-trinitrotetralin 
from 6-amino-5,7-dinitrotetralin. 

5,6,8-Trinitrotetralin was originally prepared by Dean® by nitration of 5,6-dinitro- 
tetralin; we have confirmed Dean’s work and also synthesised this compound by diazo- 
decomposition of diazotised 5-amino-6,8-dinitrotetralin. 

Attempts to convert these trinitrotetralins, by dehydrogenation, into 1,2,3- and 1,2,4- 
trinitronaphthalene failed. Nor could the latter be prepared by decomposition of 
diazotised 1,4-dinitro-2-naphthylamine, the only product being a diazo-nitro-naphthol.® 
Despite the claims that have been made, we believe that these two trinitronaphthalenes 
(both of which on further nitration could yield the first pentanitronaphthalene) have yet 
tobe prepared. In particular we could not repeat Contardi and Mor’s work ? in which they 
claimed to have made 1,2,4-trinitronaphthalene from 2,4-dinitro-l-naphthylamine. Their 
diazotisation procedure is satisfactory but, as one would expect, addition of the diazo- 
solution to aqueous sodium nitrite containing copper sulphate gives a quantitative yield 
of 1-diazo-4-nitro-2-naphthol. Further decompositions, involving more efficient catalysts, 
all gave quantitative yields of diazo-oxide. In any case further doubt is cast on this work 
by the very high m. p. claimed for the product. 


Experimental.—o- and p-Dinitrobenzenes. o-Nitroaniline (10 g.) was dissolved in a warm 
mixture of sulphuric acid (d 1-84; 12 c.c.) and water (30c.c.). This solution was added with 
vigorous stirring to ice-cold water (50 c.c.). Crushed ice (20 g.) was added and then, very 
rapidly with vigorous stirring, a solution of sodium nitrite (8 g.) in water (13 c.c.). After 
5 minutes’ stirring this diazonium solution was added, portionwise, through a wide-bore glass 
tube (projecting well below the level of the decomposition mixture) to a vigorously stirred 
solution of sodium nitrite (100 g.) and sodium hydrogen carbonate (45 g.) in water (1 1.) at 60° 
containing a smail quantity of silicone “‘ Anti-foam.”” The diazo-solution was added as rapidly 
as possible and 5 min. after addition the solids were collected at the pump, and washed with 
hydrochloric acid (2N) and then much water. The yield of almost pure o-dinitrobenzene 
(m. p. 116—118°) was 11-8 g. (97%). Chromatography of this in benzene on alumina gave very 
pure material, m. p. 118°, in ca. 90% overall yield. 

Similar yields were obtained of almost pure and pure ~-dinitrobenzene from /-nitroaniline 
but in this case the amounts of sulphuric acid and sodium hydrogen carbonate employed were 
half of those given above. 

1,4-Dinitronaphthalene. (With A. W. Bamrorp.) 4-Nitro-l-naphthylamine (10 g.) was 
made into a paste with water (25 c.c.), and to this was added, with stirring, a mixture of 
sulphuric acid (d 1-84; 11 c.c.) and water (35 c.c.), and then crushed ice (ca. 40 g.). This 
mixture was then treated quickly with sodium nitrite (5 g.) dissolved in water (7 c.c.) and after 
5 minutes’ stirring was added portionwise, to a solution of sodium nitrite (200 g.) in water 
(500 c.c.) containing hydrated copper sulphate (40 g.), cuprous oxide (15 g.), and sodium 


* Bamford and Broadbank, Tetrahedron, 1958, $, 321. 

5 Dean, Thesis, London, 1949. 

* Hardy and Ward, unpublished work. 

? Contardi and Mor, Rend. Ist. Lombardi, 1924, 57, 645. 
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hydrogen carbonate (50 g.). Stirring was continued for 1 hr., and next day the solid was 
washed with water and dried at 40°. Almost pure 1,4-dinitronaphthalene, m. p. 125—139° 
(yield 50%), was obtained by extracting it with boiling ethanol (3 x 50 c.c.; charcoal) ang 
allowing the filtered extract to crystallise. The material was further purified by chromato. 
graphy in benzene on alumina (recovery 92—96%), followed by crystallisation from 5: 1 vj/y 
light petroleum (b. p. 80—100°)-benzene, yielding yellow feathery needles, m. p. 133°. 

5,6,8-Trinitrotetralin. 5-Amino-6,8-dinitrotetralin (10 g.) was dissolved in a solution of 
sodium nitrite (3-5 g.) in sulphuric acid (d 1-84; 25 c.c.) and this was added portionwise to 
acetic acid (35 c.c.) below 30°. The mixture was kept for 1 hr. at 0°. Ice-cold anhydrous 
ether (200 c.c.) was stirred in, and after 30 min. a white solid was collected, washed with dry 
ether, dried in a current of air, and dissolved in ice-cold water (100 c.c.). This solution was 
added, portionwise, to a mixture of copper sulphate (65 g.) in water (500 c.c.) and sodium 
sulphite (65 g.) in water (250 c.c.), which had been treated, just before use, with a solution of 
sodium nitrite (130 g.) in water (500 c.c.). Stirring was continued for 3 hr.; next day the solid 
was washed with much water, dried, and extracted with boiling ethanol (3 x 50c.c.; charcoal), 
On cooling, the filtered extract deposited pure 5,6,8-trinitrotetralin, m. p. 94° (4-4 g., 40% 
yield) (Dean ® gives m. p. 94°). 

This was also obtained by suspending 5,6-dinitrotetralin (5-0 g.) in oleum (d 1-92; 10 c.c), 
adding a mixture of nitric acid (d 1-5; 15 c.c.) and oleum (d 1-92; 10c.c.) at 20°, and raising the 
temperature to 95° for 1 hr. After cooling, the mixture was poured on ice, and next day the 
solid was washed with much water, dried, and extracted by boiling ethanol (3 x 50 c.c.; char- 
coal). The filtered extract on cooling deposited the pure trinitro-compound (3-2 g., 55%). 

5,6,7-Trinitrotetralin. 6-Amino-5,7-dinitrotetralin was diazotised as above but addition 
of ether to the diazonium solution brought about decomposition. Hence the diazonium 
solution was added directly to the decomposition mixture, containing more than sufficient 
sodium hydrogen carbonate to neutralise the acid in the diazo-solution. 5,6,7-Trinitrotetralin 
was isolated as above; it had m. p. 132° (from ethanol) (yield 30%) (Found: C, 45-0; H, 3:3. 
C,,H,O,N, requires C, 44:9; H, 3-4%). 


The authors thank Genatosan Ltd. for a grant (to J. G. H.). 
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185. The Action of the Methyl Grignard Reagent on 3-Hydroxy- 
methylenecamphor. 


By A. W. BuRGSTAHLER and MAX STRUBLE. 


In their study of the reaction of methylmagnesium iodide with 3-hydroxymethylene-(+)- 
camphor (I; R = OH), Forster and Judd? obtained a difficultly purified liquid, giving 
approximately correct analyses for C,,H,,O, to which they assigned the curious, still 
quoted,? oxeten structure (II; R= Me). The material readily formed a crystalline 
dibromide, C,,H,,OBr,, from which it could be regenerated by the action of zinc dust in 
alcohol. Upon oxidation with potassium permanganate it yielded (+)-camphoric acid. 
Although the 3-ethylidenecamphor structure (I; R = Me) would appear to be a more 
likely formula for the Grignard product (arising from conjugate addition and then 
elimination of water during working-up), Forster and Judd discarded this possibility on 
the basis of the non-agreement of the specific rotation ({«],, +195°) of their purified material 
with an earlier * recorded value of +113° for 3-ethylidenecamphor now known £ to be 
erroneous. 

Because of our interest in the chemistry of 3-hydroxymethylenecamphor in connexion 
with another problem, we were led to examine the above report. As expected, the product 

1 Forster and Judd, J., 1905, 368. 

* Simonsen and Owen, “ The Terpenes,” Cambridge Univ. Press, 2nd edn., 1949, Vol. II, p. 461; 
Elsevier’s “‘ Encyclopaedia of Organic Chemistry,” Vol. 12A, p. 856. 


* Haller and Minguin, Compt. rend., 1904, 188, 578. 
* Rupe and Iselin, Ber., 1916, 49, 25; Rupe and Burckhardt, Ber., 1916, 49, 2547. 
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proved to be 3-ethylidenecamphor (I; R = Me), whose identity with an authentic specimen 
(prepared from 3-chloromethylenecamphor (I; R = Cl) and one equivalent of methyl- 


CHR =CH 
! 
fe) ° re) 
6 
(I) ) 


(I (III) 


magnesium iodide by the method of Rupe and Iselin * (who apparently were unaware of 
the work of Forster and Judd)] was confirmed by the exact correspondence of physical and 
chemical properties, including optical rotation and spectral features, ozonolysis to camphor- 
quinone,* and an undepressed mixed m. p. of the dibromide. 

In contrast to the behaviour of 3-hydroxymethylenecamphor, both the 3-chloro- 
methylene and the 3-ethylidene derivative reacted with an excess of methylmagnesium 
iodide to furnish a fragrant, saturated ketonic liquid, C,,;H,.O, which is almost certainly 
3-isopropylcamphor (III). This substance, presumably because of steric hindrance, gave 
no carbonyl derivative; however, a strong carbonyl band at 1730 cm. (camphor-type 
carbonyl) was present in its infrared spectrum. An attempt to prepare it by reaction of 
isopropyl bromide with sodiocamphor was unsuccessful. 

Although not examined in the present study, the product from the reaction of ethyl- 
magnesium iodide with 3-hydroxymethylenecamphor, which was formulated by Forster 
and Judd as (II; R = Et), appears by analogy to have the 3-propylidenecamphor structure 
(I; R= Et). Recorded ® physical constants for authentic samples of this substance are 
in accord with this interpretation. 


Experimental.—3-Ethylidene-(+-)-camphor. The redistilled product obtained by reaction * 
of methylmagnesium iodide with 3-hydroxymethylene-(-+-)-camphor had b. p. 133—138°/25 
mm., 7,2? 1-4865, Vmax, (in CHCl;) 1710 and 1655 cm.*}, 2, (in EtOH) 238 my (e 14,000), 
i@j,** +170° (c 2-52) (all rotations in CHCl,). The dibromide, prepared in chloroform, crystal- 
lised from benzene-light petroleum (b. p. 30—40°) in elongated, hexagonal prisms, m. p. 
154—155°, [aj,,28 + 157° (c 2-62) (Forster and Judd? record m. p. 152—153°, [a], +157°). 
Ozonolysis of the Grignard product as described by Rupe and Iselin 4 furnished (—)-camphor- 
quinone, m. p. 198—200°, [aJ,,2° —104° (c 2-04). 

The constants for 3-ethylidene-(+)-camphor as obtained from 3-chloromethylene-(--)- 
camphor by the procedure of Rupe and Iselin were as follows: b. p. 134—138°/25 mm., »,”" 
14870, Vmax, (in CHCl,) 1710 and 1655 cm. (complete infrared spectrum identical with the 
above), Amax. (in EtOH) 238 my (¢ 14,200), [aJ,,2* +178° (c 2-55). The dibromide had m. p. 
154—155°, undepressed on admixture with the above preparation. 

3-Isopropyl-(+-)-camphor. (a) Distillation of the base-equilibrated, neutral product from 
the reaction of ethereal methylmagnesium iodide (0-2 mole) with 3-chloromethylene-(-+-)- 
camphor (14-2 g., 0-071 mole) afforded a fragant liquid ketone (7-5 g.), b. p. 132—134°/25 mm., 
mo" 1-4690, Vingx (in CHCl,) 1730 cm.7, [oJ,* +80° (c 2-49) (Found: C, 80-6; H, 11-3. 
C,,;H,.0 requires C, 80-4; H, 11-4%). 

(6) Similarly, reaction of methylmagnesium iodide (0-03 mole) with 3-ethylidene-(-+-)- 
camphor (2 g., 0-011 mole) gave a liquid (1-3 g.) whose b. p., refractive index, and infrared 
spectrum were identical with those of the preceding material; it had [a],** + 79° (c 3-01). 
Attempted alkylation of (+)-camphor (as the sodio-derivative in benzene and dimethyl 
sulphoxide at 100°) with isopropyl bromide led only to the recovery of unchanged camphor. 


One of us (M. S.) gratefully acknowledges the support of the National Science Foundation 
for the 1959 Summer High School Teacher Research Program (Grant No. 7537) under which this 
work was performed. 
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5 Rupe and Courvoisier, Helv. Chim. Acta, 1923, 6, 1049. 
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186. Syntheses of Homologues of Djenkolic Acid. 
By Max FRANKEL and DAvip GERTNER. 


DJENKOLIC ACID, a diamino-dicarboxylic acid containing a methylene group between two 
cysteine residues, was isolated from plants by Hijman and van Veen.! Acids having 
longer chains between the sulphur atoms of two cysteine residues were isolated? from 
products of hydrolysis of wool samples which had been previously reduced and treated 
with dihalides in order to give the material better technological properties by cross-linking, 
Such bis-thioethers of cysteine were also prepared synthetically from cysteine and aliphatic 
ae-dihalogen compounds.”* In a study of the metabolism of Myleran (1,4-dimethane- 
sulphonyloxybutane), it was found‘ that reaction between cysteine and Myleran in an 
aqueous medium (i vitro) gave, among other products, 3,3’-(tetramethylenedithio)- 
dialanine.* 

In the present work, homologues of djenkolic acid derived from homocysteine were 
synthesised by the action of alkylene dihalides on homocysteine in liquid ammonia or in 
an aqueous basic medium according to the following scheme: 


[CH,]Br, + mangeagerepeaings —> ade ER aNeedar ite seed 
NH, NH, NH, 


The homocysteine was conveniently prepared by reduction of methionine with sodium 
in liquid ammonia. In this way homologues of djenkolic acid having up to 5 methylene 
groups between the sulphur atoms of two homocysteine molecules were prepared. 

These substances decompose at ~270°. They are slightly soluble in water and 
insoluble in ethanol. They can be purified by recrystallisation from a large volume of 
water or by dissolution in dilute alkali and precipitation with acid. Ascending chromato- 
graphy, with 1 : 4 aqueous phenol showed that the Rp values increased with the length of 
the polymethylene chain. 

It was interesting to prepare aa’-diamino-dicarboxylic acids having sulphur as well 
as ether linkages. The acid (I) was prepared by reaction of bischloromethyl ether with 


ins ish ithe iii 
NH, NH, () 


homocysteine. Unlike the compounds containing only sulphur linkages, this substance 
was soluble in water and crystallised from 80% ethanol, and it had a higher Ry value. 


4,4'-(Alkylenedithio)di-a-aminobutyric acids. 


Yield Found (%) Required (%) 
-—(CH,].- (%) Rr Cc H N S Formula Cc H N 
x=2 75 0-29 403 67 O91 21-4 CygHyO.N,S, 405 67 94 216 
#=3 80 0-34 422 7:0 88 20-2 C,,H,,0O,N,S, 425 7-1 9-0 206 
x= 46 90 039 442 74 84 194 C,,H,,O,NS, 444 74 86 197 
#= 5 90 0-49 462 78 $80 185 (C,,H,,0,N,S, 46-1 77 82 189 


* Prepared by use of tetramethylene chloride. 


Experimental.—The ascending method of paper chromatography was used (80% phenol). 

One synthesis is described. Properties of the other acids are tabulated. 

4,4’-(Methylenedithio)di-x-aminobutyric acid. pt-Methionine (3 g., 0-02 mole) was dissolved 
in liquid ammonia (75 ml.). Sodium was added slowly until the solution became permanently 
blue. Powdered ammonium chloride was added cautiously until the solution was just 
decolorised. Methylene dibromide (2-2 g., 0-011 mole) was added dropwise, and the solution 
shaken and left until most of the ammonia had evaporated (1—2 hr.). The residual ammonia 
was evaporated at a water-pump and the residue left in a desiccator over sulphuric acid, then 


1 Hijman and van Veen, Rec. Trav. chim., 1935, 54, 493. 

® Shikanova, J. Appl. Chem. U.S.S.R., 1950, 28, 703. 

§ Zahn and Wollemann, Makromol. Chem., 1953, 10, 122. 

* Roberts and Warwick, Nature, 1959, 188, 1509; Biochem. J., 1959, 72, 3p. 
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dissolved in water (10 ml.), cooled, and acidified with hydrochloric acid to pH 5—6. The 
precipitated acid was filtered off and washed with water (yield, 2-6 g., 70%). Recrystallised 
from water, it decomposed at 270° and had Ry 0-18 (Found: C, 38-0; H, 6-4; N, 10-0; S, 22-2. 
CyHysO.N2S2 requires C, 38-3; H, 6-4; N, 9-9; S, 22-6%). 

4,4’-(Oxydimethylenedithio)di-x-aminobutyric acid. piL-Homocysteine, prepared from DL- 
methionine (3 g., 0-02 mole) was dissolved in 2N-sodium hydrogen carbonate (25 ml.). Bis- 
chloromethyl ether (1-1 g., 0-01 mole) in ethanol (20 ml.) was added. The solution was shaken 
from time to time and left for 8 hr. at room temperature. The solution was acidified with 
acetic acid and evaporated in vacuo until crystals started to form. The whole was cooled and 
filtered. The product (2-5 g., 70%), recrystallised from 80% alcohol, decomposed at 250° and 
had Rp 0-86 (Found: C, 38-5; H, 6-7; N, 8-7; S, 20-6. CygH gO;N,S, requires C, 38-4; H, 6-4; 
N, 8-9; S, 20-5.) 

DEPARTMENT OF ORGANIC CHEMISTRY, THE HEBREW UNIVERSITY, 

JERUSALEM, ISRAEL. (Received, August 5th, 1959.) 





187. An Anomalous Ring Closure obtained from a Purine 
Synthesis. 
By J. H. Lister. 


In an attempted preparation ! of the purine (I) by heating the pyrimidine (IT) in formamide " 
with a small amount of hydrochloric acid, a product (“ substance X ’’) was isolated in 
small yield which gave correct analyses for the purine hydrochloride. However, in 
0-In-hydrochloric acid, this product did not show the single ultraviolet absorption maximum 
in the 268 my region characteristic of 9-substituted 6-dimethylaminopurines, but gave two 
peaks, at 245 and 278 my. Two structures considered were (III) (formed by ring closure 
on to the 5-amino-group followed by formylation) and (IV; R = CHO) (formed by ring 
closure on a ring-nitrogen atom and subsequent formylation). The former was ruled out 
on spectroscopic evidence,” and the glyoxalinopyrimidine (IV; R = CHO) was therefore 
synthesised. This type of compound has been investigated by Ramage and his co-workers 3 
who found that a 4-2’-chloroethylaminopyrimidine having either a 5-amino-group or a 
potentially tautomeric group at position 2 readily cyclises to a glyoxalinopyrimidine. 
The pyrimidine alcohol (II) was treated with thionyl chloride and the product cyclised 
by heating it in aqueous ethanol. The resulting hydrochloride was converted into the base 


NMe, NMe, : Me,N {HO NMe, 
CD CBikaa Che ee 
S =. JNH:CH,CH,-OH 5 
N*~N N wre SN Ne Ke Sn 
CH,-CH,-OH H 1, 2! 
(I) (II) (111) H,C——CH, (yy 


(IV; R = H), formylated to give the amide (IV; R = CHO), and converted to its hydro- 
chloride. The spectra of this compound and of “‘ substance X ” in hydrochloric acid were 
similar, but not identical. ‘‘ Substance X ”’ was then examined chromatographically on 
paper with 5% aqueous ammonium chloride as solvent. Two spots were obtained (Rr 
0-72 and 0-90) which were separately eluted with 0-1N-hydrochloric acid; the faster- 
moving spot gave a spectrum identical with that of the glyoxalinopyrimidine (IV; R = 
CHO), whilst the other was spectroscopically identical with the hydroxyethylpurine (I) 
prepared by another route.1 The pure hydrochlorides of the purine and the glyoxalino- 
pyrimidine gave the same Ry values as “‘ substance X.” 


1 Lister and Timmis, J., 1960, 327. 
* Lister and Ramage, J., 1954, 4109. 
* Ramage and Trappe, J., 1952, 4410; Clark and Ramage, J., 1958, 2821. 











900 Notes. 


It thus seems that esterification of the hydroxyethylpyrimidine (II) by the hydro. 
chloric acid present occurred to some degree before formylation and cyclisation, 
Supporting this, others* have shown that constant-boiling hydrobromic acid cyclises 
hydroxyethylpyrimidines to glyoxalinopyrimidines. In contrast, preparation of the 
analogous 9-2’-hydroxyethyladenine* by the formamide method proceeded smoothly, 
no indication of isomeric glyoxalinopyrimidine being obtained. 





Experimental.—Analyses are by Mr. P. R. W. Baker, Beckenham. 

Preparation of ‘substance X.” 5-Amino-6-dimethylamino-4-2’-hydroxyethylamino- 
pyrimidine (5 g.) in formamide (10 ml.) and hydrochloric acid (d 1-16; 1 ml.) was heated at 
170° for 25 min. After evaporation under reduced pressure the residue was extracted with 
chloroform, and the extracts were dried (Na,SO,) and evaporated. The residue was washed 
with acetone and recrystallised (charcoal) from propan-l-ol. ‘‘ Substance X”’ was obtained 
as colourless needles (0-5 g.), m. p. 205° (decomp.) (Found: C, 44-3; H, 5-7; N, 29-3; Cl, 14-2, 
Calc. for CjH,,ON,,HCI: C, 44-3; H, 5-8; N, 28-75; Cl, 14-6%). 

8-A mino-7-dimethylamino-2,3-dihydroglyoxalino[1,2-c]pyrimidine hydrochloride. 5-Amino-4- 
dimethylamino-6-2’-hydroxyethylaminopyrimidine (1 g.) was added portionwise to thiony| 
chloride (10 ml.) and heated gently for 1 hr. After evaporation to dryness and treatment 
with aqueous sodium carbonate to pH 10, the mixture was extracted with chloroform. The 
extracts were dried (Na,SO,) and evaporated, and the oil remaining was heated under reflux 
with 1: 1 aqueous ethanol for 90 min., then evaporated under reduced pressure. The residue 
crystallised from ethanol, giving the hydrochloride (0-15 g.) of base (IV; R = H) as prisms, m. p. 
262—264° (Found: N, 32-2; Cl, 16-5. C,H,,N;,HCl requires N, 32-5; Cl, 16-4%). Basific- 
ation and extraction with chloroform gave the crude base (IV; R = H), hygroscopic prisms 
(from cyclohexane, m. p. 119—121°, for which a satisfactory analysis could not be obtained 
owing to decomposition. 

This base (0-35 g.) was heated in 4 : 1 formic acid—acetic anhydride for 1 hr., then evaporated. 
Trituration of the oily residue with triethylamine gave a solid from which the formamido- 
derivative (IV; R = CHO) (0-17 g.) was obtained as deliquescent cream-coloured prisms, m. p. 
168—170°, which decomposed on drying in vacuo. Treatment with ethanol saturated with 
hydrogen chloride gave the hydrochloride as prisms (from propan-l-ol), m. p. 275—278° (Found: 
C, 44-2; H, 5-7; N, 28-5; Cl, 15:1. C,H,,ON,;,HCl requires C, 44-3; H, 5-8; N, 28-75; Cl, 
14-6%), Amax, (in 0-1N-HCl) 245 (c 18,900) and 285 my (ce 9200), Amin, 262 my (e 5000). 

6-Dimethylamino-9-2’-hydroxyethylpurine hydrochloride. 6-Dimethylamino-9-2’-hydroxy- 
ethylpurine } was taken up in ethanol saturated with hydrochloric acid. Removal of the 
solvent and crystallisation of the residue from methanol gave the hydrochloride as needles, m. p. 
223—225° (Found: C, 44-5; H, 5-3; N, 28-5; Cl, 14-6. C,H,,ON,,HCl requires C, 44-3; H, 5:8; 
N, 28-75; Cl, 14-6%), Amax. (in 0-1N-HCl) 268 my (¢ 14,200), Amin, 235 my (e 3000). 





I am indebted to Miss J. M. Wiseman for the ultraviolet absorption data and to Mr. M. H. 
Black for technical assistance. The work has been supported by grants to this Institute from 
the British Empire Cancer Campaign, the Jane Coffin Childs Memorial Fund for Medical Research, 
the Anna Fuller Fund and the National Cancer Institute of the National Institutes of Health, 
U.S. Public Health Service. 

CHESTER BEATTY RESEARCH INSTITUTE, 


INSTITUTE OF CANCER RESEARCH: Royat CANCER HOsPITAL, 
FuLHAM Roap, Lonpon, S.W.3. (Received, August 13th, 1959.) 


* Martin and Mathieu, Tetrahedron, 1957, 1, 75. 





188. Absorption Spectra of Oximes from Acetoacetamides. 
By J. S. DAvE and A. M. Tatati. 


NAIK, TRIVEDI, and MANKAD ! reported the ultraviolet absorption spectra of unsubstituted 
and N-aryl-«-chloro- and -«-hydroxyimino-acetoacetamides in aqueous solution. We now 
report similar data for N-aryl-«-hydroxyiminoacetoacetamides and their 8-oximes in water 
and alcohol. 


2 Naik, Trivedi, and Mankad, J. Indian Chem. Soc., 1943, 20, 407, 414. 
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N-Aryl-«$-bishydroxyiminobutyramides in water have Amax. 228—240 my (see Table), 
attributed to the crossed conjugation in *C(‘N-OH)-C(‘N-OH)-C(:O)-NHAr. A para- 
substituent (OEt, CI) increases the polarity and the length of the absorbing system and so 
causes a shift of the band to red. An ortho-substituent (Me, Cl) is, however, in a “ side 
chain” of the absorbing system, so the band is unaffected or moves to shorter wave- 
] . 
~~. oximes have nearly the same Amax. in water as in alcohol, indicating the absence 
of solvent-solute interaction. It is suggested that hydrogen-bonded chelate rings may be 
present in the solute molecules. 

N-Aryl-«-hydroxyiminoacetoacetamides absorb maximally in the same region in 
aqueous and alcoholic solution. Replacement of >C:N-OH by >C:O causes a shift of 
0—8 my. These mono-oximes have a second band, at 264—285 my in aqueous, but not in 
alcoholic solution. 





Experimental.—The N-aryl-«-hydroxyiminoacetoacetamides (see Table) were prepared by 
slow addition of a solution of sodium nitrite and the arylamide in sodium hydroxide to an excess 
of ice-cold sulphuric acid (cf. Knorr?). The precipitates were filtered off and recrystallised 
from aqueous alcohol. These oximes were converted into the dioximes by Knorr and Reuter’s 
method.* 


N (%) In H,O In MeOH 
Aryl Found Reqd. M. p. Amax. (™my) E Anax. (Mp) E 
N-Aryl-a-hydroxyiminoacetoacetamides 

ee — — 99—100°12 237—239 14,570 236—238 18,940 
280—281 9043 

o-C,H,Met ...... -- —- 1301 224—227 14,940 -- -- 
264—268* 3900—4000 

oC,H,Ci f......... 11-5 11-6 122 231—233 17,800 231—233 17,280 
280—281 9759 264 * 6233 * 

o-MeO’C,H,{ ... 12-0 11-9 131—-132 233—235 23,620 _- —_ 
282—284 9840 

$C,H,Cl ......... 11-6 11-6 178 — — 242—246 21,220 

p-EtO-C,H,f ... 11:8 11-2 117—118 — ~—- 241—244 18,310 

2,4-C,H,Me, ft ... 12-2 12-0 136 268—276* 4800—4900 = —- 

N-Aryl-aB-bishydroxyiminobutyramides 

 ) eee -- -— 1923 233—234 19,820 236—238 25,930 

o-C,H,Me ......... 17-5 17-9 195 230—231 18,820 _ _ 

oC,H.Cl ......... 16-9 16-4 144 231—232 18,660 -— — 

p-C,H,Cl ......... 16-25 16-4 203—204 238—239 18,090 — — 

p-EtO-C,H, ...... 16-1 15-8 202—203 234—239 21,330 235—240 12,290 

2,4-C,H,Me, ...... 17-0 16-9 194—195 228—231 18,630 230—232 20,300 
310—320 * 9454 


* Inflexion. + Yellow (others colourless). 


Ultraviolet absorption spectra of aqueous and alcoholic solutions were investigated with a 
Beckman model DU spectrophotometer. 


The authors thank Messrs. National Carbon Ltd. for the gift of chemicals and Professor S. M. 
Sethna for his interest in the work. One of them (A. M. T.) is indebted to the Dean, Faculty of 
Technology and Engineering, for facilities. 


CHEMISTRY DEPARTMENT, FACULTY OF SCIENCE, AND TEXTILE CHEMISTRY DEPARTMENT, 
FacuLty OF TECHNOLOGY AND ENGINEERING, M.S. UNIVERSITY OF BARODA, 
Baropa, InpIA. [Received, August 17th, 1959.] 


2 Knorr, Annalen, 1887, 236, 80. 
% Knorr and Reuter, Ber., 1894, 27, 1169. 
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189. Pyrolytic Formation of p- ett ame a from Vinyl 
p-Acetylbenzoate. 
By P. D. Ritcute and A. E. Wricut. 
ALLAN, IENGAR, and RitcHIE! found that 2-benzoyloxyethyl terephthalate (I) yielded 
no detectable amount of #-diacetylbenzene (III) on pyrolysis at 400—500°, even 
though earlier work 2 had indicated the very strong probability that the various com. 
petitive thermal breakdown-reactions of ester (I) would include the annexed sequence, 


—BzOH —BzOH 
(I) BzOsCHyCHy'O,C-CgHpCOyCHy'CHy'OBz ————Be_ BzO*CHyCHyOgC-CgH pCO gCH:CH, 


CH3:CH*O,C*CgHy'COg°CH:CH,g Se CHg:CH"O,C*CgHy'COMe ae Me*CO-CgHyCOMe-p (III) 
(11) 

In explanation, it was suggested! that: “Either . .. the diketone is produced in 
amounts too small to be detected (owing to predominating destruction of its precur- 
sor... ), or the R/C! breakdown of one vinyl ester group so modifies the electronic 
structure of the (unsymmetrical) product, vinyl p-acetylbenzoate, that the second viny| 
ester group breaks down preferentially by one of the other competitive routes.” The 
former explanation was preferred, and this view is now confirmed. Vinyl f-acetylbenzoate 
(II) has been prepared and characterised; on pyrolysis at ca. 500° (vapour phase) it yields 
a pyrolysate containing p-diacetylbenzene as a major component. Other predictable}? 
products were also observed (carbon monoxide and dioxide, acetylene, p-acetylbenzoic 
acid, acetophenone, and an acid anhydride). 


Experimental.—Apparatus and procedure were those described previously.'? 

p-Diacetylbenzene, prepared, as a reference standard, as described previously,’ had b. p. 
120°/1 mm., m. p. 114° (lit.,2 m. p. 114°). It yielded a 2,4-dinitrophenylhydrazone, orange 
needles, m. p. 233—234° (from acetic acid) (Found: C, 56-0; H, 4-4; N, 16-0. C,,H,,0,N, 
requires C, 56-1; H, 4-1; N, 164%). 

Preparation of p-acetylbenzoic acid. 4-Ethylacetophenone was oxidised to p-ethylbenzoic 
acid by aqueous sodium hypochlorite: the reagent prepared according to Newman and Holmes # 
gave 90—95% yields but that prepared according to Emerson and Deebel® only ca. 15%. The 
acid was converted into its methyl ester: this was oxidised to methyl p-acetylbenzoate by air 
in presence of chromium sesquioxide—calcium carbonate.’ The product was purified by 
distillation: alkaline hydrolysis yielded p-acetylbenzoic acid, m. p. 208° (lit.,6 m. p. 208°). It 
yielded a 2,4-dinitrophenylhydrazone as orange needles (from glacial acetic acid), m. p. ca. 280° 
(decomp.) [Allan 7 gives m. p. 280° (decomp.)] (Found: C, 52-7; H, 4-0; N, 16-4. Cale. for 
C,5H,;,0,N,: C, 52-3; H, 3-5; N, 16-3%). Various other recorded preparations * gave very 
poor yields of the acid. 

Preparation of vinyl p-acetylbenzoate. Standard ester-exchange methods® were used. 
p-Acetylbenzoic acid (50 g.) and vinyl acetate (172 g.) were shaken for 30 min. with mercuric 
acetate (1-3 g.): concentrated sulphuric acid (0-13 ml.) was then added dropwise, and the 
whole was refluxed for 9 hr. and left overnight. The filtered solution was treated with sufficient 
sodium acetate to neutralise free sulphuric acid; excess of vinyl acetate was removed under 
reduced pressure (nitrogen atmosphere) and the residue fractionally distilled, yielding fractions 
(i) b. p. 50—60°/18 mm., (ii) b. p. 128—138°/4 mm., and (iii) b. p. 138—150°/4 mm. Fraction 
(i) was acetic acid: fractions (ii) and (iii) solidified to crude vinyl p-acetylbenzoate, from which 
8 g. (14%) of the pure ester were obtained as colourless needles (from methanol), m. p. 88°. 
A second preparation, with a reflux period of 18 hr., gave a yield of 38% [Found: C, 69-5; 

' Allan, Iengar, and Ritchie, J., 1957, 2107. 

* Allan, Forman, and Ritchie, J., 1955, 2717; Allan, Jones, and Ritchie, J., 1957, 524 

* Ingle, Ber., 1894, 27, 2527. 

* Newman and Holmes, Org. Synth., 1937, 17, 65. 

5 Emerson and Deebel, ibid., 1952, 32, 81. 

Fichter and Meyer, Helv. Chim. Acta, 1925, 8, 255. 
Allan, Ph.D. Thesis, Glasgow University, 1956, p. 102. 


Raadsveld, Rec. Trav. chim., 1922, 41, 657; Ahrens, Ber., 1887, 20, 2956. 
Burnett and Wright, Trans. Faraday Soc., 1953, 49, 1108. 
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H, 57%; M (cryoscopic in benzene), 196. Calc. for C,,H,90,: C, 69-5; H, 53%; M, 190). 
The ester decolorises bromine water and aqueous potassium permanganate: it is sparingly 
soluble in ether, cold methanol, and hot light petroleum (b. p. 60—80°), and very soluble in 
benzene and hot methanol. It has major infrared absorption bands at ca. 1264s, 1195m, 
1188m, 1170m, 1107s, 1025m, 956m, 950m, 882m, and 865m cm.. It yields a 2,4-dinitro- 
phenylhydrazone as orange needles, m. p. 221°, from glacial acetic acid (Found: C, 55-0; H, 4-3. 
CyHyOoNs requires C, 55-1; H, 3-8%). 

Pyrolysis of vinyl p-acetylbenzoate. The general experimental results for two runs are 
summarised in the Table. 


Pyrolysis of vinyl p-acetylbenzoate at 500°. 


BREE BOS | vse scsccesecscecssccscccees 1 2 RDM, . ci cicisitiden dtl 1 2 
Feed-rate (g./min.) ............ 0-18 0-15 Compn. of pyrolysate (c) (%) 

Residence time (sec.) ......... 52 151 RADI ng sdcesedipeabohaaneeaehonens 79-0 75-7 
Wt. pyrolysed (g.) «.-..esses 24-5 41-5 CRI saeco dupepsurancadanessenias 5-5 11-7 
(a) In main receiver ............ 22-5 34-5 Unsatd. hydrocarbons ...... 15-5 13-4 * 
(6) Incold trap —.....+.....+0+ Nil Nil 

(c) Gaseous pyrolysate (l.) ... 0-9 2-9 


* Including acetylene, 1-7%. 


Run 1. Product (a), a pale yellow pasty solid, which contained an acid anhydride (David- 
son-Newman test 2°), was treated with ether. The insoluble residue was p-acetylbenzoic acid: 
the same product was obtained from the ether-soluble portion by extraction with aqueous 
potassium carbonate (m. p. and mixed m. p. 207—208°: total acid recovered, ca. 2 g.). The- 
residue from the ether-soluble fraction, on distillation, yielded (i) 12-5 g., b. p. 106°/1 mm. 
(solidified), (ii) 1 g., b. p. 106—112°/1 mm. (remained liquid), and (iii) a residue. Fraction (i) 
was unchanged ester (mixed m. p. 87°). After several days, the liquid fraction deposited 0-1 g. 
of p-diacetylbenzene (mixed m. p. 112—113°). 

Asmall portion of product (a) was converted into a mixture of the 2,4-dinitrophenyl hydrazones 
of all carbonyl compounds present: and this crude mixture was examined by paper chromato- 
graphy (Burton method "). By using reference samples of p-acetylbenzoic acid, vinyl p-acetyl- 
benzoate, and p-diacetylbenzene, all these compounds were identified in the pyrolysate (a), the 
eluant employed being acetone (20%) in light petroleum (b. p. 60—80°) (80%). The spot 
corresponding to the diketone was not moved by this eluant. There were also two unidentified 
spots. : 

Run 2. Product (a), worked up as for run 1, again yielded p-acetylbenzoic acid; after its 
removal, distillation of the residue yielded (i) 7-2 g., b. p. 1830—135°/4 mm. (solidified), (ii) 
0-5 g., b. p. 130—135°/4 mm. (liquid), (iii) 19 g., b. p. 135—140°/4 mm. (solidified), and (iv) a 
dark brown residual tar. Fraction (i) was unchanged ester, which was also present in fraction 
(ii) along with acetophenone (infrared spectrum); fraction (iii) was p-diacetylbenzene (mixed 
m. p.). 

CHEMICAL TECHNOLOGY DEPARTMENT, ROYAL COLLEGE OF SCIENCE AND TECHNOLOGY, 

GLasGow. [Received, August 20th, 1959.} 


1 Davidson and Newman, J. Amer. Chem. Soc., 1952, '74, 1515. 
11 Burton, Chem. and Ind., 1954, 576. 





190. Syntheses of Some Benzylcycloalkanes. 
By D. W. HucuHes and Joun C. RoBERrts. 
IN connexion with other work, we required some benzyl-cyclopropanes and -cyclobutanes, 
the aryl group carrying one or more methoxyl substituents. At the time, no compounds 
of this type appeared to have been made. We now report syntheses for four such com- 
pounds by the route: 


Modified Wolf—Kishner 
R°CO*Ar . —& R°CH,Ar 
reduction 
(I) (689) 

(a; R = cyclobutyl, Ar = p-MeO*C,H,) 
(b; R= I-I’-methylcyclopropyl, Ar = p-MeO*C,H,) 
(c; R= cyclobutyl, Ar = 2,4-dimethoxyphenyl) 
(d; R= cyclobutyl, Ar = 3,5-dimethoxyphenyl) 
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The ketones (Ia, c, and d) were synthesized from cyclobutyl cyanide and a Grignarg 
reagent prepared from the appropriate aryl halide. The structures of these ketones and of 
the final products (IIa, c, and d) are therefore unambiguous. 

The ketone (Ib) was conveniently prepared by a Friedel-Crafts reaction betweep 
anisole and the acid chloride prepared from 1-methylcyclopropane-l-carboxylic acid. The 
orientation of this ketone was established by oxidation of its reduction product (IIb) 
to p-anisic acid. The possibility that the cyclopropane ring had opened, during the acid 
conditions obtaining in this route, and that the ketone and the final product possessed 
ethylenic structures, was excluded by the following observations: first, the product (IIb) 
gave no detectable reaction (during 40 min.) with cold, aqueous, alkaline potassium 
permanganate; secondly, it did not react with monoperphthalic acid (during a time when 
anethole consumed one equivalent); thirdly, attempted ozonolysis of the substance 
yielded no volatile carbonyl compounds. 


Notes. 





Experimental.—Cyclobutyl cyanide. Cyclobutanecarboxylic acid } was converted * via the 
acid chloride (prepared by using thionyl chloride) into the amide. Distillation of a mixture of 
the amide and phosphoric oxide gave * cyclobutyl cyanide, b. p. 146—149°, in an overall yield 
of 40% (based on the acid). An alternative method ‘ proved less convenient and gave a lower 
overall yield. 

4-Methoxybenzylcyclobutane (IIa). Cyclobutyl cyanide (2-9 g.) in dry ether (20 ml.) was 
added to a Grignard reagent prepared from p-bromoanisole (18 g.) and magnesium (2-7 g.) in 
dry ether (35 ml.). The mixture was stirred for 2 hr. and left overnight, and the complex 
was decomposed with ice (80 g.) and concentrated hydrochloric acid (50 ml.) to give an 
aqueous solution of the imine hydrochloride which was heated under reflux for 1 hr. The 
ketone (Ia) separated as an oil which was collected in ether and distilled, the fraction boiling at 
92—96°/0-1 mm. being collected (5-1 g., 70%). The 2,4-dinitrophenylhydvazone crystallised 
from ethanol in red plates, m. p. 200° (Found: C, 58-0; H, 4-9; N, 15-5. C,,H,,O;N, requires 
C, 58-4; H, 4-9; N, 15-1%), and the semicarbazone from aqueous methanol in needles, m. p. 162° 
(Found: C, 63-1; H, 6-9; N, 17-1. (C,,;H,,O,N, requires C, 63-1; H, 6-9; N, 17-0%). The 
semicarbazone (4-1 g.), potassium hydroxide (3-3 g.), 80% hydrazine hydrate (2-3 ml.), and 
diethylene glycol (21 ml.) were heated under reflux for 2 hr. Water and some oil were distilled 
off until the temperature reached 195°. The remaining liquid was heated under reflux fora 
further 4 hr., cooled, combined with the distillate, and diluted with water, and the product was 
isolated by extraction with ether. 4-Methoxybenzylcyclobutane (Ila) was obtained (2:5 g,, 
85%), having b. p. 146—147°/25 mm. (Found: C, 82-0; H, 9-3; OMe, 18-0. (C,,H,,*OMe 
requires C, 81-8; H, 9-2; OMe, 17-6%). Heating this compound under reflux with hydriodic 
acid (d 1-7) and glacial acetic acid, gave 4-hydvoxybenzylcyclobutane which, after two distillations 
at 100° (bath)/0-1 mm., formed colourless needles, m. p. 35—37° (Found: C, 81-0; H, 84. 
C,,H,,0 requires C, 81-4; H, 8-7%). Oxidation of this phenol with cold chromic—sulphuric acid 
yielded succinic acid. 

2,4-Dimethoxybenzylcyclobutane (IIc). The ketone (Ic) was prepared, by a method similar 
to that described above, from cyclobutyl cyanide (3-0 g.) and a Grignard reagent made from 
1-iodo-2,4-dimethoxybenzene ® (28-5 g.) and magnesium (2-62 g.) in dry ether (70 ml.). The 
crude product was distilled and the fraction of b. p. 138—140°/1-5 mm. was chilled and then 
crystallised from light petroleum (b. p. 40—60°) to yield the ketone (Ic) as prisms (4-1 g., 50%), 
m. p. 43° [Found: C, 71-3; H, 7-4; OMe, 29-1. C,,H,,O(OMe), requires C, 70-9; H, 7-3; OMe, 
28-2%]. The 2,4-dinitrophenylhydrazone crystallised from methanol in orange needles, m. p. 
106° (Found: C, 57-3; H, 5-0; N, 13-9. C,gH,.O,N, requires C, 57-0; H, 5-0; N, 14-0%). 
Reduction of the ketone, by the modified Wolff-Kishner method,® gave (in 68% yield) the 
cyclobutane derivative (IIc), b. p. 170—172°/22 mm. (Found: C, 75-5; H, 9-1. C,,H,,O, requires 
C, 75-7; H, 8-8%). 


1 Org. Synth., Coll. Vol. III, p. 213. 

? Perkin, J., 1894, 65, 957. 

3 Freund and Gudeman, Ber., 1888, 21, 2696. 

* Carpenter and Perkin, J., 1899, 75, 932. 

5 Kauffmann and Kieser, Ber., 1912, 45, 2334. 

* Huang-Minlon, J. Amer. Chem. Soc., 1946, 68, 2487. 
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1-Bromo-3,5-dimethoxybenzene. This was prepared from 3,5-dimethoxybenzamide’ by 
successive Hofmann and Sandmeyer reactions.* 

3,5-Dimethoxybenzylcyclobutane (IId). Reaction of cyclobutyl cyanide (0-7 g.) with a 
Grignard reagent prepared from magnesium (0-24 g.) and 1-bromo-3,5-dimethoxybenzene (2-1 g.) 
in dry ether (10 ml.) gave (in 30% yield) the ketone (Id), b. p. 190° (bath)/20 mm., which crystal- 
lised from light petroleum (b. p. 40—60°) in prisms, m. p. 77—78°, raised to 79° after sublim- 
ation at 70°/2 mm. [Found: C, 70-8; H, 6-9; OMe, 28-6. C,,H,gO(OMe), requires C, 70-9; 
H, 7:3; OMe, 28-2%]. Reduction of this ketone gave the product (IId) (yield, 55%), b. p. 185° 
(bath)/24 mm. (Found: C, 75-7; H, 88%). 

1-Chlorocarbonyl-1-methylcyclopropane. Methyl 1-methylcyclopropanecarboxylate ®* was 
hydrolysed ? to the acid, which was converted, in 55% yield, into the acid chloride, b. p. 132— 
134°, by means of thionyl chloride. 

1-4’-Methoxybenzyl-1-methylcyclopropane (IIb). The foregoing acid chloride (19 g.) in dry 
carbon disulphide (15 ml.) was added dropwise, during } hr., to a stirred and ice-cooled mixture 
of anisole (17-5 g.), aluminium chloride (29 g.), and dry carbon disulphide (47 ml.). After 
having been stirred for a further 2 hr., the mixture was poured on ice and concentrated hydro- 
chloric acid. The product (impure Ib; 18 g.), isolated in the usual way, was an oil, b. p. 124— 
129°/0-5 mm. The 2,4-dinitrophenylhydrazone crystallised from ethanol or from benzene in red 
plates, m. p. 236° (Found: C, 58-6; H, 4-9; N, 15-1. C,.H,,O;N, requires C, 58-4; H, 4-9; N, 
151%). The main portion (17 g.) of the product was converted into the semicarbazone which 
formed, after repeated crystallisation from methanol, colourless needles (5-0 g., 14%), m. p. 
174—175° (Found: C, 63-3; H, 7-0; N, 17-0. C,,;H,,0O,N, requires C, 63-1; H, 6-9; N, 17-0%). 
This semicarbazone was converted, as described above for the preparation of (Ila), into the 
product (IIb) (yield 45%), b. p. 116—118°/12 mm. (Found: C, 81-5; H, 8-8. C,,.H,,O requires 
C, 81-8; H, 92%). Oxidation of this compound with hot, aqueous, alkaline potassium 
permanganate solution gave p-anisic acid (30%), m. p. and mixed m. p. 182°. 


THe UNIVERSITY, NOTTINGHAM. [Received, September 16th, 1959.] 


7 Suter and Weston, J. Amer. Chem. Soc., 1939, 61, 232. 

§ Dean and Whalley, J., 1954, 4638. 

* Siegel and Bergstrom, J. Amer. Chem. Soc., 1950, 72, 3815. 
10 Kohn and Mendelewitsch, Monatsh., 1921, 42, 241. 





191. The Skrawp Reaction with 2-Aminobiphenyl. 
By D. H. Hey and C. W. REEs. 


THERE is wide variation in the reported melting points of 8-phenylquinoline and its picrate. 
The base has been described as an oil }*%-4 and as a solid with m. p. 48—49° 56 and its 
monopicrate as having m. p. ca. 210°, 200°, and 156°.6 These differences prompted a 
re-examination of the preparation described by Hey and Walker. An exact repetition of 
their Skraup reaction with 2-aminobipheny] gave, on fractionation of the resulting oil, two 
components. The first was shown to be 8-hydroxyquinoline and the second 8-phenyl- 
quinoline, obtained as a solid, m. p. 48°, with a picrate of m. p. 154°. The picrate with 
m. p. 200° reported * for 8-phenylquinoline was actually that of the unexpected 8-hydroxy- 
quinoline (picrate, m. p. 205°), and a second lower-melting picrate obtained in greater 
yield in the same preparation, and thought to be impure, had m. p. 154°, and was in fact 
the picrate of 8-phenylquinoline. Hey and Walker’s method ® thus readily gave a 60% 
yield of crystalline 8-phenylquinoline, m. p. 48° (picrate, m. p. 154°; methiodide, m. p. 
174°). The 8-hydroxyquinoline was identified by its reactions (ferric chloride), analysis, 
mixed melting point determination, and infrared comparison with an authentic sample. 

1 LaCoste and Sorger, Annalen, 1885, 280, 38. 

? Moéhlau and Berger, Ber., 1893, 26, 2004. 

* Hey and Walker, J., 1948, 2213. 

* Kaslor and Hayek, J. Amer. Chem. Soc., 1951, 78, 4986. 


5 Bergstrom, J. Org. Chem. 1939, 3, 424. 
* Avramoff and Sprinzak, J. Org. Chem., 1957, 22, 573. 
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With regard to the genesis of 8-hydroxyquinoline from carefully purified 2-aminobj. 
phenyl, sodium m-nitrobenzenesulphonate, glycerol, and sulphuric acid, it was found that, 
when the nitro-compound was replaced by arsenic pentoxide as oxidising agent, no 
8-hydroxyquinoline was formed, but when replaced by nitrobenzene 8-hydroxyquinoline 
was again formed, together with 6-hydroxyquinoline, 8-phenylquinoline, and a smal] 
amount of quinoline. Furthermore, 8-phenylquinoline did not yield any hydroxy. 
quinolines when heated with sulphuric acid alone, under the reaction conditions, but if jt 
was treated with sulphuric acid, glycerol, and sodium m-nitrobenzenesulphonate some 
8-hydroxyquinoline was formed. These facts suggested that the 8-hydroxyquinoline arose 
from a reaction between the reagents used in the Skraup reaction, not involving the 
aromatic amine; and indeed, when the sulphonate, glycerol, and sulphuric acid were 
heated together, 8-hydroxyquinoline was formed, though in smaller yield than in the 
presence of the amine. No 6-hydroxyquinoline was detected in this case. 

The formation of quinolines directly from nitro-compounds in the Skraup reaction has 
only been observed with certain nitrophenols; ¢.g., 8-hydroxyquinoline was prepared in 
small yield by heating o-nitrophenol with glycerol and sulphuric acid.? The formation of 
6- and 8-hydroxyquinoline from aniline, nitrobenzene, glycerol, and sulphuric acid has 
been reported by Sucharda and Mazonski,*’ who assumed that the nitrobenzene was 
reduced to phenylhydroxylamine, probably by 1,2-dihydroquinoline formed from the 
aniline, which then rearranged to o- and p-aminophenol, which underwent ring-closure to 
8- and 6-hydroxyquinoline, respectively. Our isolation of 8-hydroxyquinoline in experi- 
ments with no aromatic amine initially present may be explained similarly, but shows that 
a dihydroquinoline is not essential, the initial reducing agent presumably being acraldehyde. 
However, this appears to be a less effective reducing agent, since the yields of hydroxy- 
quinolines are much smaller in the absence of added amine. In the formation of 8-hydroxy- 
quinoline from sodium m-nitrobenzenesulphonate the necessary desulphonation must have 
taken place after reduction of the nitro-group and rearrangement of the hydroxylamine, 
since only 8-hydroxyquinoline was formed, whilst from nitrobenzene both 6- and 
8-hydroxyquinoline were formed, the 6-isomer predominating. These facts lead to the 
overall reaction scheme shown. The formation ® of 8-hydroxyquinoline by a Skraup 
reaction on 3-amino-4-hydroxybenzenesulphonic acid supports this, although, in contrast, 
m-hydroxyaminobenzenesulphonic acid is said’ to rearrange when heated with dilute 
sulphuric acid to 5-amino-2-hydroxybenzenesulphonic acid which could yield 6-hydroxy- 
quinoline and not the 8-isomer. 


SO,H SO,H SO,H 
af S 
—_> —» > 
fakes a Ta Oh CK 
OH HO 


Experimental.—The light petroleum used had b. p. 40—60°. The 2-aminobiphenyl was 
recrystallised from light petroleum and melted sharply at 50°. Glycerol was dried by heating 
at 180°. 

Skraup reactions with 2-aminobiphenyl. (i) The method of Hey and Walker * was repeated 
on twice the scale described and the resulting oil was fractionated to give fractions, (a) b. p. 
140—145°/16 mm. (0-5 g.), and (5) b. p. 196—200°/16 mm. (4-84g.). Fraction (a) solidified and had 
m. p. 58—63°, raised to 73° on crystallisation from light petroleum (Found: C, 74-9; H, 48; 
N, 9-6. Calc. for C,H,ON: C, 74:5; H, 4-9; N, 965%), and gave a picrate, m. p. 205° (Found: 
C, 48-4; H, 3-2. Calc. for C,H,ON,C,H,O,N,: C, 48-1; H, 2-7%). It gave an intense green- 
black colour with ferric chloride. A mixed m. p. with 8-hydroxyquinoline was undepressed and 
their infrared spectra were superposable. Fraction (b) solidified and had m. p. 42—46°, raised 


7 Ghosh, Banerjee and Lasker, J. Indian Chem. Soc., 1944, 21, 354. 

8 Sucharda and Mazonski, Ber., 1936, 69, 2719. 

* Claus, J. prakt. Chem., 1890, 41, 32. 
, 10 Raschig, “‘ Schwefel und Stickstoffstudien,’’ Leipzig—Berlin, 1924, p. 268; Chem. Zentr., 1924, II, 
082. 
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to 48° by crystallisation from light petroleum (Found: C, 88-5; H, 5-65. Calc. for C,,H,,N: 
C, 87:8; H, 54%), and gave a picrate, m. p. 154° (Found: C, 58-8; H, 2-9. Calc.’ for 
CysHuN,CeHs0,N3: C, 58-1; H, 3-25%), a methiodide, m. p. 174° (Found: C, 55-3; H, 4-45. 
Calc. for C,,H,,NI: C, 55-3; H, 4-0%), and a dichromate, m. p. 130—131° (decomp.). LaCoste 
and Sorger } reported m. p. 163° for the methiodide and m. p. 125—126° for the dichromate of 
§-phenylquinoline. 

(ii) 2-Aminobiphenyl (7 g.), anhydrous glycerol (10 ml.), and arsenic pentoxide (7 g.) were 
intimately mixed and heated to 100° in an oil-bath. Concentrated sulphuric acid (8 ml.) was 
added in 30 min. and the bath-temperature was then slowly raised to 160° and held there for 
Thr. The mixture was cooled to 100°, poured on ice, and treated as in (i), to yield 8-phenyl- 
quinoline (4-7 g., 56%) only. No 8-hydroxyquinoline could be detected with ferric chloride. 

(iii) The method of Hey and Walker * was followed, but sodium m-nitrobenzenesulphonate 
was replaced by an equivalent amount of purified nitrobenzene. After the reaction mixture 
had been poured on ice the solution was neutralised and extracted with chloroform. The 
extracts were dried (MgSO,), and the chloroform was removed. The resulting oil (3-9 g.) was 
distilled under reduced pressure and fractions were collected at: (a) b. p. 110—125°/16 mm. 
(0-1 g.); (0) b. p. 145—155°/16 mm. (0-1 g.); (c) b. p. 170—200°/16 mm. (1-65 g.). Fraction (a) 
was quinoline (picrate, m. p. and mixed m. p. 203°), and fraction (b) was 8-hydroxyquinoline 
(picrate, m. p. and mixed m. p. 205°). Fraction (6) gave an intense dark green colour with 
ferric chloride. Fraction (c) was a mixture of 8-phenylquinoline (m. p. and mixed m. p. 47°) 
and 6-hydroxyquinoline, which were separated by extraction of an ethereal solution of the 
mixture with aqueous sodium hydroxide. The 6-hydroxyquinoline had m. p. 188—192°, 
raised to 195° by crystallisation from water, gave a picrate of m. p. 235°, and coupled with 
benzenediazonium chloride to give a red dye. 

Action of concentrated sulphuric acid on 8-phenylquinoline. 8-Phenylquinoline (0-5 g.) was 
heated with concentrated sulphuric acid (3 ml.) at 160° and at intervals portions were removed, 
diluted with water, neutralised with aqueous sodium hydroxide, and tested with ferric chloride. 
No 8-hydroxyquinoline was formed in 8 hr. 

8-Phenylquinoline subjected to the conditions of the Skraup reaction. The reaction was 
performed as before,* but 2-aminobiphenyl was replaced by 8-phenylquinoline (2 g.). The 
product, isolated as before, was dissolved in ether and extracted with aqueous sodium hydroxide 
which, on neutralisation, gave 8-hydroxyquinoline (0-1 g.); this was identified by its m. p. and 
the m. p. and mixed m. p. of its picrate. 8-Phenylquinoline (1-2 g.) was recovered from the 
ethereal solution. 

Reaction of sodium m-nitrobenzenesulphonate with glycerol and sulphuric acid. Sodium m- 
nitrobenzenesulphonate (8 g.), anhydrous glycerol (9 ml.), and concentrated sulphuric acid 
(7 ml.) were thoroughly mixed and heated very slowly to 130° (bath-temperature), held at this 
temperature for 2 hr., and then heated for a further 5 hr. at 170°. (More rapid heating causes 
extensive carbonisation.) The mixture was cooled, diluted with water, neutralised with sodium 
hydroxide, and extracted with chloroform. The chloroform solution was treated with char- 
coal, dried (MgSO,), and evaporated. The residue was dissolved in a small volume of 2n- 
sodium hydroxide, which was filtered and neutralised. The solid which separated was dried 
and crystallised from light petroleum as white needles of 8-hydroxyquinoline (0-04 g.), m. p. 74°, 
which gave a picrate of m. p. and mixed m. p. 205°. 


Kinc’s COLLEGE (UNIVERSITY OF LONDON), 
STRAND, Lonpon W.C.2. [Received, September 17th, 1959.] 


192. Sodium and Lithium Hexafluororuthenates(v). 
By J. L. Boston and D. W. A. SHARP. 


ALTHOUGH the hexafluororuthenatgs M(1)Ru(v)F, are known! for M = K, Cs, Ag, or TI, 
previous attempts to prepare the sodium salt have been unsuccessful and it was presumed 
that NaRuF, was completely solvolysed in solution in bromine trifluoride; it was 
considered that an important factor in the solvolysis was the small size of the cation. The 
method of preparation attempted previously involved treating a 1: 1 mixture of metallic 
ruthenium and alkali-metal bromide or chloride with bromine trifluoride. We have found 
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that treatment of a mixture of a slight excess of ruthenium trichloride and sodium or 
lithium chloride with bromine trifluoride yields the appropriate hexafluororuthenate(y), 
Hepworth, Peacock, and Robinson ! record that the reaction between metallic ruthenium 
and bromine trifluoride is extremely vigorous and it is possible that under the conditions 
used for their preparation the ruthenium pentafluoride was entirely removed from solution 
before combination could take place with the base. The procedure used in the rest of the 
preparation was the same as that in the present work. Ruthenium trichloride reacts 
with bromine trifluoride quietly and the salts were obtained as cream-coloured, hygroscopic 
solids on removal of excess of solvent. 

The salts are rhombohedral, having the NaOsF, structure, and it has been found that 
lithium hexafluoro-osmate(v) and hexafluoroiridate(v) are also isomorphous with sodium 
hexafluoro-osmate(v). The lattice constants are given in the Table. Infrared spectra 
confirm the existence of the appropriate M(v)F,~ ions in these salts. The extra peaks 
observed in the spectra of some of the lithium and sodium salts may be due to slight 
distortions of the MF,~ octahedra by the strongly polarising cations. 


Unit cell constants for rhombohedral unit cells. 


RuF,~ OsF,~ IrF,~ 
EG SR een eee a=5-80A¢ a= 5-80A% a= 580A 
a = 54° 32’ a = 55° 10’ a = 55° 10’ 
BE le ea a=539A¢ a=541A¢ a=541A¢ 
a = 56° 2’ a = 56° 2’ a = 56° 2’ 


* Present work. ° Jack, personal communication. 


Experimental.—Preparations. Sodium chloride or lithium chloride (from lithium carbonate) 
mixed with a slight excess of ruthenium trichloride was treated with excess of bromine tri- 
fluoride. The excess of solvent was removed and the products were heated to 140° in vacuo to 
remove all traces of bromine trifluoride. There is only slight decomposition at this temperature. 
Analysis was by decomposition with alkali followed by ignition of the hydrated oxide in 
hydrogen [Found for sodium hexafluororuthenate(v): Ru, 43-1%; equiv. (based on alkali halide), 
211. NaRuF, requires Ru, 42-6%; equiv., 239. Found, for lithium hexafluororuthenate(v): 
Ru, 46-2%; equiv., 244. LiRuF, requires Ru, 45-7%; equiv., 223]. 

Hexafluoro-osmates(v) and hexafluoroiridates(v) were prepared as described by Hepworth, 
Robinson, and Westland? [Found for sodium hexafluoro-osmate(v): Os, 57-2. Calc. for 
NaOsF,: Os, 58-1%. Found for lithium hexafluoro-osmate(v): Os, 60-4. Calc. for LiOsF,: 
Os, 61-2%. Found for lithium hexafluoroiridate(v): Ir, 61-1. Calc. for LilrF,: Ir, 61-5%]. 

X-Ray powder photography. Unit-cell dimensions are given in the Table. X-Ray powder 
photographs were taken with Cu-K, radiation; samples were filled into Lindemann glass 
capillaries, the “‘ dry-box”’ technique being used for all specimens, and the capillaries were 
sealed with warm picein wax. 

Infrared absorption spectra. Spectra were measured in suspension in Nujol mulls (prepared 
and kept in the “ dry-box ’’) on a Perkin-Elmer Model 21 spectrometer with potassium bromide 
optics. Infrared peaks were recorded as follows: 


NaRuF,, 636 and 565 cm.1; LiRuF,, 625 and 552 cm.1; KRuF,,* 640 cm.1. 
NaOsF,, 630 cm.*; LiOsF,, 626 cm.!; KOsF,, 616 cm.1. 
LilrF,, 668 cm... KIrF,,? 667 cm... 


We thank Drs. K. H. Jack, M. A. Hepworth, and R. D. Peacock for helpful discussion, 
Imperial Chemical Industries Limited for a gift of bromine trifluoride, Johnson, Matthey 
and Co. Ltd. for the loan of precious metals, and the Ministry of Education for a maintenance 
grant (to J. L. B.). 


INORGANIC CHEMISTRY RESEARCH LABORATORIES, 
IMPERIAL COLLEGE, LoNDoN, S.W.7. [Received, October 5th, 1959.] 


1 Hepworth, Peacock, and Robinson, J., 1954, 1197. 
*? Hepworth, Robinson, and Westland, /., 1954, 4269. 
* Peacock and Sharp, /., 1959, 2762. 
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Mijovic and Walker. 


193. Chemistry of Micrococcin P. Part II.* 
By (Mrs.) M. P. V. Mijovié and JAMES WALKER. 


Two further components of the “ acid-soluble fraction’ from the acid 
hydrolysis of the antibiotic micrococcin P have been identified as amino- 
acetone and 2-aminopropan-1l-ol (alaninol) respectively. The latter is con- 
figurationally related to p-alanine. 

Quantitative determinations by the ninhydrin method have indicated the 
presence of two, four, and two molecules respectively of threonine, 2-amino- 
propan-l-ol, and 2-(l1-amino-2-methylpropyl)thiazole-4-carboxylic acid per 
molecule of the antibiotic, and have given values of 2290, 2272, and 2296 for 
the molecular weight of micrococcin P. 

The order in which various products are liberated on acid hydrolysis of 
micrococcin P has been studied; the carboxyl groups of the threonine 
residues appear to be free in the antibiotic. 


In Part I! the products formed on acid hydrolysis of the antibiotic micrococcin P were 
separated into three groups, an ‘* acid-insoluble fraction,” an ‘‘ ether-soluble fraction,” and 
an “acid-soluble fraction.’”’ The present communication describes further progress in 
the study of the “ acid-soluble fraction.” 

Paper chromatography had shown the presence in the “ acid-soluble fraction ’’ of four 
substances chromogenic towards ninhydrin, three of them giving typical purple spots and 
the fourth giving a bright yellow spot that slowly became purple. Two of these four 
components were readily purified by ion-exchange chromatography, and were shown to 


(I) CHyCH(OH)-CH(NH,)-CO,H , | 
Pel.CH(NH:) a (tl) 
(III) CH,-CH(OH)-CH,-NH, 
y 5 ) 
(IV) CH;-CO-CH,-NH, col, im i; 


be L-threonine (I) and 2-(1-amino-2-methylpropyl)thiazole-4-carboxylic acid (II) respec- 
tively, both of which gave purple spots on paper with ninhydrin. The substances 
responsible for the remaining purple spot and the atypical yellow spot ran closely together 
on paper, and were not well resolved by ion-exchange chromatography. They were, 
however, sufficiently well separated on paper to permit identification. 

The mixture of the two components, after separation from threonine and 2-(1-amino-2- 
methylpropyl)thiazole-4-carboxylic acid (II) by ion-exchange chromatography, was 
partially purified by chromatography on a column of cellulose, and the resulting mixture 
was run on paper in butanol-acetic acid with an appropriate marker technique. (i) The 
substance giving the yellow spot was eluted and found to exhibit selective ultraviolet 
absorption, while the substance responsible for the purple ninhydrin reaction showed no 
selective absorption. The two substances were then converted into 2,4-dinitrophenyl 
derivatives by treatment with fluorodinitrobenzene, and, as the 2,4-dinitrophenyl deriv- 
atives of both substances passed into ether from alkaline solution, the parent compounds 
could not have been amino-acids. At this point we were aided by the observation of 
Cooley, Ellis, and Petrow? that 1l-aminopropan-2-ol (III), a hydrolysis product from 
vitamin B,,, afforded on oxidation with acid permanganate “an unidentified product ” 
giving with ninhydrin a yellow spot on paper slowly becoming purple at room temperature. 
It appeared to us that this “ unidentified product ” might be aminoacetone (IV), and 

1 Part I, Brookes, Fuller, and Walker, J., 1957, 689. 


* Cooley, Ellis, and Petrow, J. Pharm. Pharmacol., 1950, 2, 128, 535. 
HH 
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direct comparison with aminoacetone hydrochloride, obtained by hydrolysis of phthal. 
imidoacetone, showed that the substance obtained on hydrolysis of micrococcin P ang 
giving a yellow colour with ninhydrin on paper was indeed aminoacetone, which is, as we 
have also shown, formed from 1l-aminopropan-2-ol (III) on oxidation with aciq 
permanganate. In addition to its characteristic behaviour with ninhydrin, aminoacetone 
is readily detected on paper chromatograms by the red colour given with triphenyl. 
tetrazolium chloride solution. (ii) The substance responsible for the purple spot ran much 
faster than glucosamine and slightly faster than ethanolamine in butanol-acetic acid op 
paper. Like the latter amine, and unlike 3-aminopropan-l-ol, it reacted rapidly on 
paper with the periodate-permanganate spraying reagent.3 The substance was, in fact, 
shown to be 2-aminopropan-l-ol (alaninol) by paper chromatography in two solvent 
systems, identical behaviour towards a range of spraying reagents, chromatography of the 
2,4-dinitrophenyl derivatives, paper electrophoresis, and acid permanganate oxidation! 
to alanine. In contrast with previous reports ? it was observed that 1-aminopropan-2-o] 
and 2-aminopropan-l-ol could be separated satisfactorily on paper chromatograms even 
although the difference in Rp values was quite small (0-05). There can be no doubt that 
the two previously unidentified substances reactive towards ninhydrin formed in the 
hydrolysis of micrococcin P are indeed aminoacetone and 2-aminopropan-l-ol, and a 
synthetic mixture of the two showed identical behaviour with that of the mixed un- 
identified compounds. The ultraviolet absorption spectrum of synthetic aminoacetone 
hydrochloride showed good agreement with that of the product from micrococcin P. The 
mixed aminoacetone—2-aminopropan-l-ol fraction from the hydrolysis of the antibiotic 
was levorotatory, and, as L-2-aminopropan-1-ol is dextrorotatory, the 2-aminopropan-l-0] 
in micrococcin P is related configurationally to D-alanine, and is therefore D(—)-2-amino- 
propan-l-ol. A reference specimen of L(+)-2-aminopropan-l-ol was prepared from 
L-alanine. 

The recognition of a volatile base other than ammonia in the hydrolysis products from 
micrococcin P caused us to re-examine the basic steam-volatile material previously 
considered 15 to be ammonia, and it was found to contain, in addition to ammonia, 2-amino- 
propan-l-ol and, surprisingly, aminoacetone; it was not expected that aminoacetone 
would survive in, and steam-distil from, an alkaline solution, but its characteristic 
behaviour on paper chromatography was readily observed. 

Aminoacetone has only recently been detected in Nature as a metabolite of threonine 
produced in washed suspensions of staphylococci,® and its occurrence in micrococcin P 
together with threonine may indicate a common route of biosynthesis. It could arise 
from threonine by oxidation at the secondary alcohol group and decarboxylation of the 
resulting «-aminoacetoacetic acid.* Alternatively it could arise, via «-aminoacetoacetic 
acid, from acetylcoenzyme A and glycine, as there is evidence that acetate (or pyruvate) 
can inhibit the utilisation of glycine for the biosynthesis of 8-aminolzvulic acid, and thence 
of porphyrins, by competing with succinate for glycine.’ 

Heatley and Doery 5 estimated the molecular weight of the original micrococcin, 
produced by a micrococcus, to be slightly greater than 2170 and definitely less than 2720 
by Barger’s method, but they were working near the limit of applicability of the method, 
and we have previously,! on the basis of the amounts of the various hydrolysis products 
isolated, placed the molecular weight of micrococcin P at about 2200. Quantitative 

* It may also be noted that the amino-alcohol of vitamin B,., Dg-1-aminopropan-2-ol, is formed by 


decarboxylation of L-threonine or of a closely related derivative (Krasna, Rosenblum, and Sprinson, 
J. Biol Chem., 1957, 225, 745). 


3 Lemieux and Bauer, Analyt. Chem., 1954, 26, 920. 

* Billman, Parker, and Smith, J. Biol. Chem., 1949, 180, 29. 

5 Cf. Heatley and Doery, Biochem. J., 1951, 50, 249. 

® Elliott, Biochim. Biophys. Acta, 1959, 29, 446; Nature, 1959, 183, 1051. 

7 Shemin, in ‘‘ A Symposium on Amino Acid Metabolism” (ed. McElroy and Glass), The Johns 
Hopkins Press, Baltimore, 1955, pp. 738—739; cf. Nemeth, Russell, and Shemin, J. Biol. Chem., 1957, 
229, 154; Gibson, Laver, and Neuberger, Biochem. J., 1958, 70, 77. 
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ninhydrin assays of the threonine, 2-aminopropan-1-ol, and 2-(1-amino-2-methylpropyl)- 
thiazole-4-carboxylic acid produced in the hydrolysis of micrococcin P have now given 
values of 2290, 2272, and 2296 respectively for the molecular weight of micrococcin P, and 
indicate the incorporation of two molecules of threonine, four molecules of 2-aminopropan- 
j-ol, and two molecules of 2-(1l-amino-2-methylpropyl)thiazole-4-carboxylic acid per 
molecule of the antibiotic. The incorporation of two molecules each of threonine and the 
thiazole acid per molecule of micrococcin P is in accord with our previous conclusions. 
The excellent agreement between the three values indicates that little or no destruction ® 
of threonine could have occurred under the conditions used for the acid hydrolysis of 
micrococcin P. Aminoacetone was estimated by means of triphenyltetrazolium chloride, 
put it was obvious that the instability of aminoacetone precluded its quantitative recovery 
as the results indicated the presence of only 0-51 mol. Application of the conditions of 
the standard “‘ acetyl group ”’ determination to micrococcin P indicated that two molecules 
of volatile acid (propionic acid) are present per molecule of the antibiotic, rather than one 
as stated previously,! and similar treatment of the acetylated antibiotic indicated that there 
are probably four acetylatable groups per molecule of micrococcin P. 

It appears that the carboxyl group of threonine is exposed in micrococcin P, as applic- 
ation of the Dakin—West ® procedure to the antibiotic, followed by hydrolysis of the 
product and paper chromatography, showed the threonine to have been lost. In a control 
experiment N-benzoylallothreonine ethyl ester was submitted to the same procedure, and 
allothreonine was shown to be present in the subsequent hydrolysis mixture, in marked 
contrast to the behaviour expected when the carboxyl group of threonine (or of allo- 
threonine) is exposed.” 

The order in which various products are liberated in the acid hydrolysis of micrococcin 
P has been found to be: 2-aminopropan-l-ol, aminoacetone, threonine, 2-(l-amino-2- 
methylpropyl)thiazole-4-carboxylic acid, 2-propionylthiazole-4-carboxylic acid (V), and 
the dicarboxylic acid C,,H,,0;N,;S,, which affords the ester C,,H,,0;N;S, on treatment 
with methanol and sulphuric acid." 


EXPERIMENTAL 


Butanol—acetic acid refers to the mixture butan-1-ol—acetic acid—water (63 : 10 : 27). 

Partial Separation of the Components of the ‘‘ Acid-soluble Fraction.’’—The “ acid-soluble 
fraction” (2-8 g.) from the hydrolysis? of micrococcin P was dissolved in water (50 c.c.), 
filtered, and applied to a column (35 x 2-5 cm.) of “ Amberlite IR-120(H).”” The aqueous 
solution was washed through the column with distilled water until the effluent was neutral, and 
elution was then effected with n-hydrochloric acid. Fractions (each 20 c.c.) were collected 
automatically, fractions 22—44 containing the unidentified substances responsible respectively 
for yellow and purple ninhydrin-reacting spots on paper chromatograms. The brown oil 
(100 mg.) obtained on evaporation of these fractions was chromatographed on “ Solka-floc ”’ 
(30 g.) in butanol-acetic acid, and fractions (each 20 c.c.) were collected. Fractions 6—8 
contained a trace of 2-(l-amino-2-methylpropyl)thiazole-4-carboxylic acid; fractions 7—14 
contained the unidentified substance giving a purple spot with ninhydrin on separate paper 
chromatography in the same solvent mixture; and fractions 8—15 contained the unidentified 
substance giving the yellow spot. There was thus no significant separation of the two unknown 
substances and evaporation of the solvent from each fraction left a brown oil with an odour 
resembling that of meat extract. The material from fractions 9—14 was used for the subsequent 
experiments. The behaviour of the two substances towards a range of spraying reagents is 
shown in the following Table. 


8 Cf. Brockmann, Bohnsack, and Gréne, Naturwiss., 1953, 40, 223; Brockmann, Gréne, and Timm, 
ibid., 1955, 42, 125. 

* Dakin and West, J. Biol. Chem., 1928, 78, 91, 745. 

1 Cf. Carter, Handler, and Melville, ibid., 1939, 129, 359; Carter and Stevens, ibid., 1940, 188, 117; 
Carter and Rissen, ibid., 1941, 189, 255. 

1 Brookes, Clark, Fuller, Mijovi¢, and Walker, following paper. 
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Differential behaviour of unknown substances towards spraying reagents (Whatman No, } 
paper; butanol—acetic acid). 


Spot 

Reagent Ry 0-24 Ry 0-37 
Ninhydrin Yellow, with concave front, slowly becoming purple Purple 
Ammoniacal AgNO, White spot on brown background Grey 
NalO,-KMnO, * No reaction Fast reaction 
Aniline phthalate Brown No reaction 
p-Anisidine hydrochloride Brown No reaction 
Folin—Marenzi reagent ™ Blue (slowly) No reaction 
Triphenyltetrazolium chloride Red No reaction 


Ultraviolet-light Absorption by Unknown Compounds.—Fraction 12 from the previous experi- 
ment was dissolved in a little ethanol and applied as a streak to a paper chromatogram, which 
was then developed in the usual way with butanol-acetic acid. Side strips were cut off and 
sprayed with ninhydrin, thus revealing the positions of the main bands which were cut out, 
The organic material was eluted with methanol (25 c.c.), and the ultraviolet absorption was 
measured. The material giving the yellow spot with ninhydrin showed selective absorption 
with Amax, 276 my; that giving the purple ninhydrin reaction showed negligible absorption. 
Aminoacetone hydrochloride was subsequently shown to absorb maximally at the same wave- 
length. 

2,4-Dinitrophenyl Derivatives.‘—The solutions which had been used for the ultraviolet 
absorption measurements were evaporated to dryness, treated separately with ethanol (3 c.c.), 
trimethylamine (1-5 c.c. of a 1% aqueous solution), and 1-fluoro-2,4-dinitrobenzene (0-4 c.c. of 
a 7% ethanolic solution), and kept at room temperature for 4 hr. The ethanol was removed 
under reduced pressure, a drop of trimethylamine solution was added to each, and the mixtures 
were extracted with ether, giving extracts Y; and Py. After acidification the aqueous layers 
were extracted with ethyl acetate, giving extracts Yy, and Py. For paper chromatography of 
the 2,4-dinitrophenyl derivatives,45 Whatman No. 4 paper’ which had been impregnated with 
phthalate buffer (pH 6-0) was used with 30% propanol-light petroleum (b. p. 100—120°) 
(saturated with buffer) as the solvent system. Papers were always allowed to equilibrate for 
4 hr. before the running, and the chromatography tank was covered with black paper. After 
the running, the papers were treated with hydrogen chloride gas to remove artefact spots. Y; 
showed two spots of Rp 0-55 and 0-85, and P; showed one main spot of Ry 0-52 and a faint one 
of Rp 0-85. Yy and Py gave no spots, showing that the two original ninhydrin-reacting 
substances were not amino-acids. 

Paper Electrophoresis of Unknown Compounds.—Strips of Whatman No. 4 paper were loaded 
with material in the usual way, sprayed with a suitable buffer, and used with the central portion 
dipping into a bath of carbon tetrachloride to prevent drying. In this and all subsequent paper 
electrophoresis experiments a potential gradient of 20 v/cm. was applied for 1 hr. after which 
the papers were dried and developed with ninhydrin. Results are tabulated. 


Distance moved towards cathode 
Yellow spot Purple spot 
13-5 cm.(No separation) 
15 cm. 14 cm. 
28-5 cm. 26 cm. 
30-4 cm. 28 cm. 


Buffer 
Phosphate, 0-125M —.........esecceeseeeecees 
Phosphate, 0-125M ........ssseceseereevens 
Acetate, O°125M ........cccceccccccccsesceees 
Formic acid (109%)  .........ccscsccccccesce 


mm Sod 
eons 


Comparison of the Unknown Substances with Aminoacetone and 2-Aminopropan-1-ol.—(a) 
Paper chromatography. A mixture of aminoacetone, obtained as hydrochloride by hydrolysis of 
phthalimidoacetone, and 2-aminopropan-l-ol showed the same behaviour in all respects as the 
mixture of unknown substances in butanol-acetic acid on Whatman No. 1 paper (Rp 0-24 and 
0-37 respectively) and on Whatman No. 3 paper (Rp 0-16 and 0-27). The Rp values of the 
components of the synthetic and the unknown mixtures in acetone-ethyl methyl ketone- 
water—formic acid (1: 3:1: 0-1) ?* on Whatman No. 1 paper were 0-38 (aminoacetone) and 
0-46 (2-aminopropan-1-ol). 

12 Folin and Marenzi, J. Biol. Chem., 1929, 88, 109. 

18 Trevelyan, Proctor, and Harrison, Nature, 1950, 166, 444. 

14 Cf. Sanger and Thompson, Biochem. J., 1953, 58, 353. 


18 Cf. Blackburn and Lowther, Biochem. J., 1951, 48, 126. 
16 Hégstrém, Acta Chem. Scand., 1957, 11, 743. 
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(b) 2,4-Dinitrophenyl derivatives. The 2,4-dinitrophenyl derivatives obtained from amino- 
acetone and from the substance obtained from micrococcin P both showed two spots of Ry 0-55 
and 0-85; in addition the synthetic material showed an extra spot of Rp 0-43. The 2,4-di- 
nitropheny! derivative of 2-aminopropan-1-ol moved at the same speed as that of the substance 
obtained from micrococcin P (Rp 0-52). 

(c) Paper electrophoresis. In 0-125M-phosphate buffer (pH 6-7) the synthetic mixture of 
aminoacetone and 2-aminopropan-l-ol and the mixture of unknown compounds from micro- 
coccin P showed identical behaviour. In 0-1m-sodium hydrogen sulphite aminoacetone moved 
5 cm. (diffuse) and 2-aminopropan-l-ol moved 17-4 cm. in 40 min.; the mixture of unknown 
substances separated similarly. 

Acid Permanganate Oxidation* of Unknown Substances.—Fraction 8 from the cellulose 
column, containing both the unknown substances, was dissolved in dilute sulphuric acid 
(0-125 c.c. containing 2 mmoles/c.c.) in a centrifuge tube, and aqueous potassium permanganate 
(0-5 c.c. containing 0-25 mmole/c.c.) was added. The permanganate colour had disappeared 
after 2 hr. at 50°, the manganese dioxide was spun down, and the supernatant solution was 
removed. The manganese dioxide was washed once with water, and the washings were added 
to the main solution. Aqueous barium chloride was added until no further precipitation took 
place, and the barium sulphate was spun down; the precipitate was also washed once with 
water. The solution and washings were evaporated to dryness under reduced pressure, and 
the residue was extracted with ethanol. The extract was taken to dryness and the residue 
was again extracted with ethanol; the resulting solution was used for paper chromatography 
and paper electrophoresis. 

Chromatography on Whatman No. 3 paper in butanol-acetic acid revealed a spot which ran 
at the same rate as a standard alanine spot. This was not well separated from the amino- 
acetone spot, however, and the identity of the products in the oxidation mixture was proved by 
paper electrophoresis in 0-125m-phosphate buffer (pH 6-7) for 40 min. The oxidation products 
moved the same distances as did a standard mixture of alanine (4-6 cm.) and aminoacetone 

11-8 cm.). 

Steam-volatile Bases produced in the Hydrolysis of Micrococcin P.—The “ acid-soluble 
fraction ” from the hydrolysis of micrococcin P (1-48 g.) was basified with 2n-sodium hydroxide 
and steam-distilled until the distillate was neutral. Aliquot parts of the mixed total distillate 
(500 c.c.) were titrated against 0-1N-hydrochloric acid (phenolphthalein). With a molecular 
weight of 2290 for micrococcin P, the results indicated the formation of 4-64 mol. of steam- 
volatile base. The neutralised distillate was taken to dryness and paper chromatography in 
butanol-acetic acid on Whatman No. 1 paper, with 0-1% ninhydrin in butanol as developing 
spray, revealed the presence of aminoacetone and 2-aminopropan-l-ol. Repetition of the 
chromatography with, as developing spray, a solution ” containing 0-1% of ninhydrin and 
0:05% of ascorbic acid revealed, in addition, the presence of ammonia. 

Optical Rotation of 2-Aminopropan-1l-ol from Micrococcin P.—The optical rotation of the 
combined fractions containing aminoacetone and 2-aminopropan-l-ol, purified as described 
above, was measured. An aqueous solution (2 c.c.) containing the available material (180 mg.; 
consisting of a mixture of aminoacetone hydrochloride, 2-aminopropan-1-ol hydrochloride and, 
ammonium chloride) showed «, —0-094°. The neutralised steam-distillate from the previous 
experiment was also found to be levorotatory. 

L-2-Benzyloxycarbonylaminopropan-1-ol.—(i) N-Benzyloxycarbonyl-t-alanine 1* (9-0 g.) was 
dissolved in ether (100 c.c.) and treated with diazomethane (ca. 2-5 g.) in ether (140c.c.). After 
the reaction was complete, excess of diazomethane was destroyed with acetic acid, and the 
solvent was removed by distillation. Recrystallisation of the solid residue from light petroleum 
(b. p. 60—80°; 150 c.c.) afforded colourless needles (8-9 g., 93%) of the methyl ester, m. p. 43— 
44°, (a],,2* —35-0° (c 2-5 in MeOH). 

(ii) Lithium borohydride (1-3 g. of solid containing 68% of borohydride) was dissolved in 
purified tetrahydrofuran (100 c.c.), and the above methyl ester (6-5 g.) was added. After 
3} days at room temperature, water and dilute hydrochloric acid were added to the mixture to 
decompose excess of borohydride. ‘The tetrahydrofuran was removed under reduced pressure 
and the aqueous mixture was extracted with ethyl acetate. Evaporation of the dried extract 
gave an oil (5-47 g.), which partly crystallised. This was chromatographed on alumina (150 g., 


1” Keller-Schierlein, Mihailovi¢, and Prelog, Helv. Chim. Acta, 1959, 42, 315. 
18 Org. Synth., 1943, 28, 13. 
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activity I/II), ether eluting an oil (500 mg.) and ether—methanol eluting the required product 
as a crystalline solid (4-31 g., 75%). Recrystallisation from cyclohexane (400 c.c.) afforded 
L-2-benzyloxycarbonylaminopropan-1-ol as long needles, m. p. 75—78°, [aJ,7* —4-9° (c 2-5 in 
MeOH) (Found: C, 63-6; H, 7-4; N, 6-8. C,,H,,0,N requires C, 63-2; H, 7-2; N, 6-7%). 

L-2-Aminopropan-1-ol (t-Alaninol).—Palladium black (390 mg.) was added to a solution of 
the above compound (3-9 g.) in methanol (100 c.c.), and hydrogen was bubbled through the 
stirred mixture until the effluent gases gave no turbidity with aqueous barium hydroxide 
(4hr.). Acidification of the filtered solution with concentrated hydrochloric acid and evapor- 
ation to dryness gave a brown oil (2-35 g.), which was taken to dryness several times with 
methanol to remove excess of hydrochloric acid. The oil was finally applied in methanol 
(40 c.c.) to a column (22 x 2-5 cm.) of “ Amberlite IR-400(OH) ” resin, the free base being 
eluted with a further 200 c.c. of methanol. The methanol was distilled off through an efficient 
fractionating column, and the residue was distilled in a bulb-tube at 85—90° (bath-temp.) /12 mm.:; 
L-2-aminopropan-l-ol was collected as a colourless oil (1-07 g., 77%), which rapidly became 
yellow, [a],,** + 21-7° (c 3-06 in EtOH), [a],** + 26-1° (c 2-79 in N-HCl). Karrer, Portmann, and 
Suter # record b. p. 78—80°/12 mm. and [a],!” + 20-1° (in EtOH). 

Quantitative Ninhydrin Estimations of Threonine, 2-Aminopropan-l-ol, and 2-(1-Amino-2- 
methylpropyl)thiazole-4-carboxylic Acid. Molecular Weight of Micrococcin P.—Micrococcin P 
(100 mg.) was hydrolysed in boiling 20% hydrochloric acid (10 c.c.) for 6 hr., and the resulting 
suspension was diluted with water (20 c.c.) and filtered. Filtrate and washings (mixed) were 
continuously extracted with ether overnight and the aqueous phase was then evaporated to 
dryness under reduced pressure. The residue was taken up in an accurately measured volume 
(5 c.¢.) of 3N-hydrochloric acid, and this solution, centrifuged to remove traces of insoluble 
yellow material, was used for the quantitative ninhydrin estimations. The paper-chromato- 
graphic technique of Pernis and Wunderly * was followed, and, as the first ninhydrin spray 
must be very fine, sparse, and even, immersion in 0-05% ninhydrin solution in acetone was 
adopted as described by Sheehan, Zachau, and Lawson.”!, Optical densities at 570 my were 
measured on a Unicam S.P.400 D.G. absorptiometer, and, owing to the weaker colours given 
by 2-aminopropan-l-ol and 2-(l-amino-2-methylpropyl)thiazole-4-carboxylic acid, only half 
(5 c.c.) the recommended volume of 50% propanol was used in the final dilution with these 
substances. To avoid differences between sheets of chromatography paper, the standard and 
the unknown solution were always run (butanol—acetic acid) on the same sheet. 

One hundred parts by weight of micrococcin P were found to yield 10-40 parts of threonine, 
13-20 parts of 2-aminopropan-l-ol, and 17-45 parts of 2-(l-amino-2-methylpropyl)thiazole-4- 
carboxylic acid from which it follows that molecular proportions of threonine, 2-aminopropan- 
l-ol, and 2-(l-amino-2-methylpropyl)thiazole-4-carboxylic acid are present respectively in 
1145, 568, and 1148 parts of micrococcin P. As collateral evidence places the molecular weight 
of micrococcin P in the region of 2200, these figures give values of 2290, 2272, and 2296 respec- 
tively for the molecular weight of micrococcin P, and indicate the incorporation of 2 molecules 
of threonine, 4 molecules of 2-aminopropan-1-ol, and 2 molecules of 2-(1-amino-2-methylpropy])- 
thiazole-4-carboxylic acid per molecule of micrococcin P. 

Estimation of Aminoacetone.—The method used was based on that described by Fischer and 
Dérfel ** for the quantitative estimation of reducing sugars on paper chromatograms. Amino- 
acetone hydrochloride used for the standard solution was purified by applying an ethanolic 
solution to a column of ‘‘ Amberlite C.G. 120(H),’’ washing with ethanol until the effluent was 
neutral, and eluting the aminoacetone with 2n-hydrochloric acid in 80% ethanol. The eluate 
containing the aminoacetone hydrochloride was then treated with charcoal, filtered, and 
evaporated to dryness, affording the hydrochloride as a yellow gum which slowly crystallised. 
A standard solution (10 yg./0-01 c.c.) was prepared in 3N-hydrochloric acid. Known volumes 
(0-02—0-05 c.c., measured with an Agla syringe) were placed in small test-tubes and to each 
was added triphenyltetrazolium chloride (0-1 c.c. of a 4% solution in methanol) followed by 
4n-aqueous sodium hydroxide (0-1 c.c.). Formation of the red formazan colour was 
instantaneous. Each sample was diluted with methanol-acetic acid (3-0 c.c. of a 10: 1 mixture), 
and optical densities were measured at 482 mu. Blank values were obtained by carrying out 


18 Karrer, Portmann, and Suter, Helv. Chim. Acta, 1948, 31, 1617. 

20 Pernis and Wunderly, Biochim. Biophys. Acta, 1953, 11, 209. 

*1 Sheehan, Zachau, and Lawson, J. Amer. Chem. Soc., 1958, 80, 3352. 
% Fischer and Dérfel, Z. physiol. Chem., 1954, 297, 164. 
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the procedure but omitting the aminoacetone. A similar series of determinations was carried 
out with known volumes of the preceding hydrolysate from micrococcin P, and the results were 
plotted graphically in the usual way [Found: 0-51 mol. of aminoacetone per mol. of micrococcin 
P (based on a molecular weight of 2290 for micrococcin P)]. 

Estimation of Propionic Acid formed in the Hydrolysis of Micrococcin P. Acetylation of 
Micrococcin P.—Micrococcin P (200 mg.) was dissolved in acetic anhydride (2 c.c.) containing 
60% perchloric acid (1 drop) to give a yellow solution. Next morning the solution was poured 
into water, and the yellowish precipitate was extracted into chloroform. The chloroform 
extract was washed with aqueous sodium hydrogen carbonate, dried, and evaporated, affording 
a yellow residue. This was taken up in acetone (charcoal), and hexane was added to the warm 
filtered solution to incipient turbidity. The granular solid which separated was collected and 
dried at 20°/2 mm. for 4 hr.; it had m. p. 185—220° (decomp.) (Found: C, 49-8; H, 4-8; N, 
12:1%); the infrared spectrum showed an additional carbonyl stretching band, but otherwise 
resembled that of micrococcin P fairly closely. 

The standard “‘ acetyl’’ determination procedure was applied by Dr. F. B. Strauss to 
micrococcin P and the result showed that 2-05 moles of volatile acid (propionic acid) were 
produced per mole of micrococcin P (based on a molecular weight of 2290 for micrococcin P). 
The same procedure was then applied to the above acetylated micrococcin P, and the total 
volatile acids (propionic and acetic acid) were determined. The results, corrected for the 
propionic acid present in the antibiotic initially, showed good agreement for a tetra-acetyl 
derivative (M, 2458), and indicated the presence of 4:16 moles of acetic acid per mole of 
acetylated micrococcin P (based on M 2290 for micrococcin P). 

Dakin-—West Degradation *8 of Micrococcin P.—Micrococcin P (20 mg.) was heated in pyridiné 
(1 c.c.) and acetic anhydride (2-5 c.c.) at 135° for 6 hr. Solvents were removed under reduced 
pressure and the tarry residue was hydrolysed for 6 hr. with boiling 20% hydrochloric acid 
(25 c.c.). Paper chromatography in butanol-acetic acid and development with ninhydrin 
showed the presence of aminoacetone, 2-aminopropan-l-ol, and 2-(1-amino-2-methylpropyl)- 
thiazole-4-carboxylic acid in the hydrolysate, and the absence of threonine. 

After the same treatment of N-benzoylallothreonine ethyl ester (20 mg., kindly supplied by 
Dr. D. F. Elliott), allothreonine was readily shown to be present in the hydrolysate. 

Sequence of Liberation of Hydrolytic Fragments from Micrococcin P.—Micrococcin P (ca. 
5 mg.) was hydrolysed at 100° with hydrochloric acid (3 c.c.) of the desired strength, and samples 
were withdrawn for paper chromatography every 10 min. (see Table). Each sample was placed 
on a small concave Polythene disc and dried in a vacuum-desiccator. The residue was taken 


Time (in min.) after which hydrolysis product was present. 


Strength of hydrochloric acid 

N 
2-Aminopropan-1-ol 70 
Aminoacetone 80 
Threonine — 
2-(1-Amino-2-methylpropyl)thiazole-4-carboxylic acid _ 
2-Propionylthiazole-4-carboxylic acid _— 
Acid C,,H,,0,;N,S, -- 


up in absolute alcohol and spotted on to a paper chromatogram which was then run in butanol— 
acetic acid. Direct spotting of the hydrolysis mixture on to the paper without the intermediate 
drying and alcohol-extraction gave unsatisfactory chromatograms. The amino-compounds 
were detected by using ninhydrin in the usual way, and 2-propionylthiazole-4-carboxylic acid 
(V) was detected by its fluorescence in filtered ultraviolet light and by the violet colour it gave 
on immersion in ethanolic alkali followed by immersion in ethanolic m-dinitrobenzene.** The 
dicarboxylic acid C,,.H,,0O,;N,S, separated after 90 min. from a hydrolysis in boiling 6N-hydro- 
chloric acid as a white crystalline precipitate, from which the boiling supernatant liquid was 
removed through a filter stick; the sqlid was washed with water, methanol, and ether, and dried, 
but did not recrystallise satisfactorily; it had m. p. 271° (decomp.) (Found: C, 47-2; H, 2-8; 
N, 12-2; S, 23-5. C.9H,,0,N,S, requires C, 47-1; H, 3-4; N, 12-5; S, 22.8%). The substance 


* Cf. Bullock and Johnson, J., 1957, 3280. 
™ Cf. Savard, J. Biol. Chem., 1953, 202, 457. 
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(40 mg.) slowly dissolved on treatment with methanol (3 c.c.) and concentrated sulphuric aciq cha 
(0-1 c.c.) on the water-bath (4 hr.), and a crystalline product separated; this was shown by its (IV 
infrared absorption spectrum to be the dimethyl ester C,,H,,0,N;,S, previously described. 2p 
No substances reactive towards ninhydrin were liberated from micrococcin P by 6N-hydro- cys 
chloric acid at 20° during 48 hr. val 
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194. Chemistry of Micrococcin P. Part III.* 
By P. Brookes, R. J. CLARK, A. T. FULLER, (Mrs.) M. P. V. Mijovié, . - 
and JAMES WALKER. Ce 
aci 
The substance C,,H,,0;N,S,, obtained from the “ acid-insoluble fraction ” an 
from the acid hydrolysis of micrococcin P by treatment with methanol and mé 
sulphuric acid, afforded methyl 2-carbamoylthiazole-4-carboxylate (VII) on cal 
oxidation with chromic acid in acetic acid, thus providing proof of its thiazole bic 
nature. 
A series of methyl 2,4’-linked polythiazole-4-carboxylates has been rs 
synthesised and their behaviour on oxidation has been studied for comparison : = 
with that of the substance C,,H,,0;N,S,. The ultraviolet absorption spectra (V 
of the synthetic polythiazole esters show that limited conjugation occurs st 
between 2,4’-linked thiazole nuclei. The substance C,,H,,0;N,S, and micro- ; (V 
coccin P must contain a more extended chromophoric system. (L 
The effect of fortifying the medium in which micrococcin P is produced wi 
has been studied, and cysteine was markedly stimulatory, indicating that 
availability of this amino-acid is a limiting factor in the biosynthesis of the 
antibiotic. 
In Part I} it was shown that treatment of the “ acid-insoluble fraction ” from the acid 
hydrolysis of micrococcin P with methanol and sulphuric acid gave a substance 
C.,H,,0;N;S, containing two methoxyl groups. As micrococcin P is methoxyl-free, the ce 
appearance of two methoxyl groups in the substance C,,H,,0;N,S, was attributed to the it 
be 
HS°CH, 'HS*CH), q p 
++* NH»CHEt: CO*NH*CH-CO «+++ NH:CHPr!«CO-NH:CH:CO** (IIT) 9. 
ee: , k a 
H , H 0 
sNH: CHE COrserecees NHCHPr AS ‘CO+ (IV) ol 
hi 
. ’ P ri 
*** NH CHE a a sevevecveses NH-CHP i, | CO: . 
. : N ‘ (V) C3H,30N d 
| | 5 -CO,Me 
5 P rm ] Fcome 
Et-coly ) COH Prl.cHly J CO3H Tho 
(I) "sae Re Tie ERS (VI) 

H,N 0 
esterification of two carboxyl groups. Two other soluble hydrolytic fragments from te 
micrococcin P proved to be thiazoles, namely, 2-propionylthiazole-4-carboxylic acid (I) 8 
and 2-(1-amino-2-methylpropyl)thiazole-4-carboxylic acid (II), and it was suggested that 2 
they could originate from the incorporation of appropriate amino-acids into a peptide e 

q 


* Part II, preceding paper. 
1 Brookes, Fuller, and Walker, /., 1957, 689. 





#E 


lro- 


1) 
it 
le 








1960) Chemistry of Micrococcin P. Part III. 917 


chain (III) followed by cyclisation at cysteine residues with formation of thiazoline rings 
(IV) and thence, by dehydrogenation, of thiazole rings (V); thus the precursors of 
2-propionylthiazole-4-carboxylic acid (I) were considered to be «-aminobutyric acid and 
cysteine, and those of 2-(l-amino-2-methylpropyl)thiazole-4-carboxylic acid (II) to be 
valine and cysteine. With these facts in mind, it was suggested that the nitrogen : sulphur 
ratio, stability of the parent dibasic acid to further acid hydrolysis, and light absorption 
properties of the substance C,,H,,0;N;S, were compatible with a polythiazole structure 
(VI), which could arise by cyclisation and dehydrogenation of a polycysteine peptide in 
the manner outlined above. 

Evidence for at least one thiazole ring in the compound C,,H,,0;N,S, was forthcoming 
when it was found that oxidation with chromic acid in acetic acid gave a substance 
C,H,O3N,S, which afforded on alkaline hydrolysis a mixture of thiazole-2,4-dicarboxylic 
acid and its partial decarboxylation product thiazole-4-carboxylic acid, together with 
ammonia. The substance C,H,O,N,S could therefore only be one of the two possible 
methyl ester amides of thiazole-2,4-dicarboxylic acid. In view of the ease with which a 
carboxyl group is lost in a thiazole-2-carboxylic acid,} it was thought unlikely, apart from 
biogenetic considerations, that the parent acid of the dimethyl ester C,,H,,0;N;S, could 
have had a free carboxyl group in the 2-position of a thiazole ring, and the more likely 
structure for the substance C,H,O,N,S was methyl 2-carbamoylthiazole-4-carboxylate 
(VII), since the alternative structure would have indicated a thiazole-2-carboxylic acid 
structure for the acidic precursor of the substance C,,H,,0;N;S,. Proof of the structure 
(VII) followed by condensation of methyl bromopyruvate (VIII) with monothio-oxamide 
(IX), which afforded authentic methyl 2-carbamoylthiazole-4-carboxylate (VII), identical 
with the oxidation product C,H,O,N,S. 


5 
NH, col, oes “— NH,-CO-CS:NH, + Br+CH,-CO-CO,Me 


(VII) (IX) (VIII) 

The formation of an amide group in an oxidation is unusual and it seemed likely that it 
could arise by destruction of another nitrogenous heterocyclic ring. On the other hand, 
it may be noted that 8-(2-thiazolyl)-8-alanine (X), a degradation product of the antibiotic 
bottromycin, is stated* to give thiazole-2-carboxamide on oxidation with potassium 
permanganate, an observation that is at variance with our own experience! in which 
2-(l-amino-2-methylpropyl)thiazole-4-carboxylic acid (II) afforded the keto-acid, 2-iso- 
butyrylthiazole-4-carboxylic acid (XI), under these conditions. We are, however, of the 
opinion that the carbamoyl group in methyl 2-carbamoylthiazole-4-carboxylate (VII), as 
obtained by the oxidation of the substance C,,H,,0;N,S,, arises by the oxidation of a second 
heterocyclic ring, probably of a thiazole ring. That oxidative destruction of a thiazole 
ring with chromic acid in acetic acid can generate a carbamoyl group was amply 
demonstrated by the study of a series of synthetic 2,4’-linked polythiazoles now to be 
described. 


Ss S 
ee a vetieete— Nebo 
(X) " = (X1) 

Condensation of thiazole-4-carboxythioamide with methyl bromopyruvate afforded 
methyl 2,4’-bithiazolyl-4-carboxylate (XII), and the derived thioamide (XIII) gave access 
to the next two members of the series. Thus, condensation with methyl bromopyruvate 
gave methyl 2,4’:2’4’’-terthiazole-4-carboxylate (XIV), and condensation with methyl 
2-bromoacetylthiazole-4-carboxylate, best obtained by treatment of methyl 2-1’-hydroxy- 
ethylthiazole-4-carboxylate with N-bromosuccinimide, afforded methyl 2,4’:2’,4:2",4’”- 
quaterthiazole-4-carboxylate (XV). Oxidations of these synthetic methyl polythiazole 


? Waisvisz, van der Hoeven, and te Nijenhuis, J. Amer. Chem. Soc., 1957, 79, 4524. 
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carboxylates with chromic acid in acetic acid were carried out under the same conditions 
as were used for the substance C,,H,,0;N,S, and the products were carefully examined and 
identified. Methyl 2,4’-bithiazolyl-4-carboxylate (XII) afforded the ester-amide (VII), 
identical with the synthetic material and with the substance obtained by oxidation of the 
compound C,,H,,0;N,S,, together with methyl thiazole-4-carboxylate (XVI), unchanged 
starting material (XII), and, in one experiment, thiazole-4-carboxamide (XVII). The 
terthiazole ester (XIV) afforded a mixture of methyl thiazole-4-carboxylate (XVI) and 
thiazole-4-carboxamide (XVII), but no trace of the ester-amide (VII) was detected. . The 
quaterthiazole ester (XV) afforded the ester amide (VII), methyl thiazole-4-carboxylate 
(XVI), thiazole-4-carboxamide (XVII), and methyl 2,4’-bithiazolyl-4-carboxylate (XII), 
With the experience gained in examining the products of these oxidations, re-investigation 
of the oxidation of the substance C,,H,,0;N;S, showed that some methyl thiazole-4 
carboxylate (XVI) was formed in addition to the ester-amide (VII). 

These results prove that oxidative destruction of a thiazole ring can generate a carbox- 
amide group in two ways, either the 2- or the 4-carbon atom of the ring furnishing the 
carbon atom of that group; thus, the carbon atom of the carboxamide group in the ester- 
amide (VII), when obtained by oxidation of methyl 2,4’-bithiazolyl-4-carboxylate (XII), 
came from the 4’-position, while that of the thiazole-4-carboxamide (XVII) must come 
from the 2-position of an adjacent thiazole ring. Methyl thiazole-4-carboxylate (XVI) 
and, of course, the ester-amide (VII) can only arise from the terminal ring bearing the 
methoxycarbonyl group, but thiazole-4-carboxamide could arise from any of the other 
thiazole rings in the synthetic polythiazoles and not solely from the terminal ring remote 
from that bearing the methoxycarbonyl group. Some indications of the formation of 
thiazole-4-carboxythioamide, rather than of thiazole-4-carboxamide (XVII), might have 
been expected, but it is known that thioamides are converted at moderate temperatures 
and under oxidising and hydrolytic conditions into carboxamides.? The oxidations of the 


S S S S 
gage Eigse 
N N N N 


(XII) (XIII) 
S S S S S S S 
bbe Obit 
Sy SN SN CcO,Me SN * S S CO,Me 

(XIV) N N (XV) 

CgH,;0N -CO,Me 
S S S S—— § 
] ] , ] } ij J 
s+ COM *NH ‘ 
Ne 2Me A CO-NH, 4 2 _ SN CO,Me 
(XV1) (XVII) (XVIII) 


cro, 
(XII) ——> (VID) + (XVI) + (XVII) + (XII) (unchanged) 
CrO, 
(XIV) ——> (XVI) + (XVID 
CrO, 
(XV) ——> (VII) + (XVI) + (XVID + (XID) 
Cro, 
CogHas05N5Sg —— (VID) + (XVI) 
synthetic polythiazoles (XII), (XIV), (XV) showed a number of interesting features; thus, 
the bithiazolyl (XII) proved relatively resistant to oxidation, some remaining unchanged, 
and it was also formed as one of the oxidation products of the quaterthiazole (XV). This 
suggests that the non-terminal thiazole nuclei in the terthiazole (XIV) and the quater- 


thiazole (XV) may be the preferential points of attack in these compounds, and oxidation 
may proceed via an acylthioamide, R-CS‘NH-CO-R’, or via the corresponding diacylimide, 


* Cf. Boudet, Bull. Soc. chim. France, 1951, 846; Compt. rend., 1951, 288, 796. 
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R:CO‘NH-CO-R’. The terthiazole (XIV), in contrast to the bithiazolyl (XiI), the 
quaterthiazole (XV), and the substance C,,H,,0;N;S,, gave no ester-amide (VII) that 
could be detected. On the basis of the foregoing observations the formula (VI) for the 
compound C,,H,,0;N,S, may be provisionally expanded to the expression (XVIII). 


Fie. 1. Fic. 3. 
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Fic. 1. Ultraviolet absorption spectrum of methyl 2,4’-bithiazolyl-4-carboxylate (XII); 

EtOH, ------ in 10N-HC1. 


Fic. 3. Ulraviolet absorption spectrum of methyl 2,4’:2’,4’’:2”’,4’’-quaterthiazole-4-carboxylate (XV); 
in MeOH, —----- in 10N-HCI1. 
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Fic. 2. Ultraviolet absorption spectrum of methyl 2,4’:2’,4’’-terthiazole-4-carboxylate (XIV) ; 
in MeOH, ------— in 10N-HCI. 


Fic. 4. Ultraviolet absorption spectrum of the substance C,4H,,0,N;S,; in EtOH, ------ in 
10N-HCl. Ultraviolet absorption spectrum of micrococcin P; — +—+— $0 OOM, 2.005 in 10N-HC1. 








The ultraviolet absorption spectra of the synthetic polythiazoles seemed to indicate 
that limited conjugation exists between 2,4’-linked thiazole nuclei. Methyl 2,4’-bithiazolyl- 
4-carboxylate (XII) (Fig. 1) showed a single maximum in ethanol at 285 my, which 
agrees closely with observations on 2-acylthiazole-4-carboxylic acids,’ and on methyl 
2-propionylthiazole-4-carboxylate.! Methyl 2,4’:2’,4”-terthiazole-4-carboxylate (XIV) 
(Fig. 2), on the other hand, showed two maxima in methanol, one at longer and one at 


* Hausmann, Weisiger, and Craig, J]. Amer. Chem. Soc., 1955, 77, 730; Weisiger, Hausmann, and 
Craig, ibid., p. 3123. 
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shorter wavelength than the single maximum shown by the bithiazolyl (XII). Methyj 
2,4':2' 4:2" 4’"-quaterthiazole-4-carboxylate (XV) (Fig. 3) showed a similar but less 
well resolved spectrum, and, surprisingly, the long-wave maximum was observed at slightly 
shorter wavelength than that in the terthiazole (XIV). The substance C,,H,,0,N,S,, 
which contains the essential chromophoric system of micrococcin P, showed absorption 
(Fig. 4) at significantly longer wavelength than any of the synthetic polythiazole esters, 
indicating a more extended chromophoric system in the substance C,,H,,0;N,S,. All of 
these substances exhibited a shift of absorption to longer wavelength in acid solution, 
Infrared absorption spectra will be considered in a later communication. 

Micrococcin P, with a molecular weight of about 2290,° contains approximately 16% 
of sulphur,® indicating no less than eleven atoms of sulphur in the molecule. Of these 
at least four have been shown to be present in thiazole rings, and the structures of two of 
the fully identified products of acid hydrolysis, 2-propionylthiazole-4-carboxylic acid (I) 
and 2-(l-amino-2-methylpropyl)thiazole-4-carboxylic acid (II) suggested their derivation 
from amino-acid and peptide precursors in the manner outlined above. We therefore 
explored fortification of the culture medium with the appropriate amino-acids, singly and 
in combination, to see whether their availability might be a limiting factor in the 
production of micrococcin P; in particular, we studied the addition of DL-«-aminobutyric 
acid, Di-valine, and L-cystine (vice L-cysteine) to the culture medium in which Bacillus 
pumilus was producing micrococcin P. The results shown in the Table indicate that the 
organism can supply its own requirements of «-aminobutyric acid and valine, but that 
those cultures which received supplements of cystine (vice cysteine) produced roughly 
twice as much micrococcin P as the others, and the same was found to hold for large-scale 
cultures (320 1.). This observation accords well with our view that micrococcin P is 
derived biogenetically from a cysteine-rich peptide by cyclisation at cysteine residues to 
form (ultimately) thiazole structures that are resistant to acid hydrolysis. The lack of 
dependence on «a-aminobutyric acid is perhaps not surprising since it is derivable bio- 
synthetically from threonine,’ which has already been demonstrated ! as a product of the 
acid hydrolysis of micrococcin P and considered in relation to the origin of the amino- 
acetone contained in the antibiotic.5 Similarly, lack of dependence on valine may be 
attributed to its relatively ready availability biosynthetically from simple glycolytic 
precursors.® 


Effect of supplements on yield of micrococcin P. 


Antibiotic titre 
Medium (in arbitrary units) 

1500 
Basal + cystine 3200 
Basal +- valine 1600 
Basal -+- «-aminobutyric acid 1300 
Basal + a-aminobutyric acid + valine 1200 
Basal +- a-aminobutyric acid + cystine 2900 
Basal + valine + cystine 3200 
Basal -+- a-aminobutyric acid + valine + cystine 3300 
Basal + potassium sulphate (0-1% 1300 
Basal ++ potassium sulphate (0-35%) 1900 
Basal -+- mercaptoacetic acid 1300 


EXPERIMENTAL 
Light petroleum refers to the fraction of boiling range 60—80°. 
Further Purification of the Substance C,4H,,;0;N,;S,.—The dimethyl ester (100 mg.) was 
chromatographed on a column (16 x 3 cm.) of ‘‘ Solka-floc ”’ (S.W.40B) (30 g.) with 1:1 vjv 


5 Mijovi¢é and Walker, preceding r. 

* Fuller, Nature, 1955, 175, 722; Abraham, Heatley, Brookes, Fuller, and Walker, ibid., 1956, 178, 
44; cf. Heatley and Doery, Biochem. J., 1951, 50, 247. 

? Lien and Greenberg, J. Biol. Chem., 1953, 200, 367. 

® Strassman, Thomas, and Weinhouse, J]. Amer. Chem. Soc., 1955, 77, 1261; Wagner, Radhakrishnan, 
and Snell, Proc. Nat. Acad. Sci. U.S.A., 1958, 44, 1047. 
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chloroform-light petroleum saturated with water. When this system was used the diester 
travelled fairly rapidly down the column, leaving impurities adsorbed at the top. Recrystal- 
lisation from chloroform-ether gave white needles (69 mg.), m. p. 258° (Found: C, 49-1; H, 
40; N, 11-7. Calc. for C,,H,,0;N;S,: C, 48-9; H, 3-9; N, 11-9%), Amax 225—226, 264, 290, 
and 328 (infl.) mp (log ¢ 4-62, 4-48, 4-48, and 4-28) in EtOH, 316 my (log ¢ 4-50) in 10N-HCl 
Fig. 4). 

' ar of the Substance C,,H,,0,N,S, with Chromium Trioxide—(A) The substance 
CogHasO5N 5S, (200 mg.) was suspended in glacial acetic acid (16-7 c.c.) and added to a solution of 
chromium trioxide (830 mg.) in 90% acetic acid (3-3 c.c.). The mixture was kept at 100° for 
3 hr., insoluble material (87 mg.) was then removed by centrifugation, excess of chromium 
trioxide was destroyed by addition of ethanol, and the clear solution was evaporated to dryness; 
the last traces of acetic acid were removed by repeated evaporation to dryness with toluene. 
The residue was taken up in water (4 c.c.) and continuously extracted with ether for 3 hr. 
Evaporation of the dried ether extract gave a white solid (42 mg.), which was best purified by 
sublimation at 140° (bath-temp.)/0-5 mm., followed by recrystallisation from chloroform-light 
petroleum, affording colourless prisms (21 mg.), m. p. 176—179° [Found: C, 38-8; H, 3-2; N, 
15-1; S, 17-3; OMe, 15-4%; M (Rast), 195. C,H,O,N,S requires C, 38-7; H, 3-3; N, 15:1; 
S, 17-2; OMe, 16-6%; M, 186], Amax, 235 and 265 my (log e 4:00 and 3-83) in MeOH. 

(B) In a similar manner, the substance C,,H,,0,;N;,S, (1-0 g.) was later oxidised with chrom- 
ium trioxide (8-3 g.). The crude product (165 mg.), obtained by continuous ether-extraction 
for 16 hr., was crystallised from chloroform-light petroleum, affording colourless plates 
(81:3 mg.), m. p. 169—173°, not depressed on admixture with methyl 2-carbamoylthiazole-4- 
carboxylate; identity was confirmed by comparison of infrared absorption spectra and paper 
chromatography. The mother-liquors were evaporated to dryness and the residue was 
chromatographed on alumina (2-4 g.) in the manner described below. Benzene eluted a 
substance (36-7 mg.) shown by comparison of infrared absorption spectra and paper chrom- 
atography to be methyl thiazole-4-carboxylate. 

(C) The same two substances were isolated on oxidation of the substance C,,H,,0;N,S, 
(750 mg.) with twice its weight of chromium trioxide. 

Alkaline Hydrolysis of the Substance C,SH,O,;N,S.—The preceding product (20 mg.) was dis- 
solved in water (2 c.c.), and 40% aqueous sodium hydroxide (0-2 c.c.) was added. The solution 
was boiled until no more ammonia was evolved (5 min.), and it was then cooled, acidified, and 
continuously extracted with ether for 1 hr. Evaporation of the dried extract gave a solid, 
which partly dissolved in cold chloroform. The insoluble portion was shown by m. p. behaviour 
and infrared absorption spectrum to be thiazole-2,4-dicarboxylic acid. Concentration of the 
chloroform solution and addition of light petroleum precipitated a solid shown to be thiazole-4- 
carboxylic acid by its m. p. and infrared absorption spectrum. 

Monothio-oxamide (IX).—Attempts to follow the directions given by Weddige® for the 
preparation of monothio-oxamide from ethyl thio-oxamate were unsatisfactory but the follow- 
ing procedure was convenient. Ethyl thio-oxamate ! (2-0 g.) was shaken in a separating 
funnel with 2N-ammonia (10 c.c.) until the change in crystalline form of the solid appeared to be 
complete (about 2 min.). The mixture was then extracted repeatedly with ether until the 
extracts ceased to be coloured. The combined dried extracts were evaporated below 50°, and 
crystallisation of the resulting solid from ethanol afforded monothio-oxamide (IX) as yellow 
needles (1-2 g., 77%), m. p. 180—183° (Found: C, 22-9; H, 3-7; N, 26-2. Calc. for C,H,ON,S: 
C, 23-1; H, 3-8; N, 26-9%). Weddige ® did not record an m. p. 

Methyl 2-Carbamoylthiazole-4-carboxylate (VII).—Methyl bromopyruvate was obtained by 
the action of N-bromosuccinimide on methyl lactate by following the method described for the 
ethyl ester.11 Methyl bromopyruvate (0-45 g.) was added to a solution of monothio-oxamide 
(0-25 g.) in methanol (20 c.c.) and the mixture was boiled under reflux for 3hr. The solid left on 
evaporation of the solvent was extracted with chloroform, insoluble material (0-15 g.) being 
rejected. Concentration of the chloroform solution gave methyl 2-carbamoylthiazole-4-carb- 
oxylate (VII) (0-40 g.), and purification by sublimation and crystallisation from chloroform— 
light petroleum gave colourless needles, m. p. 175—178° (Found: C, 38-6; H, 3-3; N, 15-2. 
Calc. for C,H,O,N,S: C, 38-7; H, 3-3; N, 15-1%); the infrared absorption spectrum of this 


® Weddige, J. prakt. Chem., 1874, 9, 137. 
10 Reissert, Ber., 1904, 37, 3721. 
" Kruse, Geurkink, and Grist, J]. Amer. Chem. Soc., 1954, 76, 5796. 
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compound was identical with that of the substance C,H,O;N,S, obiained by oxidation of the 
substance C,,H,,0,N;,S,. 

Methyl 2,4’-Bithiazolyl-4-carboxylate (XI1).—(i) Thiazole-4-carboxamide. A mixture of ethyl 
thiazole-4-carboxylate 1 (70 g.), dissolved in ethanol (50 c.c.), and ethanolic ammonia solution 
(saturated at 0°) (60 c.c.) was heated in a stainless-steel autoclave at 105° for 7hr. Evaporation 
of the solution and crystallisation of the solid residue from water afforded the amide as colour. 
less needles (46-2 g., 81%), m. p. 149—152° (lit.,1* m. p. 150°). 

(ii) 4-Cyanothiazole. The preceding amide (70-0 g.) was suspended in dry pyridine (275 c.c), 
and redistilled phosphoryl chloride (50-0 c.c.) was added slowly with cooling. An immediate 
exothermic reaction took place. After 4 hr. the mixture was added to water and extracted 
thrice with ether. The combined ether extracts were washed with dilute hydrochloric acid, 
dried, and evaporated, giving the nitrile as an oil, which crystallised in colourless needles 
(26-15 g., 44%), m. p. 57—59° (lit.,44 m. p. 59-5—60-5°). Better conversion was obtained in 
small-scale experiments. 

(iii) Thiazole-4-carboxythioamide. Hydrogen sulphide was passed for 8 hr. into a solution 
at 0° of the preceding nitrile (29-8 g.) in ethanol (200 c.c.) containing triethanolamine (4 c.c,), 
The mixture was kept at room temperature overnight and the crude product, which had 
separated, was collected. Recrystallisation from ethanol gave the thioamide as pale yellow 
flattened prisms (37-2 g., 98%), m. p. 194—198° (lit.,14 m. p. 195—196°). 

(iv) A mixture of the preceding thioamide (21-6 g.) and methyl bromopyruvate (27-2 g.) in 
dry methanol (200 c.c.) was boiled under reflux for 3 hr., the product separating. After cooling, 
the product (30-6 g., 90%; m. p. 178—181°) was collected. Recrystallisation from ethyl 
acetate afforded methyl 2,4’-bithiazolyl-4-carboxylate (XII) as off-white needles, m. p. 179— 
181° (Found: C, 42-4; H, 2-8; N, 12-4. C,H,O,N,S, requires C, 42-5; H, 2-7; N, 12-39%), 
Amax, 285 mu (log e 4:04) in EtOH, 290 my (log ¢ 4-02) in 10N-HCI (Fig. 1). 

2,4’-Bithiazolyl-4-carboxamide.—A suspension of methyl 2,4’-bithiazolyl-4-carboxylate 
(24-1 g.) in methanol (250 c.c.) was heated with methanoljc ammonia solution (saturated at 0°) 
(500 c.c.) in a stainless-steel autoclave at 100° for 8 hr. After cooling and evaporation of the 
solvent, crystallisation of the residue from water gave 2,4’-bithiazolyl-4-carboxamide as colourless 
needles (19-1 g., 85%), m. p. 185—188° (Found: C, 39-9; H, 2-1; N, 19-8. C,H,ON,S, requires 
C, 39-8; H, 2-4; N, 19-9%). 

4-Cyano-2,4’-bithiazolyl_—Phosphory] chloride (15-3 g.) was added slowly with ice-cooling 
to a suspension of the preceding amide (21-1 g.) in dry pyridine (25 c.c.). An immediate 
exothermic reaction took place. After 4 hr. at room temperature, water (250 c.c.) was added 
to the mixture and the product was collected. Recrystallisation from propan-1l-ol afforded 
4-cyano-2,4’-bithiazolyl as colourless needles (11-1 g., 57%), m. p. 184—186° (Found: C, 43:3; 
H, 1-7; N, 21-4. C,H,N,S, requires C, 43-5; H, 1-5; N, 21-8%). 

2,4’-Bithiazolyl-4-carboxythioamide (XIII).—Hydrogen sulphide was bubbled gently for 
4 hr. through a solution of the preceding nitrile (11 g.) in 2-ethoxyethanol (750 c.c.) containing 
triethanolamine (2 c.c.) cooled to 0°. The mixture was kept at room temperature overnight 
and then evaporated almost to dryness. The solid was collected, and recrystallisation from 
propan-l-ol afforded the thioamide as yellow needles (7-7 g., 60%), m. p. 195—198° (Found: C, 
37-4; H, 2-1; N, 18-4. C,H,N,S, requires C, 37-0; H, 2:2; N, 18-5%). 

Methyl 2,4’:2’,4’’-Terthiazole-4-carboxylate (XIV).—A solution of the preceding thioamide 
(1-13 g.) and methyl bromopyruvate (0-90 g.) in dimethylformamide (15 c.c.) was heated on the 
boiling-water bath for 2 hr. and then cooled. The product was collected and washed with 
methanol. Recrystallisation from dimethylformamide-ether afforded methyl 2,4’:2’,4”- 
terthiazole-4-carboxylate (XIV) as buff-coloured plates (1-03 g., 67%), m. p. 232—-234° (Found: 
C, 42-6; H, 2-3; N, 13-7. C,,H,O,N,S, requires C, 42:7; H, 2-3; N, 136%), Amax 268 and 
300 muy (log ¢ 4-28 and 4-32) in MeOH, 264 and 313 my (log ¢ 4:20 and 4-34) in 10N-HCI (Fig. 2). 

Ethyl 2-1’-Benzoyloxyethylthiazole-4-carboxylate——A mixture of O-benzoyl-lact-thioamide ¥ 
(16 g.), ethyl bromopyruvate (14-9 g.), and powdered calcium carbonate (16 g.) in ethanol 
(160 c.c.) was boiled under reflux on the water-bath for 15 hr. The solution, freed from 
inorganic salts by filtration, was concentrated to small bulk, and the residue was distributed 


12 Erne, Ramirez, and Burger, Helv. Chim. Acta, 1951, 34, 143. 
13 Erlenmeyer and Morel, ibid., 1945, 28, 362. 

14 Menassé, Prijs, and Erlenmeyer, ibid., 1957, 40, 554. 

18 Olin and Johnson, Rec. Trav. chim., 1931, 50, 72. 
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between 2N-sodium carbonate and ether. Evaporation of the dried ethereal solution gave a 
prown oil, which was passed in benzene down a column of activated alumina (Peter Spence & 
Sons, Ltd., Type H; activity IV/V) (440 g.). The effluent, on evaporation, gave ethyl 2-1’- 
benzoyloxyethylthiazole-4-carboxylate as a low-melting solid (12-4 g., 53%), which was analysed 
directly (Found: C, 59-2; H, 5-0; N, 4-4. C,;H,,O,NS requires C, 59-0; H, 5-0; N, 46%). 

2-1’-Hydroxyethylthiazole-4-carboxylic Acid.—The preceding benzoyl derivative (5-32 g.) was 
dissolved in ethanol (25 c.c.) and treated with a solution of potassium hydroxide (2-25 g.) in 
ethanol (25 c.c.). The mixture was boiled under reflux for 1 hr. and then taken to dryness 
under reduced pressure. The residue was taken up in water (75 c.c.) and washed twice with 
ether. The aqueous solution was acidified with concentrated hydrochloric acid and extracted 
with half its volume of ether to remove benzoic acid (Found: 2-25 g. Calc.: 2-18 g.). The 
aqueous phase was then continuously extracted with ether for 4} hr., affording a yellow oil which 
crystallised in contact with ethyl acetate. Recrystallisation from ethyl acetate—light petroleum 
gave 2-1’-hydroxyethylthiazole-4-carboxylic acid as colourless needles (2-17 g., 72%), m. p. 148— 
150° (Found: C, 41-3; H, 4-0; N, 7-8. C,H,O,NS requires C, 41-6; H, 4-1; N, 8-1%). 

The methyl ester, prepared with the aid of ethereal diazomethane, crystallised from ethyl 
acetate-light petroleum in plates, m. p. 89—92°. 

Methyl 2-Acetylthiazole-4-carboxylate——Chromic acid solution * (8N; 0-5 c.c.) was added 
with cooling and stirring to a solution of the preceding methyl 2-1’-hydroxyethylthiazole-4- 
carboxylate (0-62 g.) in purified acetone (10 c.c.). After a few minutes of further stirring, 
saturated aqueous potassium carbonate solution was added together with ether. The organic 
phase was separated, washed with water, dried, and evaporated, affording an oil, which rapidly 
solidified. Recrystallisation from benzene-light petroleum gave methyl 2-acetylthiazole-4- 
carboxylate as colourless plates (0-38 g., 62%), m. p. 78—80° (Found: C, 45-3; H, 4-2; N, 7-6. 
C,H,O,NS requires C, 45-4; H, 4-0; N, 7-6%). 

Methyl 2,4’:2’,4’:2”,4’-Quaterthiazole-4-carboxylate (XV).—(A) Bromine (0-24 c.c.) in 
glacial acetic acid (2 c.c.) was added dropwise with stirring to a hot solution of methyl 2-acetyl- 
thiazole-4-carboxylate (0-40 g.) in glacial acetic acid (10. c.c.). The bromine colour was rapidly 
discharged and hydrogen bromide was evolved. After } hr. at the b. p. the solvent was removed 
under reduced pressure. To the residual oil were added 2,4’-bithiazolyl-4-carboxythioamide 
(482 mg.) and dimethylformamide (5 c.c.), and the mixture was heated on the water-bath for 
3hr.; a crystalline solid separated. Recrystallisation from dimethylformamide-ether afforded 
methyl 2,4’:2’,4”:2”,4’’’-quaterthiazole-4-carboxylate (XV) as buff-coloured plates (0-42 g., 
50%), m. p. 303—306° (Found: C, 42-6; H, 2-0; N, 14:3. C,,H,O,N,S, requires C, 42-8; H, 
2-0; N, 14:°3%), Amax. 273 (infl.) and 296 my (log ¢ 4:37 and 4-47) in MeOH, 302 my (log ¢ 4-36) 
in 10N-HCI (Fig. 3). 

(B) A mixture of methyl 2-1’-hydroxyethylthiazole-4-carboxylate (0-94 g.) and N-bromo- 
succinimide (1-78 g.) in dry carbon tetrachloride (30 c.c.) was boiled under reflux on a water- 
bath. After 24 hr. the deep red colour had become much lighter and evolution of hydrogen 
bromide had slackened; heating was continued for a further 2} hr. Evaporation of the colour- 
less filtrate, after removal of succinimide, gave an oil (1-26 g., 95%), which crystallised on 
cooling. When a solution of this substance and 2,4’-bithiazolyl-4-carboxythioamide (1-09 g.) 
in dimethylformamide (7-5 c.c.) was heated on the steam-bath, a crystalline solid began to 
separate in about 3 min. After 2 hr. on the steam-bath the cooled product was collected and 
washed with methanol. Recrystallisation from dimethylformamide-ether afforded buff- 
coloured plates (1-45 g., 74%), m. p. 303—306°, identical (m. p., infrared absorption spectrum) 
with methyl 2,4’:2’,4’’:2’’,4’”’-quaterthiazole-4-carboxylate obtained as in (4) (above). 

Chromatography of the Products obtained by Oxidation of Synthetic Methyl Polythiazole-4- 
carboxylates with Chromium Trioxide.—In the following experiments alumina denotes Savory 
and Moore Ltd. aluminium oxide (‘‘ for chromatographic analysis”; Brockmann activity II). 
Paper chromatograms were run on Whatman No. 1 chromatographic paper, with butanol— 
acetic acid—-water (63:10:27), and spots were detected by suspending dried papers in an 
atmosphere containing iodine vapour. 

Oxidation of Methyl 2,4’-Bithiazolyl-4-carboxylate (XII).—The bithiazolyl ester (2-26 g., 
0-01 mole) was suspended in glacial acetic acid (50 c.c.) and treated with a solution of chromium 
trioxide (4-52 g.) in 90% acetic acid (100 c.c.). The mixture was heated on the steam-bath for 
3 hr. Ethanol was added to destroy any excess of chromium trioxide, and the solution was 


* Bladon, Fabian, Henbest, Koch, and Wood, J., 1951, 2407. 
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taken to dryness, the last traces of acetic acid being removed by repeated evaporation to drynesg 
with toluene. The residue was treated with water (50 c.c.), then continuously extracted with 
ether for 16 hr. Evaporation of the dried ether extract gave a colourless solid (1-68 g.), and 
recrystallisation from chloroform-light petroleum afforded a mixture (870 mg.), which was 
chromatographed on alumina (26 g.). Benzene eluted a substance (323 mg.), m. p. 179—18]°, 
shown by mixed m. p., comparison of infrared absorption spectra, and paper chromatography 
to be unchanged methyl 2,4’-bithiazolyl-4-carboxylate (XII). Benzene-ether eluted a colour- 
less solid (263 mg.), affording on recrystallisation from chloroform-light petroleum, colourless 
plates, m. p. 151—154°, raised to 175—177° on further crystallisation from methanol; there 
was no depression of m. p. on admixture with methyl 2-carbamoylthiazole-4-carboxylate (VII), 
and identity was confirmed by comparison of infrared absorption spectra and paper chrom- 
atography (Found: C, 38-7; H, 3-4; N, 15-3. Calc. for C,H,O,N,S: C, 38-7; H, 3-3; N, 15-1%). 

The mother-liquors were bulked and taken to dryness, yielding a colourless solid (660 mg.) 
which was chromatographed on alumina (19-8 g.). Benzene eluted a crystalline solid (489 mg.), 
which, on sublimation at 100—120°/15 mm., gave colourless flattened needles (255 mg.), m. p. 
72—75°. The substance was shown by comparison of infrared spectra, paper chromatography, 
m. p. and mixed m. p. to be methyl thiazole-4-carboxylate (XVI). Further sublimation of 
the residue at 120—150°/15 mm. afforded colourless plates (208 mg.), m. p. 178—180°, not 
depressed on admixture with methyl 2,4’-bithiazolyl-4-carboxylate (XII); identity was 
confirmed by comparison of infrared absorption spectra and paper chromatography. 

Oxidation of Methyl 2,4’:2’,4’’-Terthiazole-4-carboxylate (XIV).—This substance (1-0 g.) was 
oxidised by the method described above for methyl 2,4’-bithiazolyl-4-carboxylate. The ether 
extract afforded an oil which rapidly solidified. Sublimation at 90°/0-005 mm. afforded a 
colourless microcrystalline solid, m. p. 70—127°. Crystallisation of the sublimate from 
methanol gave a mixture (470 mg.) of colourless needles and stout prisms, which was chromato- 
graphed on alumina (15 g.). Benzene eluted a substance which sublimed at 100—120°/15 mm., 
to give methyl thiazole-4-carboxylate (XVI) as colourless plates (45 mg.), m. p. 72—75°, not 
depressed on admixture with an authentic specimen obtained by esterification of the free acid 
with diazomethane (Found: C, 42-3; H, 3-8; N, 9-8. C,;H;O,NS requires C, 42-0; H, 3-5; 
N, 98%). Identity was further confirmed by comparison of infrared absorption spectra and 
paper chromatography. 

Elution with methanol-ether afforded a substance which crystallised from chloroform-light 
petroleum in colourless needles (164 mg.), m. p. 151—153°, not depressed on admixture with 
thiazole-4-carboxamide (XVII) (Found: C, 37-4; H, 3-2. Calc. for CgH,ON,S: C, 37-5; H, 
3:1%). Identity was confirmed by comparison of infrared absorption spectra and paper 
chromatography. 

Oxidation of Methyl 2,4':2',4”:2’',4’’-Quaterthiazole-4-carboxylate (XV).—This substance 
(1-0 g.) was oxidised by the method described above. The ether extract afforded an oil which 
rapidly solidified and this was submitted to fractional sublimation. The material (270 mg.) 
subliming at 86—135°/16 mm. was chromatographed on alumina (8-3 g.). Benzene eluted a 
substance which sublimed at 100—120°/15 mm. as colourless plates (52 mg.), m. p. 72—75°, 
identified by m. p., mixed m. p., infrared absorption spectrum, and paper chromatography as 
methyl] thiazole-4-carboxylate (XVI) (Found: C, 42-2; H, 3-4%). Methanol-ether then eluted 
a substance which crystallised from chloroform-light petroleum in colourless needles (44 mg.), 
m. p. 151—153°, identified by m. p., mixed m. p., infrared absorption spectrum, and paper 
chromatography as thiazole-4-carboxamide (XVII) (Found: C, 37-8; H, 3-5. Calc. for 
C,H,ON,S: C, 37-5; H, 3-1%). 

The material (146 mg.) subliming at 135—198°/16 mm. was similarly chromatographed on 
alumina (4-4 g.). Benzene eluted a substance (68 mg.) which sublimed at 100—140°/15 mm. as 
colourless plates, m. p. 165—168°, raised to 178—181° by crystallisation from ethyl acetate; the 
substance was identified as methyl 2,4’-bithiazolyl-4-carboxylate (XII) by m. p., mixed m. p., 
and infrared absorption spectrum. Benzene-ether then eluted a substance (33 mg.), which 
crystallised from chloroform-light petroleum in colourless plates, m. p. 164—170°, raised to 

175—177° on recrystallisation from methanol; the substance was identified as methyl 
2-carbamoylthiazole-4-carboxylate (VII) by m. p., mixed m. p., and infrared absorption 
spectrum. 

Effect of Supplements on Yields of Micrococcin P produced by a B. pumilus Species.—A basal 

medium containing glucose (1%), ammonium citrate (1%), “‘ Lab-lemco”’ (Oxoid) (0-5%), 
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dipotassium hydrogen phosphate (0-5%), and other inorganic salts (traces) was used and 
supplemented in the appropriate experiments with L-cystine (0-1%), pi-valine (0-1%), and 
pL-a-aminobutyric acid (0-1%), singly or in combination; potassium sulphate (0-1 and 0-35%) 
and mercaptoacetic acid (0-1%) were also used in separate experiments. The various media, 
basal or supplemented, were inoculated with an 18 hr. culture of the B. pumilus species and 
shaken for up to 60 hr. at 35°. The resulting antibiotic titres, observed in two series of experi- 
ments and expressed in arbitrary units, are shown in the Table. 


NATIONAL INSTITUTE FOR MEDICAL RESEARCH, 
THE RipGEway, MILL Hitt, Lonpon, N.W.7. [Received, August 18th, 1959.]} 





195. Chemistry of Micrococcin P. Part IV.1. A Method for the 
Structural Study of Thiazoles. 


By P. Brookes, R. J. Clark, (Mrs.) B. MAyHoFER, (Mrs.) M. P. V. Miyovié, 
and JAMES WALKER. 


A method of fairly general applicability for the structural study of 
thiazoles consists of preliminary reduction with sodium in liquid ammonia and 
subsequent acid hydrolysis of the resulting intermediates: the products are 
indicative of the structures of the parent thiazoles. The method may be 
carried out on a micro-scale by using paper chromatography for identification 
purposes. It has been applied to a series of mono- and poly-nuclear thiazoles, 
to micrococcin P, and to the substance C,,H,,0;N,S, and the related diol 
with consistent results. 


GENERAL methods for the structural study of thiazoles are unknown, and it appeared to 
us probable that if partial reduction of a thiazole nucleus could be effected under controlled 
conditions the resulting product might be capable of acid hydrolysis to recognisable frag- 
ments indicative of the structure of the parent thiazole. For example, it was hoped that 
a suitable process applied, say, to 2-(l-amino-2-methylpropyl)thiazole-4-carboxylic acid 
(I), isolated * from the acid hydrolysis of micrococcin P might yield evidence relating to its 
structure and possibly also to its hypothetical biological precursors.” 
a 
s—-cH a. NaS CH; Ht 

oe ae —_—_ | | — > Alanine 

Hy, -C-COH Hy, CH:CO;Na 


II b Ill 
( | i (II) 


NaS——CH Ht 
: — > Glycine 
N-Methyl- HiCx,C*CO,Na 
alanine (IV) 


Thiazole-4-carboxylic acid (II) was used as a model. Reduction of a few milligrams 
with sodium in liquid ammonia followed by acid hydrolysis of the intermediate(s) gave a 
mixture that was shown by paper chromatography to contain alanine, N-methylalanine, 

a 


S-+-CH NaS CH, y+ Valine 
i | it _ . ! | — + 
Pr -CH(NH, )-Cy, --COH Pr » CH(NH,)-Cy, .CH-CO,Na Alanine 


(I) (V) 
and glycine as the main products along with several other unidentified substances detect- 
able with ninhydrin. The formation of alanine may be explained in terms of fission of the 
thiazole ring at “‘ a” in thiazole-4-carboxylic acid (II), reduction of the double bond in the 


? Part III, Brookes, Clark, Fuller, Mijovi¢, and Walker, preceding paper. 
* Brookes, Fuller, and Walker, J., 1957, 689. 
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«8-position to the carboxyl group, and acid hydrolysis of the derivative (III). N-Methyl- 
alanine would result directly from reductive desulphurisation at “‘ab” in thiazole. 
carboxylic acid (II) and reduction of the two double bonds, while fission of the thiazole 
ring at “ b ” in thiazole-4-carboxylic acid (IT) and acid hydrolysis of the resulting derivative 
(IV) would afford glycine. The formation of N-methylalanine from thiazole-4-carboxylic 
acid (II) is analogous to the reduction of 4-methyl-5-phenylthiazole with sodium and 
alcohol to 2-methylamino-1-phenylpropane,’ and of 2,4-dimethylthiazole to ethylisopropyl- 
amine,‘ although a previous report 5 had claimed ethylamine and propane-1-thiol to be 
products in the latter case. 

When the process was applied to 2-(l-amino-2-methylpropyl)thiazole-4-carboxylic acid 
(I) reductive fission of the thiazole ring took place at “a” since acid hydrolysis of the 
presumed intermediate (V) afforded valine and alanine, but once again some glycine was 
detectable. Similar treatments of 2-aminomethyl- (VI) and of 2-1’-aminoethyl-thiazole-4 
carboxylic acid (VII) both afforded alanine and glycine, and with the appearance of glycine 
in the latter case the regularity with which glycine was to accompany alanine in the degrad- 
ation of a thiazole-4-carboxylic acid became more fully apparent, as it had been expected 
that the former compound (VI) would have given glycine and alanine and the latter (VII) 
alanine but no glycine. 

Reduction of 2-1’-hydroxyethylthiazole-4-carboxylic acid with sodium in liquid am- 
monia and acid hydrolysis of the intermediate product(s) afforded alanine and, again, 


i? — s—9 
NH-CHR-Cy,_C-COH NHaCHMe-Cy, C--++Ph  EtsCO*C. C-COH 
(VI) R=H (VIII) (x) 

(VII) R= Me 
(IX) R= Ee 


glycine, while similar treatment of 2-phenylthiazole-4-carboxylic acid afforded alanine, 
N-benzylalanine, and glycine as the main products, the formation of N-benzylalanine in 
this instance being analogous with that of N-methylalanine from thiazole-4-carboxylic acid. 
2-1’-Aminoethyl-4-phenylthiazole (VIII) afforded alanine without, of course, any trace of 
glycine. When the process was applied to micrococcin P the amino-acids detected after 
acid hydrolysis were alanine, glycine, valine, threonine, and «-aminobutyric acid. Of 
these, only threonine is found on acid hydrolysis of micrococcin P itself,2® so that the 
appearance of the others is indicative of their formation by the degradation of thiazole 
components in the antibiotic; thus alanine, valine, and glycine would arise from the 
2-(1-amino-2-methylpropyl)thiazole-4-carboxyiic acid (I) incorporated in the antibiotic. 


tL S 
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(XI) (XII) 


The appearance of «-aminobutyric acid from micrococcin P was of interest, and raised the 
possibility of the presence in the native molecule of micrococcin P of a 2-1'-aminopropyl- 
thiazole-4-carboxylic acid (IX) unit, as outlined in our scheme for the biosynthesis of the 
thiazole components of the antibiotic;'* the appearance of 2-propionylthiazole+ 
carboxylic acid (X) on hydrolysis of micrococcin P would then be an artefact of the acid 
hydrolysis of the antibiotic, recalling formally the conversion by alkaline aeration of the 
* Erlenmeyer and Simon, Helv. Chim. Acta, 1942, 25, 528. 

3 Schuftan, Ber., 1894, 27, 1009. 
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Schatzmann, Annalen, 1891, 261, 1. 
Mijovié and Walker, J., 1960, 909. 
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N-terminal sequence * (XI) of bacitracin A into the terminal group § (XII) of bacitracin F, 
This question must, however, remain unanswered for the present, since it was found that 
application of the present process to 2-propionylthiazole-4-carboxylic acid (X) also afforded 
a-aminobutyric acid by way, obviously, of an intermediate ketimine formed by prior 
reaction of the carbonyl group with ammonia. 

Application of the present process to the synthetic polythiazoles described in the 
preceding paper, v?z., methyl 2,4’-bithiazolyl-4-carboxylate (XIII; = 1), 2,4’:2’,4”- 
terthiazole-4-carboxylate (XIII; m= 2), and 2,4’:2’,4":2" 4'”-quaterthiazole-4-carb- 
oxylate (XIII; = 3), and to the substance C,,H,,0;N,S,%* gave almost identical 
results; in addition to alanine and glycine they showed the same pattern of unidentified 
ninhydrin-positive spots. In the preceding communication the expression (XIV) was 
suggested for the substance C,,H»,0;N,S, and it is obvious that in the above degradations 
of the polythiazoles (XIII; = 1—%), and of the substance C,,H,,0;N,S,, the alanine 
and glycine could come from those parts of these structures enclosed by the dotted lines. 
This contribution was therefore eliminated by prior reduction of the ester groups with 
lithium borohydride. As a model, methyl 2,4’-bithiazolyl-4-carboxylate (XIII; » = 1) 
was reduced to the alcohol (XV), and application of the present process then afforded 
alanine and glycine, which in this instance (XV) must have come from that part of the 
structure enclosed by the dotted line and could be taken as evidence of contiguous 2,4’- 
linked thiazole nuclei. Similarly, reduction of the substance C,,H,,0;N,S, (XIV) to the 
dihydric alcohol (XVI), and application of the present process to the latter compound 
again furnished alanine and glycine, thus providing further evidence for the presence of 
contiguous 2,4’-linked thiazole nuclei in the substance C,,H,,0;N;S,, as suggested in the 
expression (XIV).!_ It is therefore now certain that at least five of the eleven sulphur atoms 
in the micrococcin P molecule are present in thiazole rings in line with the views that have 
been outlined relating to the biosynthesis of the antibiotic.12 


C,H,,;0N -CO,Me 
Se, }) | C=. Sf, a) 


‘ ( i) is 4 conte | ? {iA} tiv) CO,Me | 


a ee Guddcneeneennel 
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The work described in the present communication gives some indication of the scope 
of our process for investigating the structures of thiazoles. With suitable modification of 
methods for the detection and identification of degradation products there is good reason 
to believe that it could be applied generally to this class of compound. 

2-Aminomethylthiazole-4-carboxylic acid (VI) and 2-1’-aminoethylthiazole-4-carb- 
oxylic acid (VII) were synthesised by a general method which was also applied to the 
synthesis of 2-(l-amino-2-methylpropyl)thiazole-4-carboxylic acid (I). The synthetic 
2-(1-amino-2-methylpropyl)thiazole-4-carboxylic acid (I) and the substance isolated from 
micrococcin P after acid hydrolysis ? showed identical behaviour on paper chromatography 
and identical infrared absorption spectra. The colours given by these three substances 
with ninhydrin on paper chromatograms were of interest, since 2-aminomethyl- (VI) and 

7 Lockhart and Abraham, Biochem. J., 1954, 58, 633; Lockhart, Abraham, and Newton, ibid., 
1955, 61, 534; Weisiger, Hausmann, and Craig, J. Amer. Chem. Soc., 1955, 77, 731. 


- . Hausmann, Weisiger, and Craig, ibid., 1955, 77, 730; Weisiger, Hausmann, and Craig, ibid., p. 
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2-1'-aminoethyl-thiazole-4-carboxylic acid (VII) both gave yellow spots that slowly 
became purple, whereas 2-(l-amino-2-methylpropyl)thiazole-4-carboxylic acid (I) gave a 
purple spot directly. 

EXPERIMENTAL 

2-A minomethylthiazole-4-carboxylic Acid (V1) Hydrochloride.—A mixture of benzamidoacetp- 
thioamide *® (700 mg.) and ethyl bromopyruvate (700 mg.) in ethanol (15 c.c.) was heated under 
reflux for 2 hr., and then the solvent was removed under reduced pressure. The gummy residue 
was distributed between water and benzene, and the organic phase was washed with aqueous 
sodium carbonate and water, dried, and evaporated, giving a crystalline product (850 mg). 
This (500 mg.) was heated under reflux with 20% hydrochloric acid (20 c.c.) for 4 hr.; benzoic 
acid was extracted with ether, and the aqueous phase was evaporated to dryness, giving a 
crystalline residue (320 mg.). Recrystallisation from methanol-ethyl acetate (charcoal) and 
then from methanol gave colourless prisms (230 mg.), m. p. 280° (decomp.) (Found: C, 30-8: 
H, 3-9; N, 14:1. C,H,O,N,S,HCI requires C, 30-9; H, 3-6; N, 144%). With the ninydrin 
spray on paper the acid gave a yellow spot that slowly became purple. 

a-Benzyloxycarbonylaminopropionamide.—A solution of methyl «-benzyloxycarbonylamino- 
propionate (5-64 g.), prepared from DL-alanine, in methanol (30 c.c.) was treated with methanolic 
ammonia solution (50 c.c., saturated at 0°), and the mixture was kept at 0° for 5days. Evapor- 
ation to dryness and crystallisation from chloroform-ether afforded the amide as colourless 
plates (5-0 g.), m. p. 127—-128° (Found: C, 59-5; H, 6-4; N, 12-7. C,,H,,O,N, requires C, 59-5; 
H, 6-3; N, 12-6%). 

a-Benzyloxycarbonylaminopropionitrile-—Benzenesulphonyl chloride (4-5 g.) was added 
slowly with shaking to a slurry of the preceding amide (5-0 g.) in dry pyridine (10 c.c.). The 
resulting clear solution was heated at 100° for 10 min., then cooled and diluted with ether 
(100 c.c.). The ethereal solution was washed several times with 2N-hydrochloric acid and with 
water, dried, and evaporated, to give an oil which rapidly crystallised. The mitrile separated 
from ether-light petroleum in colourless needles (3-4 g.), m. p. 57—58° (Found: C, 64-6; H, 
6-1; N, 13-6. C,,H,,O,N, requires C, 64-7; H, 5-9; N, 13-7%). 

a-Benzyloxycarbonylaminopropionothioamide.—Hydrogen sulphide was bubbled gently for 
12 hr. through a solution of the preceding nitrile (1-7 g.) in dry ethanol (3 c.c.) containing 
triethanolamine (0-1 g.), and the crude product was obtained by dilution with water. 
Recrystallisation from aqueous ethanol afforded the thioamide as plates (1-0 g.), m. p. 101— 
103° (Found: C, 55-6; H, 5-7; N, 11-6. C,,H,,O,N,S requires C, 55-5; H, 5-9; N, 11-8%). 

Ethyl 2-(1-Benzyloxycarbonylaminoethyl)thiazole-4-carboxylate.—A solution of the preceding 
thioamide (0-8 g.) and ethyl bromopyruvate (0-66 g.) in ethanol (10 c.c.) was heated under reflux 
for 14 hr., and then taken to dryness. The residual yellow gum was repeatedly extracted with 
boiling ether (10 x 20 c.c.); concentration of the combined extracts gave a solid 0-57 g). 
Recrystallisation from aqueous ethanol afforded the thiazole as colourless plates, m. p. 90—91° 
(Found: C, 57-2; H, 5-3; N, 8-1. C,,.H,,0,N,S requires C, 57-5; H, 5-4; N, 8-4%). 

DL-2-1’-Aminoethylthiazole-4-carboxylic Acid (VII).—The above ester (900 mg.) was heated 
under reflux with concentrated hydrochloric acid (30 c.c.) for 4 hr., and the mixture was then 
evaporated to a crystalline residue. Recrystallisation from methanol-ethyl acetate (charcoal) 
afforded needles (370 mg.), m. p. 223—228° (decomp.). The free amino-acid was liberated asa 
white precipitate by addition of pyridine to an ethanolic solution of the hydrochloride, and 
separated from aqueous ethanol in colourless plates, m. p. 274—278° (decomp.) (Found: C, 
41-8; H, 4-7. C,H,O,N,S requires C, 41-8; H, 4-7%). With the ninhydrin spray on paper 
the substance gave a yellow spot that slowly became purple. 

a-Benzamidoisovaleronitrile.—(i) pi-Valine was benzoylated and esterified with diazo- 
methane, and the resulting methyl ester was treated with methanolic ammonia at 110° for 8 hr. 
to give the amide (62%), m. p. 219—220° (lit.,1° m. p. 220—221°). 

(ii) Benzenesulphonyl chloride (3-5 g.) was added slowly and with shaking to a suspension 
of the amide (4-0 g.) in dry pyridine. The solid disappeared and the yellow solution was poured 
into ether (200 c.c.). The ethereal solution was washed in the manner described above, dried, 
and evaporated. The nitrile separated from benzene in prisms (2-6 g.), m. p. 110° (Found: C, 
71-6; H, 7-2; N, 14:0. C,,H,,ON, requires C, 71-3; H, 6-9; N, 13-9%). 
a-Benzamidoisovalerothioamide.—The preceding nitrile (1-1 g.) and triethanolamine (0-2 g.) 
* Johnson and Burnham, Amer. Chem. J., 1912, 47, 232. 

10 Fox, Pettinga, Halverson, and Wax, Arch. Biochem., 1950, 25, 21. 
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in cold (— 80°) ethanol (4 c.c.) were added to liquid hydrogen sulphide (3 c.c.) in a small bomb. 
The bomb was kept at 60° for 12 hr., then cooled, and opened. The crystalline residue was 
taken up in hot ethanol, filtered, and cooled, affording the thioamide as prismatic needles 
(1-06 g.), m. p. 202° (decomp.) (Found: C, 61-0; H, 6-6; N, 11-7. C,,H,,ON,S requires C, 61-0; 
H, 6-8; N, 119%). 

DL-2-(1-A mino-2-methylpropyl)thiazole-4-carboxylic Acid (1) Hydrochlovide——The preceding 
thioamide (200 mg.) and ethyl bromopyruvate (170 mg.) were heated in ethanol (3 c.c.) under 
reflux for 2 hr. The ethanol was removed by distillation and the residue was taken up in 
benzene. The benzene solution was washed with aqueous sodium carbonate, and water, and 
evaporated to dryness. The residual yellow oil was heated under reflux for 4 hr. with 20% 
hydrochloric acid (10 c.c.). The cooled solution was extracted with ether to remove benzoic 
acid, then evaporated to dryness, affording a brownish-white crystalline residue (150 mg.). 
Recrystallisation from methanol-ethyl acetate (charcoal) gave the amino-acid hydro- 
chloride as colourless prisms (100 mg.), m. p. 269—272° (Found: C, 40-5; H, 5-5; N, 11-9. 
C,H,,0,N,S,HCl requires C, 40-4; H, 5-5; N, 118%). 

The behaviour of this substance on paper chromatography and the infrared absorption 
spectrum were identical with those of the compound obtained by acid hydrolysis of micro- 
coccin P.* 

2-1’-A minoethyl-4-phenylthiazole (VIII) Hydrochloride—(i) In a similar manner pt-alanine 
was benzoylated and esterified with diazomethane, and the resulting methyl ester was treated 
with methanolic ammonia at 100—110° for 7 hr., to give the amide (75%), m. p. 228° (lit.,” 
m. p. 227°). 

(ii) Dehydration of the amide (12-0 g.) was effected with benzenesulphony] chloride (10-8 g.) 
and pyridine (20 c.c.) at 90° for 1 hr. The nitrile, isolated in the usual way, crystallised from 
water in white needles (6-0 g.), m. p. 108° (lit.,12m. p. 108°). 

(iii) A mixture of the preceding nitrile (5-6 g.) and liquid hydrogen sulphide (ca. 7 c.c.) in 
methanol (40 c.c.) containing triethanolamine (1-5 g.) was heated in a steel bomb at 50—60° for 
12hr. The thioamide, isolated in the usual way, crystallised from aqueous methanol in needles 
(4-2 g.), m. p. 145° (lit.,1% m. p. 146°). 

(iv) A mixture of the preceding a-benzamidopropionothioamide (2-0 g.), w-bromoaceto- 
phenone (2 g.), and pyridine (1-5 g.) in methanol (15 c.c.) was heated under reflux for 2hr. The 
methanol was removed by distillation and the residue was hydrolysed with boiling 20% hydro- 
chloric acid in the usual way. Benzoic acid was extracted with ether and the aqueous phase 
was basified with 5N-sodium hydroxide and extracted with ether. Evaporation of the dried 
extract gave an oil (1-5 g.) which was treated with dry hydrogen chloride in ether. The hydro- 
chloride separated from methanol-ethyl acetate in colourless needles (1-0 g.), m. p. 214—217° 
(Found: C, 54-7; H, 5-6; N, 11-3. C,,H,.N,S,HCl requires C, 54-9; H, 5-4; N, 11-6%). 

4-Hydroxymethyl-2,4’-bithiazolyl (XV).—Methy] 2,4’-bithiazolyl-4-carboxylate (450 mg.) was 
dissolved in dry tetrahydrofuran (50 c.c.) and treated with lithium borohydride (100 mg. of solid 
containing 68% of borohydride). The mixture was kept at room temperature for 3 days and 
then treated with 3n-hydrochloric acid to destroy any excess of lithium borohydride. Tetra- 
hydrofuran was removed under reduced pressure and the residue, after dilution with water, was 
extracted with butan-l-ol. Evaporation of the butanol gave a crystalline residue, and 
recrystallisation from ethanol (charcoal) afforded 4-hydroxymethyl-2,4’-bithiazolyl (XV) as colour- 
less plates (335 mg.), m. p. 155—158° (Found: C, 42-5; H, 3-1; N, 14-2. C,H,ON,S, requires 
C, 42-4; H, 3-0; N, 141%). 

Reduction of the Substance C.,H,,0;N,S, with Lithium Borohydride: the Diol C..H,,;03;N,S4.— 
The substance C,,H,,0,N,S, +? (200 mg.) was dissolved in pure tetrahydrofuran (40 c.c.), and 
lithium borohydride (200 mg. of solid containing 68% of borohydride) was added. After 2 days 
at room temperature the mixture was worked up as described above. The residue, after dilution 
with water, was extracted with chloroform and then with butan-l-ol. The chloroform extract 
gave a yellow gum (10 mg.) and the butanol extract pale yellow crystals (153 mg.). Recrystallis- 
ation from propan-1l-ol (50 c.c.) afforded the diol as pale yellow needles (68 mg.), m. p. 215— 
218°, raised to 220—222° by a further recrystallisation (Found: C, 49-6, 50-3, 49-8; H, 3-5, 4-0, 
4-0; N, 12-6, 12-7; S, 23-6. C,,H,,0,N,S, requires C, 49-6; H, 4:3; N, 13-5; S, 24-1%). 


11 Mohr and Stroschein, Ber., 1909, 42, 2521. 
12 Delépine, Bull. Soc. chim. France, 1903, 29, 1193. 
Goldberg and Kelly, J., 1947, 1372. 
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Reductive Hydrolysis of Thiazoles.—General method. ‘The thiazole (5—10 mg.) was suspended 
in liquid ammonia (15—20 c.c.) with stirring and cooling to —80°. Sodium (20 mg., or up to 
100 mg. for polythiazoles) was added and the mixture was stirred for 2 hr., or longer if necessary, 
until the colour of the sodium was discharged. The ammonia, after addition of ethanol (5 c.c.), 
was allowed to evaporate. 20% Hydrochloric acid (25 c.c.) was added to the residue and the 
mixture was heated under reflux for 16 hr. After evaporation to dryness, the residue was 
extracted with ethanol; the ethanolic extract was evaporated to dryness and the residue was 
again extracted with ethanol. This extract was passed down a column (8 X 1-2 cm.) of 
“* Amberlite IRA-400(OH) ” or “‘ Deacidite FF(OH) ” and the column was washed with ethanol 
until the effluent became neutral. Elution was continued with 2Nn-hydrochloric acid in 80% 
ethanol (10 c.c.) to elute amino-acids. The acid eluate was evaporated to dryness, and the 
residue was taken up in a little ethanol and spotted for paper chromatography. In the case of 
4-hydroxymethyl-2,4’-bithiazolyl (XV) and the diol C,,H,,0,N,S, the initial ethanol washings 
of the column were evaporated to dryness, and the residues were spotted for chromatography; 
2-aminopropan-1-ol (alaninol) was detected in each case. 

All chromatograms were run on Whatman No. 3 paper; the solvent systems used were 
(a) butanol-acetic acid—water (63:10:27), (b) 2,6-lutidine-ethanol—water—diethylamine 
(55: 25: 20: 2), and (c) phenol—water (5:2, with added concentrated aqueous ammonia and 
sodium cyanide), and spots were detected by spraying the paper with a 0-1% solution of 
ninhydrin in 98% butanol. The presence of N-methylalanine and of N-benzylalanine was 
confirmed by dipping the chromatograms in a 0-2% solution of p-nitrobenzoyl chloride in 
benzene, and, after drying, into pyridine—light petroleum (1:10), before routine spraying 
with ninhydrin. Chromatograms were also sprayed with the Folin—Marenzi reagent } to test 
for cysteine. When «-aminobutyric acid was detected chromatograms were also run in ethanol- 
water (9: 1).%6 

For the reductive hydrolysis of the following compounds the identified main spots are 
named; subsidiary and weaker unidentified spots were either slow-running or fast-running and 
are designated, e.g., ‘‘ slow 2a, 3c; fast labc,” denoting that two slow-running spots were 
observed with solvent system (a) and three with solvent system (c), and one fast-running spot 
was observed with each of the solvent systems (a), (b), and (c). 

Thiazole-4-carboxylic acid ™ (II): alanine, glycine, N-methylalanine; slow 2b, 3c; fast 
labc. 

2-Aminomethylthiazole-4-carboxylic acid (V1): alanine, glycine; slow 2a, 3c; fast 2a, Ib. 

2-1’-Aminoethylthiazole-4-carboxylic acid (VII): alanine, glycine; slow lab, 2c; fast 2a, 
lbe. 

2-(1-A mino-2-methylpropyl)thiazole-4-carboxylic acid (I): alanine, glycine, valine; slow 
labc; fast 2ab, Ic. 

2-1’-Hydroxyethylthiazole-4-carboxylic acid: alanine, glycine; slow la, 2b, 4c; fast 3ab. 

2-Phenylthiazole-4-carboxylic acid: * alanine, glycine, N-benzylalanine; slow 2c. 

2-1’-A minoethyl-4-phenylthiazole (VIII): alanine; slow la, 2c; fast la. 

Micrococcin P: alanine, glycine, valine, threonine, a-aminobutyric acid; slow la, 2bc; 
fast lab. 

2-Propionylthiazole-4-carboxylic acid (X): alanine, glycine, a-aminobutyric acid; slow labc; 
fast 2ab. 

Methyl 2,4’-bithiazolyl-4-carboxylate (XIII; m= 1): alanine, glycine; slow 2c; fast 
3abc. 

Methyl 2,4’:2'4’’-terthiazole-4-carboxylate (XIII; m = 2): alanine, glycine; slow 2c; fast 
3ab, 2c. 

Methyl 2,4’:2’,4’’:2’,4’’’-quaterthiazole-4-carboxylate (XIII; m = 3): alanine, glycine; slow 
2c; fast 2ac, 3b. 

Substance C,,4H,,0,;N,S,: alanine, glycine; slow 2c; fast la, 3b, 4c. 

4-Hydroxymethyl-2,4’-bithiazolyl (XV): alanine, glycine, 2-aminopropan-l-ol (alaninol); 
slow lab; fast 2abc. 

14 Sheehan, Zachau, and Lawson, J. Amer. Chem. Soc., 1958, 80, 3349. 

18 Folin and Marenzi, J. Biol. Chem., 1929, 88, 109. : 

16 Cf, Block, Durrum, and Zweig, ‘‘ Manual of Paper Chromatography and Paper Electrophoresis,” 
2nd edn., Academic Press, New York, 1958, p. 162. 


17 Erne, Ramirez, and Burger, Helv. Chim. Acta, 1951, 34, 143. 
18 Erlenmeyer, Buchmann, and Schenkel, ibid., 1944, 27, 1432. 
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ae One of the authors (B. M.) is indebted to the Institut Rudjer BoSkovi¢, Zagreb, for study- 
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a 196. Partial Asymmetric Synthesis of 8-Hydroxy-acids. Part I. 
se of 8-Hydroxy--phenylbutyric Acid. ; 
: 
rs By M. H. PALMER and Joan A. REID. 
wail? a Reaction of either (—)-bornyl or (—)-a-fenchyl bromoacetate with 
nine ¥ acetophenone in the presence of zinc is accompanied by partial asymmetric 
onl synthesis, as is shown by hydrolysis of the resulting ester to levorotatory 
a 8-hydroxy-8-phenylbutyric acid. Hitherto, the asymmetric synthesis of 
win this hydroxy-acid has been accomplished by using (—)-menthyl bromo- 
vie acetate,! and now the effect of variations in reaction conditions, such as 
. change of solvent or addition of metallic halides, has been studied. 
— Asymmetric synthesis also occurs in the absence of zinc metal; thus, an 
nr organozinc derivative of the bromo-ester may be prepared by treating it 
with zinc in the absence of acetophenone which is subsequently added, or 
on the metallic zinc may be replaced by di-n-propyl-zinc or -cadmium. 
ol (—)-Menthyl (+) : 8-hydroxy-8-phenylbutyrate has been obtained optically 
we pure. _The hydrolysis of this ester, or of mixtures of it with the diastereo- 
pot isomeric ester of the (—)-8-hydroxy-acid, gives the acid in 90% yield, that 
from the (—)-methyl (+-)-hydroxy-ester being optically pure. 
fast ¥ Reaction of acetophenone and (—)-menthyl bromoacetate in benzene solution in the 
presence of zinc (Reformatsky reaction), followed by complete hydrolysis of the 6-hydroxy- 
ester obtained, has been shown to give a ee of the (+)-8-hydroxy-f-phenyl- 
sa butyric acid over the (—)-antipode. a 
tae It is commonly accepted ? that in the Reformatsky reaction an organozinc intermediate, 
analogous to a Grignard reagent, is first formed, and this subsequently reacts with a 
carbonyl compound. Thus, it seems that a “ partial asymmetric reaction’ may occur 
during addition of an organometallic compound to a carbonyl group, when it is the organo- 
metallic compound which contains a “ fixed centre of asymmetry.” Before this observ- 
be; ation, the only successful examples of an asymmetric reaction occurring during the addition 
: of an organometallic compound to a carbonyl group had been when the “ fixed centre of 
be; asymmetry ”’ was in one of the groups attached to the carbonyl group. The latter type 
Ri of asymmetric reaction has been extensively studied, and accordingly we have now studied 
in more detail the occurrence of partial asymmetric synthesis in the Reformatsky reaction, 
me and in related reactions, with a view to elucidating the steric course of addition of an 


optically active organometallic compound to a carbonyl group. 
low The asymmetric synthesis occurring during the interaction of acetophenone, (—)- 
menthyl bromoacetate, and zinc in boiling benzene, as shown by complete hydrolysis of 
the resulting (—)-menthyl §-hydroxy-$-phenylbutyrate with aqueous-alcoholic potassium 
al) ; hydroxide to give the hydroxy-acid of about 30% optical purity,‘ was characterised by the 
remarkable reproducibility of the degree of asymmetric synthesis, irrespective of variations 
in the reaction conditions. Variations in, for example, the concentrations of the reactants, 


hy 1 Reid and Turner, J., 1949, 3365. 
2 Cf. Siegel and Keckeis, Monatsh., 1953, 84, 910. 

® Klyne, “‘ Progress in Stereochemistry, ” Butterworths, London, 1954, Vol. I, p. 198. 
* Reid and Turner, J., 1950, 3694. 
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the duration of heating of the Reformatsky reaction mixture, and the zinc-—ester-aceto. 
phenone ratios had little effect upon the specific rotation of the 8-hydroxy-acid obtained, 
This is in marked contrast to the non-reproducibility of the degree of asymmetric synthesis 
occurring when an optically active keto-ester reacts with a Grignard reagent (McKenzie 
type of asymmetric synthesis).5 It seemed possible that the reproducibility in the 
Reformatsky reaction might in fact be due to either the Reformatsky reaction’s being 
reversible,® or to side-reactions’ occurring during the alkaline hydrolysis of the diastereo. 
isomeric $-hydroxy-esters. 

If the Reformatsky reaction were reversible under the conditions used, a first-order 
asymmetric transformation 7? could occur, and it would be difficult to ascertain whether 
the initial addition led to two diastereoisomeric $-hydroxy-esters in unequal amounts, 
or whether the two hydroxy-esters were formed in equal amounts and subsequent first- 
order asymmetric transformation gave an apparent asymmetric synthesis. Hauser and 
Puterbaugh ® have shown that, since the Reformatsky reaction is reversible, only a 
1% yield of ethyl §-hydroxy-f-phenylbutyrate is obtained when zinc, acetophenone, 
and ethyl bromoacetate are heated together in boiling benzene-toluene (1 : 1) for 29 hours, 
as compared with 60°, when the reaction is carried out in benzene and heating is continued 
for only 75 minutes. 

In the present work with (—)-menthyl bromoacetate it has been shown that heating 
the benzene reaction mixture for 20 hours or for 1 hour gives the same degree of asymmetric 
synthesis and the same yield. Reaction in toluene gave the $-hydroxy-acid with about 
one-third of the previous optical purity but had little effect on the yield. Thus reversibility 
is of little importance in determining the degree of asymmetric synthesis, at least when 
benzene is the solvent. This conclusion is supported by the fact that (—)-menthyl 
(+-)-8-hydroxy-$-phenylbutyrate could be recovered’ in quantitative yield, and with un- 
changed specific rotation, after it had been heated in ether with methylmagnesium bromide. 

Moreover, it has now been shown that apparent asymmetric synthesis does not arise 
as a result of side reactions occurring during the alkaline hydrolysis of the 8-hydroxy-ester; 
of these side reactions alkali-catalysed cleavage of the «$-bond,® R’R’’C(OH)-CH,CO,R 
—+» R’R’’CO + CH,°CO,R, appeared the most likely, and it would probably occur at different 
rates with the two diastereoisomers. So attempts were made to remove the (—)-menthyl 
group by reducing the ester with lithium aluminium hydride instead of by alkaline 
hydrolysis. Although the hydride reduction of ethyl (--)-8-hydroxy-$-phenylbutyrate 
to (+)-3-phenylbutane-1,3-diol was satisfactory, that of the (—)-menthyl ester did not 
proceed to completion under the conditions we used and, moreover, the last traces of 
(—)-menthol could not readily be removed from the diol. It is of interest that the diol 
obtained from an ester of the dextrorotatory hydroxy-acid was levorotatory, whereas 
L-§-hydroxybutyric acid and L-butane-1,3-diol are dextrorotatory.® 

Consequently the two pure diastereoisomeric (—)-menthyl $-hydroxy-$-phenyl- 
butyrates were required for a study of the effects of alkali on them. In preliminary 
experiments attempts to esterify the racemic hydroxy-acid by using an ion-exchange 
resin, “‘ Zeo Karb 225-H,” as catalyst,!° gave only 6-methylcinnamic acid. Accordingly, 
a Reformatsky reaction was carried out in order to obtain a mixture of the two diastereo- 
isomeric esters, from which the ester of the (+)-hydroxy-acid could be isolated in an 
optically pure condition by fractional crystallisation; however, the ester of the (—)- 
hydroxy-acid was not obtained optically pure (see below). The (—)-menthyl (—)-$- 
hydroxy-f-phenylbutyrate could be separated only if the mixture of diastereoisomerides, 


5 Ritchie, ‘“‘ Asymmetric Synthesis and Asymmetric Induction,” Oxford University Press, 1933, 
p- 110; Reid and Turner, J., 1951, 3219. 
* Hauser and Puterbaugh, J. Amer. Chem. Soc., 1953, 75, 4756. 
7 Turner and Harris, Quart. Rev., 1947, 1, 299. 
8 Ivanov, Bull. Soc. chim. France, 1933, 58, 321. 
*® Lemieux and Giguere, Canad. J. Chem., 1951, 29, 678. 
10 Sussman, Ind. Eng. Chem., 1946, 38, 1228. 
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obtained from the Reformatsky reaction, was not allowed to solidify completely, but the 
first crop of crystals was removed; then the ester of the (—)-hydroxy-acid could be 
obtained by recrystallisation of the solidified residual oil. Hydrolysis of the separated 
(—)-menthyl §-hydroxy-f-phenylbutyrates, and of mixtures thereof, in all cases gave 
the hydroxy-acid in about 90% yield, only very small amounts of acetophenone being 
isolated (as the 2,4-dinitrophenylhydrazone) from the hydrolysates. There was a linear 
relation between the corresponding values for the specific rotations of mixtures of the 
diastereoisomeric esters and those of the 8-hydroxy-acids derived therefrom, thus: 


[a] of ester in CyHy .....-e0ese0e0s —31-3° —385° —47:2° —56-3° -—61-2° —69-0° 
[a] of acid in EtOH ...........0++. +8-92° +45:94° +1-0° —2-59° —512° —7-40° 


These results show conclusively that an asymmetric synthesis of the order of 30% could 
not occur as a result of preferential decomposition of one of the diastereoisomerides under 
the action of alkali. Incidentally, it may be calculated that the specific rotation of 
(—)-menthyl (—)-8-hydroxy-f-phenylbutyrate is about —71°, and the optically impure 
ester referred to above would be about 95% pure. Thus, the specific rotation (—45-3°) 
of the mixture of diastereoisomeric esters isolated from the Reformatsky reaction mixture 
corresponded to about 30% asymmetric synthesis, a result in good agreement with that 
originally calculated from the specific rotation of the 6-hydroxy-acid obtained. 

Attempts were also made to analyse the mixtures of the diastereoisomeric esters 
spectroscopically; however, the infrared and ultraviolet absorption spectra of the two 
esters showed no fundamental differences. In cyclohexane an absorption maximum 
occurs at 258 my, and in carbon tetrachloride there is strong absorption in the region 
850—1750 cm.1; in these regions absorption would be due in part to the phenyl group 
and to the ester group. No absorption occurs in the region 3650—3590 cm.+ which is 
characteristic for the free hydroxyl group; “ but there is strong absorption at 2801, 2871, 
and 3363 cm.1. These last frequencies come within the range characteristic of polymeric 
intermolecular hydrogen bonding associated with the hydroxyl group (3400—3200 cm.*), 
and of strong intramolecular hydrogen bonding associated with chelate compounds (3200— 
2500 cm.*). Thus, it appears that, in both diastereoisomerides, there is strong intra- 
molecular hydrogen bonding between the 8-OH group and the C=O of the ester group, 
the configuration at the 6-carbon atom having no effect on this. 

The lower degree of asymmetric synthesis in a Reformatsky reaction in toluene, 
apparently not attributable to reversibility of the reaction, could be due to a difference 
in the temperature coefficient for the formation of each of the two diastereoisomerides.™ 
The use of boiling ether-benzene in place of benzene alone slightly increased the degree 
of asymmetric synthesis, and use of ether alone led to a slight further increase. Attempts 
to carry out reactions in benzene or in toluene below their boiling points were unsuccessful ; 
accordingly it has not so far been possible to show whether the degree of asymmetric 
synthesis depends solely on the temperature or also on the solvent. 

A Reformatsky reaction using ether alone as solvent could be accomplished only when 
activated zinc was used. The use of activated zinc also enabled a Reformatsky reaction 
to be effected under homogeneous conditions (cf. ref. 2). Thus, interaction of activated 
zinc and (—)-menthyl bromoacetate in ether gave an intermediate which, on treatment 
with acetophenone and subsequently with dilute acid, furnished the §-hydroxy-ester. 
Under these conditions (“ two-stage ” reaction) the specific rotation of the 6-hydroxy-acid 
was more variable ({«] +3-01° to +3-78°) than in the “ classical one-stage ” Reformatsky 
reaction; however, the average specific rotation of the product was the same as that from 
a one-stage reaction in ether. Control experiments showed that the use of activated zinc 
in classical Reformatsky reactions with benzene as solvent did not affect the degree of 


ie Bellamy, “‘ The Infra-red Spectra of Complex Molecules,” Methuen and Co. Ltd., London, 1954, 
p. 84. 
% Kenyon and Partridge, J., 1936, 1313; Balfe, Kenyon, and Waddan, J., 1954, 1366. 
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asymmetric synthesis. It has been suggested by Arcus and Smyth ™ that a marked degree 
of asymmetric synthesis in the Reformatsky reaction might arise as result of reaction op 
the surface of the zinc metal. However, results from the above type of experiment show 
conclusively that this is not the case. It is of interest that the specific rotation of the 
products obtained from “ two-stage’”’ reactions were not so consistent as when the 
“classical ’’ conditions were used; in fact the results were more reminiscent of those 
obtained in the McKenzie type of asymmetric synthesis, to which the reaction conditions 
more closely approximated. 

The addition of 14 molecular proportions of a halide of a Group II metal to the 
Reformatsky reaction mixture had little effect on the specific rotation of the 6-hydroxy- 
acid (addition of magnesium bromide had the most marked effect, causing a decrease of 
(a] from +2-68° to +2-02°); however, the yield was markedly affected. Thus, with 
cadmium bromide, zinc bromide, and magnesium bromide, the yields were respectively 
120%, 65%, and 40% of that obtained in the absence of these salts. Despite the lower 
yield obtained with the use of magnesium bromide, the conjoint use of magnesium metal 
(in place of zinc) and magnesium halide (iodide) gave the $-hydroxy-acid in the same 
yield, and of the same optical purity as that obtained from a “ classical ’’ Reformatsky 
reaction. Indeed, as was shown by using the ethyl ester in place of the (—)-menthyl 
ester, there was some reaction with magnesium iodide alone, although none occurred with 
magnesium alone. 

Adding catalytic amounts of cobaltous chloride to the reaction mixture gave a small 
increase in yield of the 6-hydroxy-acid, but did not affect its specific rotation. In view 
of this result, together with the lack of effect of iodine on the degree of asymmetric 
synthesis, it appears that asymmetric synthesis does not arise as the result of a radical 
mechanism. However, a fuller investigation into the’ effects of adding halides of Group II 
metals to the Reformatsky reaction mixture might well help in elucidating the mechanism 
of this reaction, about which little is known. 

The use of iodoacetate in place of the bromoacetate had no effect on either the yield 
or the specific rotation of the hydroxy-acid. No reaction occurred with the chloro- 
acetate, even when promoters such as cupric chloride ™ were added. 

Asymmetric syntheses were also achieved by treatment of (—)-menthyl bromoacetate 
and acetophenone in benzene solution with ethereal di-n-propyl-cadmium ™ or -zinc. 
The former reagent led to an increase of 80% in the degree of asymmetric synthesis, 
whereas the latter gave a 30° increase, as compared with results from a “‘ two-stage” 
reaction to which these conditions most closely approximated. It thus appears that the 
size of the organometallic group is of importance; however, these results will have to be 
considered in the light of results from experiments with reactants other than (—)-menthyl 
bromoacetate and acetophenone. 

Experiments were also carried out using “classical ’’ Reformatsky conditions, but 
with esters BreCH,°CO,R’, other than the (—)-menthyl ester, in order to determine the 
effect of the group R’ on the degree of asymmetric synthesis. From (+-)- or (—)-1-methyl- 
heptyl bromoacetate the racemic $-hydroxy-acid was obtained; this was the case even 
when di-n-propylcadmium was used as the ‘‘ condensing agent.” However, (+-)-s-butyl 
bromoacetate gave a (+)-hydroxy-acid having [«] +0-43°; a similar result was obtained 
when di-n-propylzinc was used as “‘ condensing agent.” These last results should be treated 
with reserve in view of the solubility of butan-2-ol in water and the consequent difficulty of 
removing it from the aqueous hydrolysate. Both (—)-«-fenchyl and (—)-bornyl bromo- 
acetate gave levorotatory 6-hydroxy-acid, the degree of asymmetric synthesis being 
respectively about $ and } of that from the (—)-menthyl ester. Thus, the (—)-bornyl 
ester gives the @-hydroxy-acid of opposite configuration to that obtained from the 

18 Arcus and Smyth, J., 1955, 34. 


M4 Miller and Nord, J. Org. Chem., 1951, 16, 728. 
18 Cason and Fessenden, ibid., 1957, 22, 1326. 
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(—)-menthy] ester. This is in contradistinction to results obtained in McKenzie type asym- 
metric syntheses which have been summarised by Prelog ™® as follows: if the benzoyl- 
formate of an optically active alcohol is treated with methylmagnesium iodide, and the 
resulting ester is hydrolysed to atrolactic acid, then alcohols the absolute configuration of 


L 
which may be represented as 4-01 (where M and L represent medium and large 


M 

substituents respectively) will give a levorotatory specimen of atrolactic acid. Both 
(—)-menthol and (—)-borneol should, and do indeed, give levorotatory specimens of 
atrolactic acid. Since, however, in the Reformatsky reaction, these two alcohols lead 
to products of opposite configuration, it appears that no simple relation exists between 
the configuration of the alcohol and that of the resulting acid. These results will be 
discussed in a future publication in conjunction with results obtained with carbonyl 
compounds other than acetophenone. 


EXPERIMENTAL 


Rotations were measured at 25°, the length of the tube being 1 dm. for undiluted liquids 
and 2 dm. for solutions. Sodium light (p line) was used. 

Optically Active Esters of Halogeno-acetic Acids.—Esters of the a-chloro- and «-bromo-acid 
were prepared by adding the optically active alcohol (1 mol.) to the «-chloro-acyl chloride or the 
a-bromo-acyl bromide (1-15 mol.) at room temperature with shaking. The mixture was heated 
at 100° for 1 hr., then dissolved in ether. Thesolution was washed with 10% aqueous sodium 
carbonate and dried (Na,SO,). The ester was isolated and purified by fractional distillation, 
except for (—)-menthyl chloroacetate which was recrystallised from 96% ethanol. 

(—)-Menthyl iodoacetate was prepared by heating a methanolic solution of (—)-menthyl 
chloroacetate with potassium iodide. 

The physical constants obtained for those esters (Hal‘-CH,*CO,R), which have been reported 
previously, are recorded below: 


R Hal. B. p./mm. M. p. a« (Homogeneous) [«] (c, solvent) Ref. 
—)-Menthyl Cl 38-5—39-5° — 80-0° (1-63, CHCI,) 
)-Menthyl Br 74°/0-05 19-5—20-5 — 74-85° 
-1-Methylheptyl Br 91/1-5 + 13-05 
-l-Methylheptyl Br 85/0-9 — 12-25 
104/0-8 —40-44 —30-2 (7-46, EtOH) 
I 117—120/0-9 — 67-28 


(—)-a-Fenchyl bromoacetate had b. p. 83°/0-2 mm., n,,** 1-4887, d,* 1-2640, [a] —41-91° 
(Found: C, 52-75; H, 6-85. C,,H,,O,Br requires C, 52-4; H, 6-95%). 

(+)-s-Butyl bromoacetate, prepared from (+)-butan-2-ol *4 of 95% optical purity, had b. p. 
72-5°/14 mm., n,* 1-4465, d,.* 1-3250, [a] +19-83° (Found: C, 37-0; H, 5-65. C,H,,O,Br 
requires C, 36-95; H, 5-65%). 

Reaction of Acetophenone with (—)-Menthyl Bromoacetate-——(a) In presence of zinc metal: 
“classical Reformatsky conditions.’’ A solution of (—)-menthyl bromoacetate (6-31 g., 0-023 
mole) and acetophenone (2-66 g., 0-022 mole) in benzene (30 ml.) was heated under reflux, in 
the presence of zinc wool (1-55 g., 0-024 g.-atom), for 4 hr. The liquid was decanted from 
unchanged zinc (0-06 g.) which was washed with ether and then with water. The combined 
liquids were mixed with ice (5 g.) and 5N-sulphuric acid (20 ml.), and the aqueous layer was 
extracted with ether (3 x 25 ml.). The combined ethereal extracts and the benzene solution 


16 Prelog et al., Helv. Chim. Acta, 1953, 36, 308, 320. 

17 Cohen, J. 1911, 99, 1058. 

8 Smiles, J., 1905, 87, 450; Christopher and Hilditch, J., 1912, 101, 202. 

19 Rule and Mitchell, J., 1926, 3202. 

* Minguin and De Bollemont, Compt. rend., 1902, 184, 608. 

* Pickard and Kenyon, J., 1911, 99, 45; Hauser and Kantor, J. Amer. Chem. Soc., 1953, 75, 1744. 
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were washed with water (3 x 25 ml.) and dried (Na,SO,). Removal of the solvent, finally 
under reduced pressure, gave an oil (6-8 g.) which slowly deposited crystals. 

The product (“ ester ’’) was hydrolysed by boiling 2-5n-potassium hydroxide (11 ml.) ang 
96% ethanol (25 ml.) for 4 hr. The mixture was diluted with water (20 ml.), and the alcoho} 
removed under reduced pressure at 60°. The aqueous residue was extracted with ether 
(2 x 25 ml., 3 x 10 ml.) to remove neutral compounds, e.g., (—)-menthol, then acidified with 
5n-sulphuric acid. The §-hydroxy-$-phenylbutyric acid was extracted with ether (3 x 25 ml. 
2 x 10 ml.), and the ethereal extracts were washed with water (3 x 10 ml.) and dried (Na,S0,). 
Removal of the ether gave $-hydroxy-8-phenylbutyric acid (2-56 g., 64%), m. p. 68—79°, 
[a] +2-62° (c 10-87 in EtOH) [Found: C, 66-3; H, 6-65%; M (by titration), 178. Calle, for 
C,oH,,0,: C, 66-7; H, 6-7%; M, 180). 

In a similar experiment benzene-ether (10 ml.: 5 ml.) was used instead of benzene. The 
§-hydroxy-f-phenylbutyric acid (yield 64%) isolated had [a] +3-03° (c 7-33 in EtOH). 

When the benzene was replaced by toluene (40 ml.) the resulting acid (yield 58%) had 
[a] -+-0-85° (c 10-36 in EtOH). 

Results from typical experiments in which benzene was the solvent, but in which the duration 
of heating of the Reformatsky reaction mixture was varied are: 


B-Hydroxy-f-phenylbutyric acid 





Duration of heating Yield (%) [a] c (in EtOH). 
ON Re BAe AR BLN ee Oy FR 64 4-2-76° 11-03 
a ne rN REN 60 42-57 10-83 
| on RE Eggatennnenne is anette 55 42-32 10-55 


Experiments, with benzene as solvent, were also performed in which various “‘ potential 
catalysts ’’ were added to the reaction mixture: 


Catalyst f-Hydroxy-f-phenylbutyric acid 





aa ~ 
(mol. propn.) Yield (%) [a] c (in EtOH) 
CoCl, (0-05) 76 +2-67° 10-52 
MgBr, (1-5) 26 + 2-04 8-80 
ZnBr, (1-5) 42 + 2-20 7-63 
CdBr, (1-5) 77 2-63 10-07 


(b) In the absence of zinc metal: ‘‘ 2-stage reaction.’’ Zinc (4-7 g., 0-072 g.-atom) was activated 
by heating it with a crystal of iodine at 1 mm. pressure until a white sublimate appeared on 
the walls of the flask, and then allowing the whole to cool im vacuo. (—)-Menthyl bromo- 
acetate (10-2 g., 0-037 mole) was added to the activated zinc, suspended in ether (50 ml.), with 
vigorous stirring. A few drops of an ethereal solution of methylmagnesium iodide were added 
to the mixture, which was then heated under reflux for 90 mins., whilst stirring was continued. 
To the ethereal solution which had been decanted from zinc, acetophenone (5-0 g., 0-042 mole) 
was added, and the mixture was then heated under reflux for 2 hr., worked up as described 
under (a), and then hydrolysed. §-Hydroxy-$-phenylbutyric acid (2-33 g., 37%) was obtained 
as an oil which when kept gave a solid, m. p. 67—68°, [a] +3-01° (c 9-6 in EtOH) (Found: 
C, 66-65; H, 6-7. Calc. for C,)H,,0,: C, 66-7; H, 6-7%). 

(c) With di-n-propylcadmium as ‘‘ condensing agent.”” Cadmium chloride (6-24 g., 0-034 mole) 
was added in one batch to the Grignard reagent prepared from n-propyl bromide (8-0 g., 0-065 
mole), and the mixture heated under reflux for 90 min., after which it gave a negative Gilman 
test for a Grignard reagent. To this grey suspension was added a solution of (—)-menthyl 
bromoacetate (5-5 g., 0-02 mole) and acetophenone (2-4 g., 0-02 mole) in benzene (18 ml.). After 
the mixture had been heated for 6 hr. it was worked up essentially as described under (a) above, 
and hydrolysed. The resulting B-hydroxy-$-phenylbutyric acid (2-45 g., 68%) had m. p. 68°, 
[a] +5-42° (c 9-05 in EtOH) [Found: M (by titration), 176. Calc. for C,)H,,O,;: M, 180). 

(d) With di-n-propylzinc as “‘ condensing agent.” A solution of di-n-propylzinc was prepared 
from zinc bromide (3-95 g., 0-018 mole), by a procedure similar to that used for the preparation 
of the cadmium analogue. To this ethereal solution were added (—)-menthyl bromoacetate 
(5-5 g., 0-02 mole) and acetophenone (2-5 g., 0-02 mole) in benzene (18 ml.). The mixture was 
heated for 6 hr. and worked up in the usual manner. $-Hydroxy-$-phenylbutyric acid (2-37 g., 











————=—-_ =. = 





) and 
cohol 
ether 
| with 
5 ml, 


—70°, 
C. for 


) had 


‘ation 


>ntial 








(1960) Synthesis of ®-Hydroxy-acids. Part I. 937 


66%) obtained had m. p. 70°, [a] +-3-95° (c 7-60 in EtOH) (Found: M,177. Calc. for C,H 1203: 
180 
. (e) With magnesium todide—magnesium as “‘ condensing agent.”” Iodine (7-62 g., 0-06 g.-atom) 
was added to a stirred suspension of magnesium (2-4 g., 0-10 g.-atom) in ether (40 ml.). To 
this suspension of magnesium in ethereal magnesium iodide were added acetophenone (3-6 g., 
0-03 mole) and then (—)-menthyl bromoacetate (2-9 g., 0-01 mole) in benzene (10 ml.) with 
stirring. Ice (10 g.) and 5N-sulphuric acid were added to the cooled mixture after it had been 
heated under reflux for 4 hr. §-Hydroxy-f$-phenylbutyric acid (1-2 g., 63%), which was 
obtained in the usual manner, had m. p. 60—64°, [a] +-2-78° (c 6-77 in EtOH) (Found: M, 175). 
Reaction of Acetophenone with Esters of Bromoacetic Acid other than (—)-Menthyl Esters.— 
Analogous experiments, under similar conditions, are recorded in the annexed Table. The 
bromo-esters BrCH,*CO,R’ were optically active. 


B-Hydroxy--phenylbutyric acid 





R’ Method Yield (% [a] ¢ (in EtOH) 
(-++)-s-Butyl } 82 +0-43° 10-68 
(—)-I-Methylheptyl | (4) benzene as solvent 80 0 10-14 
(ty: > sieeigs qe conanyut 40 has 11.87 
(—)-a-Fenchyl 56 — 0-60 10-02 
(—)-1-Methylheptyl (c) 56 0 9-16 
(+)-s-Butyl (d) 77 +0-64 11-99 


(+)-8-Hydroxy-B-phenylbutyric Acid and the Ethyl Ester—Experiments were carried out 
similar to those described above but with ethyl bromoacetate in place of an optically active 
ester. Procedure (a) gave ethyl 6-hydroxy-8-phenylbutyrate, b. p. 98—100°/1-2 mm. (lit.,%* 
b. p. 146—148°/15 mm.), »,*° 15027. This ester on hydrolysis gave the hydroxy-acid, m. p. 
71—72° (lit.,1 m. p. 71—72°) whose S-benzylthiouronium salt had m. p. 85—86° (Found: N, 8-0; 
S, 9:25. C,gsH..O,N,S requires N, 8-1; S, 9:25%). 

Procedure (c) gave the ethyl ester in 60% yield, procedure (d) in 61% yield, and procedure 
(e) in 43% yield. 

Reaction of Acetophenone with (—)-Menthyl Iodoacetate-—A suspension of zinc (1-31 g.) in 
a solution of acetophenone (1-21 g.) and (—)-menthyl iodoacetate (3-23 g.) in benzene (10 ml.) 
was heated under reflux for 4 hr. The mixture was worked up and the @-hydroxy-$-phenyl- 
butyric acid (1-12 g., 62%) isolated as described under (a); it had [«] +2-11° (c 10-98 in EtOH). 

Separation of a Mixture of the Diastereoisomeric (—)-Menthyl 8-Hydroxy-B-phenylbutyrates.— 
A mixture of the two diastereoisomeric esters (15-7 g.) was obtained, as an oil, from (—)-menthyl 
bromoacetate (13-5 g.) by using “‘ classical’ Reformatsky conditions (method a). This oil, which 
had [a] —45-3° (c 2-0 in benzene), gradually deposited crystals which were collected and washed 
with light petroleum (b. p. 40—60°) (10 ml.). This solid, which had m. p. 74-5—76°, [a] —38-3° 
(c 2-04 in benzene), after three recrystallisations from light petroleum (b. p. 40—60°), gave 
(—)-menthyl (+-)-8-hydroxy-B-phenylbutyrate (5-22 g.) as needles, m. p. 80—80-5°, [a] —31-3° 
(c 2-02 in benzene) (Found: C, 75-85; H, 9-5. Cy9H 90, requires C, 75-45; H, 9-5%). 

The oil, from which the solid had been removed, crystallised when kept; this solid had m. p. 
46—51°, [«] —60-77° (c 2-01 in benzene). No apparent optical purification was effected by 
recrystallisation from aqueous ethanol; however, two further recrystallisations from small 
volumes of light petroleum (b. p. 40—60°) gave (—)-menthyl (—)-8-hydroxy-$-phenylbutyrate 
(0-55 g.) of about 95% optical purity; it had m. p. 60-5—61°, [a] — 69-0° (c 2-00 in benzene) (Found: 
C, 75-55; H, 9-15. C,9H,,O, requires C, 75-45; H, 9-5%). 

Hydrolysis of the Diastereoisomeric (—)-Menthyl B-Hydroxy-B-phenylbutyrates.—(—)-Menthy] 
(+)-6-hydroxy-8-phenylbutyrate (2-0 g., 0-006 mole) was heated under reflux with 2-5n- 
potassium hydroxide (3-1 ml.) and 96% ethanol (7 ml.) for4hr. The alcohol was then removed 
by distillation, and the aqueous residue was extracted with ether to remove neutral compounds, 
as described previously. Acidification of the alkaline solution and ether-extraction gave 
(+)-8-hydroxy-$-phenylbutyric acid (1-1 g., 90%), m. p. 82—83°, [a] +8-92° (c 1-76 in EtOH) 
{lit.,4 m. p. 79—80°, [o]?3,. —8-0°, [a]2%,, —8-9° (c 1-75 in EtOH)} (Found: C, 66-75; H, 6-65. 
Calc. for C,,H,,0,: C, 66-7; H, 6-7%). 


* Hauser and Lindsay, J. Amer. Chem. Soc., 1955, 77, 1050. 
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The ethereal solution, containing neutral compounds, was dried (Na,SO,) and evaporated 
to dryness. The residue, on treatment with 2,4-dinitrophenylhydrazine sulphate in methanol, 
gave only a trace of acetophenone 2,4-dinitrophenylhydrazone, m. p. 250° (Found: N, 18-15, 
Calc. for C,,H,,0,N,: N, 18-65%). 

Hydrolyses of various mixtures of the two diastereoisomeric esters are summarised in the 
discussion section. 

(+)-3-Phenylbutane-1,3-diol_—Ethyl $-hydroxy-8-phenylbutyrate (13-2 g., 0-063 mole) in 
ether (50 ml.) was added dropwise to a stirred suspension of lithium aluminium hydride (5-82 g_, 
0-153 mole) in ether (75 ml.), and the mixture was kept at room temperature for two days, 
Water (10 ml.) and 5n-sulphuric acid (75 ml.) were then added. The aqueous layer was 
extracted with ether, and the combined ethereal solutions were washed with water and dried 
(Na,SO,). Distillation of this solution gave (+)-3-phenylbutane-1,3-diol (5-47 g., 53%), b. p. 
119-5°/0-75 mm., m,** 1-5355, m. p. 45—46° (it has been described as a liquid,* b. p. 134— 
136°/1 mm., 108—110°/0-5 mm., ,** 1-5320). In pyridine—benzene it gave the 1-p-mitrobenzoate, 
m. p. 91-5—92° (from aqueous methanol) (Found: C, 65-0; H, 5-55; N, 4°55. (C,,H,,0.N 
requires C, 64-75; H, 5-55; N, 445%). 

(—)-3-Phenylbutane-1,3-diol_—(—)-Menthyl (+-)-8-hydroxy-8-phenylbutyrate (2-0 g., 0-006 
mole) in ether (50 ml.) was added to lithium aluminium hydride (0-49 g., 0-013 mole) suspended 
in ether (75 ml.). The mixture was heated under reflux for 3 hr., then 2N-sulphuric acid was 
added. The aqueous layer was extracted with ether, and the combined ethereal solutions were 
washed with water and dried (MgSO,). After removal of the ether, the residue was sublimed 
at 50—70°/0-2 mm. Fractional crystallisation of the residue (1-25 g.) from 1: 1 benzene-light 
petroleum (b. p. 100—120°) gave (—)-3-phenylbutane-1,3-diol, m. p. 62-5°, [a] —56-82° (c 1-6] 
in benzene) (Found: C, 71-9; H, 8-55. C,9H,,O, requires C, 72-25; H, 8-5%). Unchanged 
(—)-menthyl 8-hydroxy-$-phenylbutyrate (0-1 g.), m. p. 80—80-5°, was isolated from the 
aqueous methanolic mother-liquors. 
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197. Thionaphthen Derivatives. Part III.* Characterisation of 
Some 5-Substituted Derivatives. 


By M. Martin-SmitH and S. T. REI. 


Certain substitution products of various 5-substituted thionaphthens are 
reported. The compound previously considered as 4-bromo-5-hydroxy-3- 
nitrothionaphthen is shown to be the 6-nitro-derivative, and the compound 
previously reported as 7-bromo-5-nitrothionaphthen-2-carboxylic acid is 
shown to be 3-bromo-acid. The structure of the by-product from application 
of the Bucherer reaction to 5-aminothionaphthen-2-carboxylic acid has 
been proved. 


In an investigation of thionaphthen derivatives as possible biologically active compounds, 
it was necessary to characterise various derivatives of some 5-substituted thionaphthens. 

5-Hydroxythionaphthen underwent mononitration in cold acetic acid to form 
5-hydroxy-4-nitrothionaphthen, the constitution of which was proved by an alternative 
synthesis from the known 5-amino-4-nitrothionaphthen ! employing nucleophilic displace- 
ment of the amino-group. 5-Hydroxythionaphthen-2-carboxylic acid was shown also 
to be nitrated directly in the 4-position, the product being identical with an authentic 


* References 2 and 5 are regarded as Parts I and II of this series. 


1 Bordwell and Stange, J. Amer. Chem. Soc., 1955, 77, 5939. 
* Martin-Smith and Gates, ibid., 1956, 78, 5351. 
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specimen of 5-hydroxy-4-nitrothionaphthen-2-carboxylic acid.2 Similarly 3-bromo-5- 
hydroxy-4-nitrothionaphthen was obtained by mononitration of the 3-bromo-5-hydroxy- 
compound in acetic acid. The structure of the product was apparent from its infrared 
spectrum in carbon tetrachloride solution at a dilution sufficient to ensure absence of 
intermolecular hydrogen bonding (0-5 mg./ml.). The OH stretching frequency at 3290 
cm.” showed chelation of the nitro- and hydroxyl groups, thus proving their ortho-relation. 
Reduction of the compound, followed by oxidation, gave the 4,5-quinone characterised by 
the Craven test. With excess of nitric acid, 3-bromo-5-hydroxythionaphthen formed a 
dinitro-derivative of which the constitution has not been established. 

Nitration of 4-bromo-5-hydroxythionaphthen has been stated * to yield the 3-nitro- 
compound, but as bromination of 4-bromo-5-hydroxythionaphthen yields the 4,6-dibromo- 
compound ° the nitration product was re-investigated. A study of the infrared spectrum 
in carbon tetrachloride (1-1 mg./ml.) showed that the fundamental OH stretching 
frequency was at 3211 cm.+, proving that the hydroxyl and nitro-groups were chelated 
and that the compound was indeed 4-bromo-5-hydroxy-6-nitrothionaphthen. The true 
4-bromo-5-hydroxy-3-nitrothionaphthen was prepared from 5-benzoyloxythionaphthen 
by nitration, followed by hydrolysis to the free phenol and monobromination. The OH 
stretching frequency of this product at ca. 3580 cm.+ in carbon tetrachloride solution 
(1-1 mg./ml.) confirmed the non-adjacent relationship of the hydroxyl and the nitro-groups. 

The course of nitration of 4-bromo-5-hydroxythionaphthen is nevertheless interesting, 
as under the same experimental conditions 3,4-dibromo-5-hydroxythionaphthen yields 


r NO, 


B 1) H 
Br o Br od 
| | Pia HO,C | Neo. 
S S S S 
(I) 


(If) (II1) 


the keto-compound (I) which is converted into the quinone (II) in boiling benzene.* 
Formation of the intermediate (I) may be favoured by steric considerations, as the 3- and 
the 4-position of thionaphthen are analogous to the feri-positions in naphthalene and 
removal of the 4-substituent from the plane of the ring system would afford a method of 
relieving the steric interaction with the 3-substituent. 

The action of nitric acid on 4,6-dibromo-5-hydroxythionaphthen was previously 
assumed 5 to give a keto-compound of type (I) as intermediate, in order to explain the 
formation of 6-bromothionaphthen-4,5-quinone when the nitration was carried out in 
chloroform, and of 6-bromo-5-hydroxy-4-nitrothionaphthen in acetic acid. This unstable 
keto-compound has now been isolated, and it was characterised by conversion into the 
4,5-quinone in boiling benzene. 

On bromination in acetic acid in the presence of sodium acetate, 5-amino-4-bromothio- 
naphthen gave a crystalline dibromo-compound which was shown to be 5-amino-4,6-di- 
bromothionaphthen by an alternative synthesis from 5-amino-4-bromothionaphthen-2- 
carboxylic acid. In this case the 3-position is deactivated towards electrophilic attack 
by the presence of the carboxylic group in the 2-position and, after bromination and 
decarboxylation, 5-amino-4,6-dibromothionaphthen is obtained unambiguously. 5-Acet- 
amido-4-bromothionaphthen is, however, brominated in the 3-position as was proved by 
hydrolysis of the product to an amine which was prepared also from 5-amino-3-bromothio- 
naphthen. 4-Bromo-5-methoxythionaphthen, obtained both by monobromination of 
5-methoxythionaphthen and by methylation of 4-bromo-5-hydroxythionaphthen, also 
gives on bromination the 3-substituted product, as was proved by direct comparison with 


* Craven, J., 1931, 1605. 
‘ Fries, Heering, Hemmecke, and Siebert, Annalen, 1936, 527, 83. 
* Martin-Smith and Gates, J. Amer. Chem. Soc., 1956, 78, 6177. 
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authentic 3,4-dibromo-5-methoxythionaphthen prepared by the methylation of 3,4-dj- 
bromo-5-hydroxythionaphthen. Under the same conditions, 5-methoxy-4-nitrothio- 
naphthen did not take up bromine. It is of interest that bromination of 5-hydroxy4. 
nitrothionaphthen both in the presence and in the absence of sodium acetate yields 
quininoid material. 

Methyl 5-acetoxythionaphthen-2-carboxylate was found to be unreactive towards 
both bromine and nitric acid in hot acetic acid, but nitration of 5-nitrothionaphthen-2- 
carboxylic acid in hot acetic acid in the presence of concentrated sulphuric acid gave a 
complex mixture from which two isomeric trinitrothionaphthens containing no carboxyl 
group were isolated in low yield. 

Sodium 5-nitrothionaphthen-2-carboxylate was reported to undergo bromination in 
aqueous solution,? the acid obtained being identical with the main product from an 
attempted WHunsdiecker reaction® on 5-nitrothionaphthen-2-carboxylic acid. This 
compound has now been shown to be 3-bromo- and not 7-bromo-5-nitrothionaphthen-2- 
carboxylic acid as previously suggested,? by decarboxylation via the barium salt to 
3-bromo-5-nitrothionaphthen.’? Application of the Hunsdiecker reaction to 3-bromo-5- 
nitrothionaphthen-2-carboxylic acid gave 2,3-dibromo-5-nitrothionaphthen identical 
with the compound previously regarded as 2,7-dibromo-5-nitrothionaphthen.? 

In this work, the reduction of nitro-compounds to the corresponding amines was 
usually accomplished by Raney nickel and hydrazine hydrate. When this method was 
applied to methyl 3-bromo-5-nitrothionaphthen-2-carboxylate, however, debromination 
occurred, and methyl 5-acetamidothionaphthen-2-carboxylate was isolated after acetyl- 
ation of the crude product. Preliminary experiments indicated that application of the 
reaction to general aromatic debromination was not satisfactory, especially in view of the 
adequate methods already available.® 

The by-product formed by application of the Bucherer reaction to 5-aminothionaphthen- 
2-carboxylic acid has been shown to be di-(2-carboxy-5-thionaphthenyl)amine(III). The 
reason for the bright yellow colour shown by this compound is not readily apparent. 
The anion lacks this colour, and the disodium salt, as well as a solution of the acid in 
pyridine, is nearly colourless. In this connexion it is to be noted that 5-amino-4-bromo- 
and 5-amino-4,6-dibromo-thionaphthen-2-carboxylic acid exist in both colourless and 
yellow forms. The structure of the amine (III) was established by decarboxylation to 
5,5’-dithionaphthenylamine which was identical with a specimen prepared unambiguously 
by heating equal quantities of 5-aminothionaphthen and 5-aminothionaphthen hydro- 
chloride in a sealed tube. Attempts to prepare the compound by way of 5-iodothio- 
naphthen were unsuccessful. 


EXPERIMENTAL 


5-Hydroxy-4-nitrothionaphthen.—5-Acetamido-4-nitrothionaphthen ! (2-29 g., 9-7 mmoles) 
was dissolved in Claisen’s alkali ™ (35 g. of potassium hydroxide in 25 ml. of water and 100 ml. 
of methanol) and boiled under reflux for 5 hr. Ammonia was liberated and, on cooling, a 
potassium salt crystallised. 5-H ydroxy-4-nitrothionaphthen was obtained as light yellow needles 
by acidifying an aqueous solution of the potassium salt, and after recrystallisation from ethanol 
(1-61 g., 85%) had m. p. 119—121° (Found: C, 49-2; H, 2-3. C,H,;NO,S requires C, 49-2; 
H, 2-6%). 

5-Hydroxy-4-nitrothionaphthen was also obtained by the direct nitration of 5-hydroxythio- 
naphthen.* To 5-hydroxythionaphthen (0-114 g., 0-76 mmole) dissolved in acetic acid (5 ml.) 


* Hunsdiecker and Hunsdiecker, Ber., 1942, 75, 291. 

7 Bordwell and Albisetti, J. Amer. Chem. Soc., 1948, '70, 1955. 

® Balcom and Furst, ibid., 1953, 75, 4334. 

® See, for example, Mayo and Hurwitz, ibid., 1949, 71, 776; Smith, ibid., 1953, 75, 3602; Gilman, 
ibid., 1951, 78, 470; Blatt et al., J. Org. Chem., 1957, 22, 1046, 1588; Blatt and Tristram, J. Amer. 
Chem. Soc., 1952, 74, 6273. 
10 De Laire, Girora, and Chapoteaut, Compt. rend., 1866, 68, 92. 
11 Claisen, Annalen, 1919, 418, 97. 
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at 10°, concentrated nitric acid (0-048 ml., 0-76 mmole) in acetic acid (5 ml.) was gradually 
added. A red colour was immediately apparent, and on addition of water orange crystals were 
obtained. These formed yellow needles (0-070 g., 47%), m. p. 119° and mixed m. p. 119°, from 
ethanol; infrared spectra of the two samples in Nujol were identical. 

5-Hydroxy -4-nitrothionaphthen-2-carboxylic Acid.—5-Hydroxythionaphthen -2-carboxylic 
acid * (0-730 g., 3-8 mmole) was dissolved in acetic acid (20 ml.), and concentrated nitric acid 
(0-24 ml., 38 mmole) gradually added at 10°. Overnight the nitro-compound crystallised. 
Light yellow needles (0-543 g., 61%) were obtained from ethanol, having m. p. 273° and mixed 
m. p. with an authentic sample ? 274°. 

3-Bromo-5-hydroxy-4-nitrothionaphthen.—To a solution of 3-bromo-5-hydroxythionaphthen ! 
(0-177 g., 0-77 mmole) in acetic acid (20 ml.) at 10°, concentrated nitric acid (0-05 ml., 0-77 
mmole) in acetic acid (2-40 ml.) was added. Addition of water precipitated the nitro-compound 
which crystallised as needles (from ethanol) (0-124 g., 59%), m. p. 160° (Found: C, 35-6; H, 1-7. 
C,H,BrNO,S requires C, 35-1; H, 1-5%). On reduction in ethanol with Raney nickel and 
hydrazine hydrate, followed by oxidation with potassium ferricyanide, a green colour was 
obtained with triethylamine and ethyl cyanoacetate, indicating the formation of a 7-(cyano- 
ethoxycarbony])thionaphthen-4,5-quinone. 

With excess of concentrated nitric acid, a dinitro-compound was formed. 3-Bromo-5- 
hydroxythionaphthen (34 mg.) was dissolved in acetic acid (1 ml.), and 2 drops of concentrated 
nitric acid were added. Orange needles crystallised; recrystallisation from ethanol gave a 
product, m. p. 211—213° (36 mg., 76%) (Found: C, 30-2; H, 1:3. C,H,BrN,O,S requires 
C, 30-1; H, 1-0%). 

4-Bromo-5-hydroxy-6-nitrothionaphthen.—To 4-bromo-5-hydroxythionaphthen ‘ (2-0 g., 8-7 
mmole) in acetic acid (20 ml.), concentrated nitric acid (0-55 ml., 8-7 mmole) was added at room 
temperature. Immediately, 4-bromo-5-hydvoxy-6-nitrothionaphthen crystallised; it formed 
orange needles, m. p. 175—176° (1-4 g., 58%), from ethanol (Found: C, 35-5; H, 2-0; N, 5-4. 
C,H,BrNO,S requires C, 35-1; H, 1-5; N, 51%). 

The methyl ether, prepared by reaction with an excess of ethereal-ethanolic diazomethane, 
formed pale yellow needles (95%), m. p. 114-5°, from ethanol (Found: C, 37-6; H, 1-9. 
C,H,BrNO,S requires C, 37-6; H, 2-1%). 

5-Benzoyloxythionaphthen.—With benzoyl chloride (3-09 g., 0-022 mol.) in ice-cold pyridine 
for 30 minutes, 5-hydroxythionaphthen (3-33 g., 0-022 mole) gave the benzoyl derivative, form- 
ing cubic crystals (4-97 g., 88%), m. p. 111-5—113°, from light petroleum (b. p. 60—80°) Found: 
C, 71:0; H, 4:1. C,;H90,S requires C, 70-9; H, 4-0%). 

5-Benzoyloxy-3-bromothionaphthen.—5-Benzoyloxythionaphthen (0-529 g., 2-0 mmole), 
sodium acetate (0-35 g., 5-0 mmole), and bromine (0-333 g., 2-0 mmole) were heated in acetic 
acid (10 ml.) on the steam-bath for 30 min. Addition of water precipitated the crude bromo- 
compound, m. p. 130-5° (0-65 g., 69%) from light petroleum (b. p. 60—80°) (Found: C, 54-0; 
H, 2-7. C,,H,BrO,S requires C, 54-1; H, 2-7%). 

Hydrolysis in 5% sodium hydroxide solution at 90° gave 3-bromo-5-hydroxythionaphthen 
in quantitative yield, m. p. 135° and mixed m. p. 135—136°. 

5-Benzoyloxy-3-nitrothionaphthen.—To 5-benzoyloxythionaphthen (0-80 g., 3-15 mmole) in 
acetic acid (10 ml.) containing concentrated sulphuric acid (1 ml.), fuming nitric acid (0-22 ml., 
35 mmole) was added. Within 2 hr., yellow needles of 5-benzoyloxy-3-nitrothionaphthen 
appeared. After crystallisation from ethyl acetate, this had m. p. 180—180-5° (0-65 g., 69%) 
(Found: C, 60-3; H, 3-0. C,,H,NO,S requires C, 60-2; H, 3-0%). 

5-Hydroxy-3-nitrothionaphthen.—Preliminary attempts to hydrolyse the benzoyl compound 
with dilute sodium hydroxide solution were unsuccessful. 5-Benzoyloxy-3-nitrothionaphthen 
(0-70 g., 2-3 mmole) was refluxed in absolute ethanol (200 ml.) containing concentrated hydro- 
chloric acid (3 ml.) for 12 hr. The ethanol was removed under reduced pressure and the product 
extracted with 2n-sodium hydroxide. On acidification of this solution, the hydroxy-compound 
was precipitated. Fine yellow needles (0-060 g.), m. p. 164-5—166°, were obtained from water, 
(Found: C, 49-2; H, 2-6. C,H,NO,S requires C, 49-2; H, 2-6%). Starting material (0-47 
g.) was recovered. : 

4-Bromo-5-hydroxy-3-nitrothionaphthen.—To 5-hydroxy-3-nitrothionaphthen (0-043 g., 0-22 
mmole) and sodium acetate (0-05 g.) in acetic acid (4 ml.), bromine (0-0353 g., 0-22 mmole) in 
acetic acid was added at 10°. On addition of water, a pale yellow precipitate of 4-bromo-5- 
hydroxy-3-nitrothionaphthen separated; fine yellow needles (0-051 g., 84-5%), m. p. 129—131°, 
It 
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were formed from light petroleum (b. p. 60—80°) (Found: C, 34-8; H, 1:8. C,H,BrNO,s 
requires C, 35-1; H, 1-5%). 

4,6 - Dibromo - 4,5 - dihydro - 4 - nitro - 5 - oxothionaphthen.—To 4,6 -dibromo - 5 - hydroxythio. 
naphthen (0-81 g., 2-6 mmole) in acetic acid (5 ml.), concentrated nitric acid (0-40 ml.) was 
added at 10°. Orange crystals of the keto-compound formed. These were unstable and decom. 
posed after several hours at room temperature. Dilution of an acetic acid solution of the 
keto-compound with water gave 6-bromo-5-hydroxy-4-nitrothionaphthen, m. p. 124° ang 
mixed m. p. 127°. A positive Craven’s test * with ethyl cyanoacetate and triethylamine was 
obtained after boiling in benzene. 

5-A mino-4,6-dibromothionaphthen-2-carboxylic Acid.—Bromine (6-64 g., 0-0415 mole) was 
added to 5-aminothionaphthen-2-carboxylic acid (4-0 g., 0-0207 mole) and sodium acetate 
(3-1 g.) in hot acetic acid (800 ml.), and the resulting solution heated at 80° for 10 min. Qp 
cooling, prisms of the dibromo-compound crystallised; pale yellow needles (4-7 g., 65%) from 
ethanol had m. p. 314° (Found: C, 30-6; H, 1:7. CyH,Br,NO,S requires C, 30-8; H, 1-4%). 

5-Amino-4,6-dibromothionaphthen.—The barium salt (0-158 g.) of 5-amino-4,6-dibromothio- 
naphthen-2-carboxylic acid was prepared and heated in vacuo with barium hydroxide (0-50 g), 
At 330°, decarboxylation took place, and 5-amino-4,6-dibromothionaphthen sublimed on to a cold 
finger. Colourless crystals (0-038 g., 33%) from ethanol had m. p. 119° (Found: C, 31-4; 
H, 1-5. C,H,;Br,NS requires C, 31-3; H, 1-5%). 

5-Amino-4,6-dibromothionaphthen was also obtained from 5-amino-4-bromothionaphthen, 
To a solution of this compound (0-50 g., 2-2 mmole) in acetic acid (5 ml.) was added bromine 
(0-35 g., 2-2 mmole) in acetic acid at room temperature, and the crude product was precipitated 
with water. After recrystallisation from ethanol it had m. p. 119° and mixed m. p. 119° (0-52g,, 
77%); infrared spectra of the two samples in Nujol were identical. 

3-Bromo-5-nitrothionaphthen.—5-Nitrothionaphthen (5-0 g., 0-0279 mole), bromine (4-47 g,, 
0-0279 mole), and sodium acetate (2-3 g.) were heated under reflux for 1 hr. in acetic acid 
(200 ml.) and, on cooling, red needles of the crude bromo-tompound separated. Purification in 
hot ethanol (charcoal) gave pale yellow needles (5-9 g., 82%), m. p. 171° (lit.,? 170—171). 

5-Amino-3-bromothionaphthen.—3-Bromo-5-nitrothionaphthen (4-59 g., 0-0178 mole) was 
hydrogenated with shaking in ethanol (250 ml.) at room temperature. Platinum oxide (100 mg.) 
was used as catalyst. After 24 hr., 1200 ml. of hydrogen (0-05 mole, 94%) had been taken up. 
The solution was reduced to 50 ml. and dilute hydrochloric acid added. The amine hydrochloride 
thus precipitated was extracted with hot benzene to remove any unchanged nitro-compound 
and recrystallised from water as colourless needles (2-64 g., 60%), m. p. 262° (Found: C, 36-2; 
H, 2-4. C,H,BrCINS requires C, 36-3; H, 2-7%). 

The free amine had m. p. 80—82°. With acetyl chloride in pyridine at 5° (2 hr.), it gave 
the acetyl derivative, plates (80%), m. p. 164° (from benzene) (Found: C, 44-8; H, 3-2. 
C,)H,BrNOS requires C, 44-4; H, 3-0%). 

5-Amino-3,4-dibromothionaphthen.—Bromine (0-152 g., 0-95 mmole) in acetic acid (1-2 ml) 
was added gradually to a solution of 5-amino-3-bromothionaphthen (0-216 g., 0-95 mmole) in 
acetic acid (10 ml.). After 5 minutes’ heating on the steam-bath, 5-amino-3,4-dibromothio- 
naphthen hydrobromide was precipitated. It was shaken with ether and sodium hydroxide 
solution, and the dibromo-amine obtained from the ethereal solution by removal of the solvent 
under reduced pressure. White needles (0-210 g., 72%) were formed from light petroleum 
(b. p. 60—80°) and had m. p. 143° (Found: C, 31-7; H, 1-6. C,H,Br,NS requires C, 31-3; 
H, 1-6%). 

5-Acetamido-3,4-dibromothionaphthen.—5-Acetamidothionaphthen (0-82 g., 4:3 mmole), 
bromine (1-36 g., 8-6 mmole), and sodium acetate (0-8 g.) were heated under reflux in acetic acid 
(40 ml.) for 1 hr. Addition of water precipitated a dibromo-compound which formed needles 
(0-87 g., 58%), m. p. 172°, from benzene (Found: C, 34-5; H, 2-0. C,H,Br,NOS requires 
C, 34-4; H, 2-0%). 

Hydrolysis of this compound (105 mg.) in ethanol and 2N-sodium hydroxide (1: 1) on the 
steam-bath gave 5-amino-3,4-dibromothionaphthen (81 mg., 90%), m. p. 143° and mixed m. p. 
143°. The infrared spectrum in Nujol was identical with that of authentic 5-amino-3,4-dibromo- 
thionaphthen. 

5-Methoxythionaphthen.—Dimethy] sulphate (0-189 g., 1-5 mmole) was added to 5-hydroxy- 
thionaphthen (0-217 g., 1-5 mmole) dissolved in 0-1N-sodium hydroxide (14-5 ml.), and the 
resulting mixture shaken for 1 hr. The methoxy-compound was isolated as an oil by extraction 
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with ether. White needles (0-12 g., 51%), m. p. 42° (lit.,* 44°), were obtained by sublimation 
at 150° under reduced pressure. 

4-Bromo-5-methoxythionaphthen.—5-Methoxythionaphthen (0-079 g., 0-48 mmole), bromine 
(0-077 g., 0-48 mmole), and sodium acetate (0-08 g.) were warmed in acetic acid (4 ml.) on the 
steam-bath for 30 min. The bromo-compound was precipitated by the addition of water; 
crystallisation from light petroleum (b. p. 40—60°) gave needles (0-093 g., 80%), m. p. 90° 
(Found: C, 44-2; H, 2-8. C,H,BrOS requires C, 44-5; H, 3-0%). 

4-Bromo-5-methoxythionaphthen was also prepared from 4-bromo-5-hydroxythionaphthen 
by methylation with dimethyl sulphate, then having m. p. 88—89° and mixed m. p. 89°. 

3,4-Dibromo-5-methoxythionaphthen.—(a) 4-Bromo-5-methoxythionaphthen (0-028 g., 0-115 
mmole) was heated in acetic acid with bromine (0-019 g., 0-118 mmole) on the steam-bath for 
30 min., and the 3,4-dibromo-5-methoxythionaphthen was precipitated by water. White crystals 
(0-027 g., 73%) were obtained from light petroleum (b. p. 40—60°), m. p. 119° (Found: C, 33-9; 
H, 2-1. C,H,Br,OS requires C, 33-6; H, 1-9%). 

(b) 3,4-Dibromo-5-hydroxythionaphthen * (0-37 g., 1-2 mmole) was shaken with 0-1N-sodium 
hydroxide (12 ml.) and dimethyl sulphate (0-164 g., 1-3 mmole) for 1 hr. The methoxy-com- 
pound, obtained by extraction with ether, had m. p. and mixed m. p. 122° (0-15 g., 70%) [from 
light petroleum (b. p. 40—60°)]. Starting material (0-18 g.) was recovered. 

5-Methoxy-4-nitrothionaphthen.—5-Hydroxy-4-nitrothionaphthen with an excess of diazo- 
methane in ether gave 5-methoxy-4-nitrothionaphthen as pale yellow needles (82%) (from ethanol), 
m. p. 108° (Found: C, 51-6; H, 3-3. C,H,NO,S requires C, 51-9; H, 2-9%). 

Trinitrothionaphthens.—Attempts to nitrate 5-nitrothionaphthen-2-carboxylic acid at room 
temperature led to recovery of unchanged starting material. Concentrated nitric acid (1-2 ml., 
0-019 mole) and concentrated sulphuric acid (9-0 ml.) were added to a solution of 5-nitrothio- 
naphthen-2-carboxylic acid (2-1 g., 9-4 mmole) in acetic acid (30 ml.), and the solution was 
heated on the steam-bath for 20 min. The addition of water precipitated an orange solid 
partially soluble in a small amount of benzene and forming light brown crystals (1-0 g., 29%), 
m. p. 163°. The residue formed pale yellow needles (0-4 g., 12%), m. p. 193°, from ethanol. 
The infrared spectrum (Nujol) of neither compound showed carboxyl absorption; analyses 
were consistent with trinitrothionaphthens [Found: (a) C, 35-7; H, 1:3; N, 15-4. (6) C, 35-2; 
H, 1:0. C,H,N,O,S requires C, 35-7; H, 1-1; N, 15-6%). 

Methyl 5-Hydroxythionaphthen-2-carboxylate.—Excess of diazomethane (0-1 mole) in ether 
was added to a solution of 5-hydroxythionaphthen-2-carboxylic acid (3-51 g., 0-018 mole) in 
ethanol. After 24 hr. the solvent was removed under reduced pressure. The ester formed 
plates (3-60 g., 96%) (from benzene), m. p. 162—163° (Found: C, 57-9; H, 3-9. C,)9H,O,S 
requires C, 57-7; H, 3-9%). 

With acetyl chloride in pyridine (20 ml.) at 5° (2 hr.) this gave the acetyl derivative 
(feathery needles) (83%; from ethanol), m. p.130° (Found: C, 57-4; H, 4-0. C,,.H,,0,S requires 
C, 57-6; H, 40%). 

3-Bromo-5-nitrothionaphthen-2-carboxylic Acid.—When bromine (8-0 g., 0-050 mole) was 
gradually added to a solution of sodium 5-nitrothionaphthen-2-carboxylate (12-0 g., 0-049 mole) 
in water (1 1.), a bromo-compound was precipitated (11-0 g., 73%). Efficient stirring was 
required to prevent the product from being contaminated by unbrominated acid. Crystal- 
lisation from ethanol gave material of m. p. 307—309° (lit.,2 310°) (9-6 g., 63%). (When 
5-nitrothionaphthen-2-carboxylic acid was heated under reflux with bromine and sodium 
acetate in acetic acid it was all recovered unchanged.) 

Barium 3-bromo-5-nitrothionaphthen-2-carboxylate was precipitated from a solution of 
the sodium salt by addition of aqueous barium chloride solution. After thorough drying the 
barium salt (0-50 g.) was heated with barium hydroxide (0-50 g.) at 0-5 mm. At 300° vigorous 
decarboxylation took place and the product obtained by ether-extraction crystallised from 
ethanol as pale yellow needles (0-12 g., 32%), m. p. 173° and mixed m. p. with 3-bromo-5- 
nitrothionaphthen 172°; infrared spectra in Nujol of the two samples were identical (Found: 
C, 37-3; H, 1-5. Calc. for C,H,BrNO,S: C, 37-2; H, 1-5%). 

Methyl 5-Acetamidothionaphthen-2-carboxylate—To 5-aminothionaphthen-2-carboxylic acid 
(1-1 g., 5-7 mmole) in methanol (20 ml.), an excess of ethereal diazomethane (0-01 mole) was 
added. The solvent was allowed to evaporate overnight, and the product dissolved in pyridine 
(10 ml.). Acetyl chloride (0-46 g., 5-8 mmole) was added at 5°, and the acetyl compound 
precipitated by addition of water. White crystals (0-77 g., 54%) obtained from benzene-light 
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petroleum (b. p. 60—80°) had m. p. 151° (Found: C, 57-8; H, 43. C,,H,,NO,S requires 
C, 57-8; H, 45%). 

Methyl 3- Bromo -5-nitrothionaphthen - 2 - carboxylate.—3 - Bromo - 5 - nitrothionaphthen - 9. 
carboxylic acid (1-9 g., 6-3 mmole) in methanol (100 ml.) with ethereal diazomethane (0-01 mole) 
(12 hr.) gave the ester (1-8 g., 91%), m. p. 211—212° (from ethanol) (Found: C, 38-3; H, 29. 
C,)H,BrNO,S requires C, 38-0; H, 1-9%). 

Reduction with Raney Nickel and Hydrazine Hydvate.—The preceding ester (1-2 g., 38 mmole) 
was heated in ethanol with Raney nickel (2 g.) and hydrazine hydrate (5 ml.) on the steam-bath 
for 30 min. The product obtained by the removal of solvent under reduced pressure was 
immediately dissolved in pyridine (15 ml.), and acetyl chloride (0-30 g., 3-8 mmole) was added 
dropwise at 5°. Addition of water precipitated methyl 5-acetamidothionaphthen-2-carboxylate 
(0-65 g., 69%), m. p. 151° and mixed m. p. 150—151° (from benzene-light petroleum). 

2,3 - Dibromo -5-nitrothionaphthen—Sodium 3-bromo-5-nitrothionaphthen -2-carboxylate 
(2-4 g., 7-4 mmole) was treated in distilled water (50 ml.) with excess of silver nitrate solution, 
The precipitated silver salt was dried and suspended in dry carbon tetrachloride (40 ml) 
containing bromine (1-18 g., 7-5 mmole), and the mixture was heated under reflux for 2 hr, 
The precipitated silver bromide was removed from the hot solution. 2,3-Dibromo-5-nitrothio. 
naphthen (1-75 g., 70%) crystallised in yellow needles, m. p. 216° (lit.,2 217—218°). 

5-Iodothionaphthen.—5-Aminothionaphthen sulphate (11-3 g., 0-057 mole) was suspended 
in water (1 1.) containing concentrated sulphuric acid (19-5 ml.). Sodium nitrite (4-5 g., 0-057 
mole) in water (50 ml.) was added dropwise at 5° and the mixture stirred for 2 hr. The cold 
solution was filtered directly into one of potassium iodide (83 g., 0-5 mole) in water (500 ml) 
and heated for 20 min. at 90°. Extraction with ether followed by washing of this extract with 
potassium iodide solution and sodium hydroxide solution yielded, on removal of ether, 5-iodo- 
thionaphthen, colourless crystals (6-3 g., 49%), m. p. 54° (from ethanol) (Found: C, 37-1; H, 1-9, 
C,H,IS requires C, 36-9; H, 1-9%). 

5,5’-Dithionaphthenylamine-2,2’-dicarboxylic Acid.—The yellow material obtained as by- 
product in the Bucherer reaction * was taken up in a minimum amount of dry pyridine, and the 
solution filtered through hardened filter paper. The solution was then diluted with water and 
acetic acid, to give the acid, m. p. >360°. Peaks at 1670 and 1284 cm. with broad absorption 
below 2800 cm. in the infrared spectrum in Nujol showed the presence of carboxylic acid 
functions whilst the peak at 3360 cm.“ indicated the secondary amine (Found: C, 58-5; H, 3-0; 
N, 3-8; S, 17-4. C,gH,,NO,S, requires C, 58-6; H, 3-5; N, 3-8; S, 17-0%). 

5,5’-Dithionaphthenylamine.—The foregoing acid (4-5 g.), copper bronze (8-0 g.), and 
quinoline (60 ml.) were heated under nitrogen at 180° for 45 min.; vigorous evolution of carbon 
dioxide was observed. The mixture was allowed to cool under nitrogen and diluted with ether. 
After removal of the copper bronze and ether, the quinoline solution was poured into 6N-sulphuric 
acid (600 ml.). A brown solid was precipitated; from ethanol it formed feathery needles 
(2-2 g., 65%), m. p. 157—158°, mixed m. p. 156° (infrared spectra of the two samples in Nujol 
were identical) (Found: C, 67-9; H, 3-8; N, 5-2; S, 22-7. C,,H,,NS, requires C, 68-3; H, 
3-9; N, 5-0; S, 22-8%). 

5,5’-Dithionaphthenylamine was prepared unambiguously by an adaptation of the method 
used for preparing diphenylamine.’° 5-Aminothionaphthen (0-30 g.) and 5-aminothionaphthen 
hydrochloride (0-35 g.) were heated together in a sealed tube at 240° for 30 hr. The secondary 
amine extracted with hot ethanol formed needles (from ethanol) (0-25 g., 43%), m. p. 156°. 
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498. Stereochemical Investigations of Cyclic Bases. Part V.* Ex- 
haustive Methylation of N-Methyl-4-aza-5«- and -58-cholestane, and 
the Reaction of the Methines with Acetic Acid: the Possibility of 
“4'3? Hofmann Elimination with Cyclic Ammonium Hydroxides. 
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a By J. McKenna and A. TULLEY. 
was Bolt’s aza-steriod,t m. p. 116—117°, has been shown to be 4-aza-5a- 
Ided cholestane; from the N-methyl derivative the isomeric N-methyl-4-aza- 
rlate 58-cholestane has been obtained by oxidation with mercuric acetate followed 
by catalytic hydrogenation of the perchlorate of the resulting enamine. 
‘late Hofmann degradation of N-methyl-4-aza-5a- and -58-cholestane yielded 
tion. respectively 58-dimethylamino-3,5-seco-a-norcholest-2-ene and 3-dimethyl- 
ml) § amino-3,5-seco-a-norcholest-5-ene. The latter methine was not cyclised 
thre =O in boiling acetic acid, but the former yielded the methoacetate of N,2&-di- 
hioe methyl-3-aza-a-nor-5a-cholestane, from which the cyclic tertiary base was 
obtained by reduction of the related quaternary iodide with lithium alu- 
ded minium hydride. The results are discussed and compared with those 
“057 previously obtained with other cyclic bases, and the possibility of “ «’B” 
cold Hofmann elimination arising in such systems is examined. 
a '  IncrEasING attention has recently ¢ been given to aza-steroids in view of their general 
odo. | structural interest and possible therapeutic value. Some of them appear to be suitable 
19. forthe study of ring-fission and other reactions in rigid heterocyclic systems. The synthesis 
and exhaustive methylation of N-methyl-4-aza-5a- and -58-cholestane (III; R = Me and 
by- [| VIII respectively) are described in this paper, together with related work. 
the [| 
and 
tion 
acid «=f 
30; SS 
and ° 
bon NN’; 
her. RA am 
uric 
iles RS RS RS 
1, ‘ RHC 
H, NZ N . 2 
Me clo; Me 
hod (V) (V1) (VII) (VIII) (IX) 
_ In 1938 Bolt } prepared the lactam (II) by reduction of the ketoxime (I; R = N-OH) 
, with sodium and alcohol followed by acidification of the alkaline reduction mixture; 
whether this lactam was a derivative of 5a- or 58-cholestane was not discussed but modern 
- conformational theory indicates that the N-C;,) bond is probably equatorial, as it is in the 
> of A/B-trans-structure (II), and this assignment is confirmed by the degradative evidence 
taff discussed below. Bolt reduced his lactam to the secondary base {III; R =H) with 
sodium and pentanol; we have repeated this work, but find that the modern procedure 
using lithium aluminium hydride is preferable. Hofmann degradation of N-methyl-4- 





j aza-5a-cholestane (III; R= Me) yielded 58-dimethylamino-3,5-seco-a-norcholest-2-ene 


* Part IV, J., 1959, 137. ; 

t Shoppee and Sly, for instance, have announced an extensive synthetical programme; these 
authors and, more recently, Mazur * give references to earlier work. Most authors (including those 
named) have so far confined themselves to the more readily accessible aza-homo-steroids. 


? Bolt, Rec. Trav. chim., 1938, 57, 905; U.S.P. 2,227,876/1941. 
* (a) Shoppee and Sly, J., 1958, 3458; (b) Mazur, J. Amer. Chem. Soc., 1959, 81, 1454. 
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(IV; R = NMe,); the structure of this methine was deduced from its infrared absorption 
spectrum, from the difficulty in eliminating nitrogen from the dihydromethine (V; R = 
R’ = NMe,) by further Hofmann degradation (equatorial dimethylamino-group *4) and 
from the synthesis (following paragraph) of the other possible dihydromethine (y: 
R = NMe,, R’ = H). 

Leonard and his collaborators have extensively investigated > the oxidation of cyclic 
tertiary bases with mercuric acetate; this procedure, followed by hydrogenation of the 
resulting enamines or their salts is occasionally a useful method for effecting epimerisation 
at an asymmetric centre adjacent to the ring nitrogen atom.® Oxidation of N-methyl4. 
aza-5a-cholestane with mercuric acetate gave N-methyl-4-azacholest-5-ene (VI) character. 
ised as the perchlorate (VII): the assigned structures accord with the infrared and ultra. 
violet absorption spectra. Catalytic hydrogenation of the perchlorate in ethanol yielded 
a mixture of N-methyl-4-aza-5«- and -58-cholestanes (III; R= Me; and VIII; re. 
spectively) which were readily separated by chromatography. Hofmann degradation 
of N-methyl-4-aza-58-cholestane (VIII) yielded 3-dimethylamino-3,5-seco-A-norcholest. 
5-ene (IX; R = NMe,) together with a little of the original cyclic tertiary base (VIII), 
The structure of the methine was shown by its infrared absorption spectrum, by the 
identity of the dihydromethine (V; R= NMe,, R’ =H) with a specimen prepared 
independently from 3,5-seco-A-norcholestan-3-oic acid (X; R = CO,H) and by further 
Hofmann degradation of the dihydromethine to 3,5-seco-a-norcholest-2-ene (IV; R =H), 
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Catalytic hydrogenation of this unsaturated hydrocarbon gave 3,5-seco-a-norcholestane 
(V; R= R’ = H), which was also obtained as a terminal product of exhaustive methyl- 
ation and catalytic hydrogenation from the isomeric aza-steroid (III; R = Me). 

The methine (IV; R = NMe,) was cyclised to a methoacetate in hot acetic acid, the 
reaction being very rapid at the boiling point of the solvent. The product was isolated as 
methiodide and converted by reduction with lithium aluminium hydride in tetrahydrofuran’ 
into the related tertiary base * (XI), so formulated because it was not identical with the 


* This base, m. p. 69—70°, appeared to be homogeneous, but there is a possibility that the methiodide 
is a mixture of 2-epimers. Different samples of methiodide gave different proportions of the base (XI) 
and the methine (IV; R = NMe,) on treatment with lithium aluminium hydride, and the reason for 
this has not been examined. 


% Haworth, McKenna, and Powell, J., 1953, 1110; Gent and McKenna, /., 1956, 573. 
* Gent and McKenna, /., 1959, 137. 
5 Leonard and Morrow, J. Amer. Chem. Soc., 1958, 80, 371, and numerous earlier papers in the same 
journal. 
® Cf. Favre and Mariner, Canad. J. Chem., 1958, 36, 429. 
7 Cf. Cope and Bumgardner, J. Amer. Chem. Soc., 1957, 79, 960. 
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aza-steroid (III; R= Me) from which the methine had been derived, and from con- 
sideration of analogous cases where a pyrrolidine rather than a piperidine ring is formed.®* 10 
Hofmann degradation of the new base (XI) gave back the methine (IV; R = NMe,) 
apparently exclusively, in contrast to similar degradation of the aza-steroid (III; R = Me) 
when some of the original cyclic tertiary base is also formed by elimination of methanol 
from the quaternary hydroxide. An alternative method to chromatography for separation 
of the tertiary bases in the Hofmann mixture from the degradation of the aza-steroid 
(III; R = Me) consisted in treatment of the mixture with hot acetic acid, separation of 
the product into recovered cyclic base (III; R= Me) and metho-salt, and Hofmann 
degradation of this to the methine (IV; R= NMe,). Some of this methine was also 
formed during reduction of the methiodide of the tertiary base (XI) with lithium alu- 
minium hydride; a similar result has been observed with the methiodides of other 1,2-di- 
methylpyrrolidines.° The particular ease of Hofmann fission of 2-methylpyrrolidinium 
quaternary hydroxides was demonstrated in Part II ™ and discussed in terms of the E2 
mechanism (as in XII) which seems appropriate for the spiro-quaternary hydroxides used 
in the investigation. Wittig 1* and Weygand’s }* “ «’s ” elimination mechanism, however 
(which requires presence of an *NMe group) has been shown }° to be competitive with the 
E2 process above 100° in the degradation of ethyltrimethylammonium hydroxide, and 
could also readily operate (as in XIII) in the Hofmann fission of 1,2-dimethylpyrrolidinium 
methohydroxides (e.g., the methohydroxide of the base XI).* The geometrical ideals 
for the E2 (trans coplanar H-C-C-N’*) and the «’8 [cis-coplanar H-C-C-N*-C(methy])] 
mechanism, however, are quite distinct, so that more typically one mechanism or the 
other will be favoured with cyclic ammonium hydroxides. 

The methine (IX; R = NMe,) in contrast to its isomer (IV; R = NMe,) did not 
cyclise on long boiling in acetic acid, although the base (XIV) with one methylene group 
less in the side chain does undergo this reaction.? These results accord with general 
geometrical considerations governing ring-closures. 
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The aza-steroids (VIII) and (III; R = Me) are analogues of cis- and ¢rans-decahydro- 
l-methylquinoline, which yield the methines (XV) and (XVI) respectively, on Hofmann 
degradation. As has been previously pointed out,™ the direction of fission with the 


* Trialkylcyclopentylammonium hydroxides could readily yield cyclopentenes by the same mechan- 
ism. Degradation™ of cyclohexylcyclopentyldimethylammonium hydroxide yields cyclopentene 
rather than cyclohexene. 


* Favre, Haworth, McKenna, Powell, and Whitfield, J., 1953, 1115. 
* Bailey, Haworth, and McKenna, J., 1954, 967. 

1 Jewers and McKenna, unpublished work. 

" Jewers and McKenna, J., 1958, 2209. 

” Wittig and Polster, Annalen, 1958, 612, 102. 

8 Weygand, Daniel, and Simon, Chem. Ber., 1958, 91, 1691. 

“ McKenna, Chem. and Ind., 1954, 406. 
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trans-quaternary hydroxide (XVII) is probably due to the necessarily equatorial attach. 
ment of the nitrogen atom to the six-carbon ring, but a suitable geometrical disposition of 
N-Cy)-Cyy-H (eq) is available for the normal £2 process leading to the methine (XVI), 4 
similar interpretation can be applied to the reaction of the a/B-trans-aza-steroid (III; 
R = Me) which affords the structurally analogous methine (IV; R= NMe,). These 
methines do not appear to arise by the «’® process involving transfer (cf. XVIII) of the 
axial 3-hydrogen atom since, from a geometrical standpoint, fission of the bond between 
nitrogen and the adjacent bicyclic carbon atom [with transfer of hydrogen atom from 
position 8 in (XVII) or position 6 in the steroidal analogue] could take place equally readily, 
as could formation of an olefin by a similar mechanism on pyrolysis of an alicyclic equatorial 
steroidal quaternary ammonium hydroxide. The isomeric methines have not been observed, 
and only low yields of olefins are obtained from the alicyclic quaternary bases. In the latter 
case, however, where the alternative E2 mechanism is not favoured, the «’8 mechanism 
may well operate: certainly, elimination of *NMe, and (unactivated *) czs-8-hydrogen has 
been observed with some equatorial quaternary ammonium salts, a good example * being 
5a-cholestan-6a-yltrimethylammonium hydroxide. The fission illustrated in (XVIII) 
may thus arise in a piperidine so substituted that the E2 mechanism cannot readily operate, 
but a similar reaction with a pyrrolidine system is probably ruled out by the geometry of 
the five-membered ring. 

The methines (XV) and (IX; R= NMe,) from cis-decahydro-l-methylquinoline 
and N-methyl-4-aza-5@-cholestane (VIII) respectively are not structurally analogous, 
unlike those just discussed from the corresponding trans-bases, and these diverse results 
are of some interest. cis-Decahydroquinoline, like cis-decalin, would be expected to exist 
as two readily interconvertible twin-chair conformations (XIX and XX), but the con- 
formations of the metho-salts will probably be related to (XIX) since the bulky quaternary 
group will adopt the equatorial position with respect to the six-carbon ring.t Hence 
Hofmann pyrolysis of the cis-methohydroxide will yield the methine (XV). The only all- 
chair conformation for the cis-aza-steroid (VIII), however, is (X XI), where the N-C,,) bond 
is axial, and the molecular geometry is thus particularly suitable for E2 Hofmann fission 
leading to the methine (IX; R = NMe,). The geometrical disposition of N-Ci-C@-H(8) 
would also be suitable for E2 fission to an isomeric methine of type (XV); this reaction, 
however, does not occur, probably because strain due to attachment of the quaternary 
group axial to ring B would not thereby be reduced, and because the developing double 
bond would be at C;.;-C,g) in the partially opened aza-58-cholestane framework, a position 
where it is certainly difficult to form a double bond in the normal 58-cholestane nucleus.” 

In this and several other laboratories steroidal amines have frequently been encountered 
as uncrystallisable oils. Some of the bases described in this paper (and some non-basic 
compounds in which ring A is opened) are oils, but three of the new amines, viz., (III; 
R = Me), (V; R = H, R’ = NMe,), and (XI) are crystalline. 


* cis-Elimination of *NMe, and a strongly activated B-hydrogen atom can readily occur, but prob- 
ably by the E2 process.'® 

t Fora detailed discussion of the special steric interactions which may arise in compounds containing 
cis-bicyclic systems see, e.g., Dauben and his collaborators.1* In the case of metho-salts related to the 
conformation (XX), the interactions arise between the axial N-Me group and the methylene groups (or 
more precisely the axial hydrogen atoms thereof) at C;,, and C,,,. Examination of accurate scale models 
indicates that these interactions are reduced somewhat in metho-salts in an analogous conformation 
derived from cis-octahydro-N-methylindole (although these derivatives will also prefer a conformation 
with the quaternary group equatorial to the six-carbon ring). Hence the Hofmann degradation ® of 
cis-octahydro-N-methylindole methohydroxide to the methine (XIV) may be yet another example of 
the ready E2 fission of an axial quaternary ammonium group, although the «’B mechanism with other 
conformations is also a possibility. 


15 See Weinstock and Bordwell, J. Amer. Chem. Soc., 1955, 77, 2706; Hodnett and Flynn, ibdid., 
1957, 79, 2300; ref. 13. . 
16 Dauben, Tweit, and Mannarkantz, J. Amer. Chem. Soc., 1954, 76, 4420; Dauben and Jiu, ibid., 
p. 4426. 
17 For a recent discussion see Turner, Meador, and Winkler, J. Amer. Chem. Soc., 1957, 79, 4122. 
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EXPERIMENTAL 


I). A tical rotations, except where otherwise stated, refer to chloroform solutions at room 
| (II; temperature (17—23°) at concentrations of 1—5%. Light petroleum refers to the fraction of 
These b. p. 40—60°. Spence’s alumina (Type H) activated at 160° for 10 min., and dry “‘ AnalaR ”’- 
of the grade solvents were used for chromatography. 

4-Aza-5a-cholestan-3-one.—The oxime?! (0-84 g.) from 5-oxo-3,5-seco-a-norcholestan-3-oic 
acid #8 in boiling ethanol (20 c.c.) was reduced with sodium (1-8 g.). The reaction mixture was 
cooled, diluted with water, and acidified with acetic acid, and the white precipitate (0-78 g.) was 
separated into 4-aza-5a-cholestan-3-one (0-38 g.), m. p. 244—246°, and an acidic residue (0-40 g.), 
m. p. 160—170°. This residue appeared to be a mixture of keto- (m. p. 150°) and hydroxy- 
jmino-acid (m. p. 188°) and was converted by re-oximation into the pure hydroxyimino-acid 
(0-37 g.), m. p. and mixed m. p. 188°, from which more of the lactam was prepared in a second 
reduction. Bolt? records m. p. 253—255° for this lactam. 

4-A za-5u-cholestane.—(a) 4-Aza-5a-cholestan-3-one (0-55 g.) in boiling pentanol (45 c.c.) was 
reduced with sodium (2-2 g.), the mixture was poured into water, the pentanol was removed by 
steam-distillation, and the residue was extracted with ether. The extract yielded 4-aza-5a- 
cholestane which on recrystallisation from methanol formed irregular prisms (0-48 g.), m. p. 
114—115°, [a],, +40° (in CHCl,), +46° (in pyridine) (Found: C, 83-9; H, 12-4; N, 3-5. Cale. 
for CygH,,N: C, 83-6; H, 12-7; N,3-7%). Bolt} gives m. p. 116—117°, [a], +48° (in pyridine) 
for this base. 

(b) The lactam (0-1 g.) was reduced (Soxhlet method) with lithium aluminium hydride 
(0-1 g.) in ether (125 c.c.) for 48 hr. The basic product had m. p. 114—115°, undepressed with 
a sample prepared by method (a). 

4-Aza-5a-cholestane hydrochloride was readily soluble in water and dilute hydrochloric acid, 
and separated from acetone-chloroform as irregular prisms, m. p. 246—250° (Found: N, 3-5; 
Cl, 8-9. C,,H,,NCl requires N, 3-4; Cl, 8-7%). 

N-Methyl-4-aza-5a-cholestane.—4-Aza-5a-cholestane was methylated in the usual way ” 
with formaldehyde and formic acid, and the tertiary base was recrystallised from methanol as 
rectangular prisms, m. p, 70—71°, [aj,, +13° (Found: C, 83-8; H, 12-8; N, 3-4. C,H yN 
requires C, 83-7; H, 12-7; N, 3-6%). Bolt} records m. p. 61—62° for a product obtained from 
the secondary aza-steroid and methyl iodide. The hydrochloride separated from acetone as 
prisms, m. p. 268—274° (Found: N, 3-2; Cl, 8:3. C,,H; NCI requires N, 3-3; Cl, 8-4%), and 
was insoluble in water and dilute hydrochloric acid. The perchlorate, which separated from 
ethanol in fine needles, had m. p. 248—250° (Found: C, 66-1; H, 10-0; Cl, 7-4. C,,H,gNClO, 
requires C, 66-6; H, 10-3; Cl, 7-°3%). The methiodide, prepared from either the secondary or 
the tertiary base, separated from acetone in rectangular prisms, m. p. 284—286°, [aJ,, +5° 
(Found: C, 63-3; H, 9-8; N, 2-4. C,gH,.NI requires C, 63-5; H, 9-8; N, 2-6%). Reduction? 
of the methiodide (0-14 g.) with lithium aluminium hydride (0-25 g.) in dry tetrahydrofuran 
(125 c.c.) (Soxhlet procedure) yielded the tertiary base (0-10 g.), m. p. and mixed m. p. 70—71°. 

Hofmann Degradation of N-Methyl-4-aza-5a-cholestane—A solution of the foregoing 
methiodide (0-1 g.) in aqueous methanol was converted in the usual way into the methohydroxide, 
which was pyrolysed at 150—180° (bath-temp.)/0-002 mm. The distillate (0-06 g.) from this 
and similar experiments was treated in either of two ways. 








prob (a) The pyrolysis distillate (0-06 g.) was dissolved in acetic acid (3 c.c.) and was refluxed for 
ining 3 hr. and then concentrated under reduced pressure. The residue was made strongly basic 
o the with concentrated aqueous potassium hydroxide and extracted with ether. The aqueous 
8 (or portion was treated with excess of potassium iodide and extracted with chloroform. The ether 
—_ extract yielded N-methyl-4-aza-5a-cholestane (0-035 g.), m. p. and mixed m. p. 70—71° (from 
ation methanol). The chloroform extract contained N,2&-dimethyl-3-aza-a-nor-5a-cholestane 
.* of methiodide (0-022 g.), hexagonal prisms (from acetone), m. p. 292—294°, which differed in its 
e : infrared spectrum from N-methyl-4-aza-5a-cholestane methiodide. (The cyclisation and the 


new methiodide are described more fully in a subsequent paragraph.) The new methiodide 
(0-037 g.) was converted into the methohydroxide which was pyrolysed to give 58-dimethyl- 
bid., amino-3,5-seco-a-norcholest-2-ene (0-019 g.) identical in specific rotation ({a], +27°) and 
bid. infrared spectrum with the compound isolated by chromatography by method (8). 


18 Turner, J. Amer. Chem. Soc., 1950, 72, 579. 
* Clarke, Gillespie, and Weisshaus, J. Amer. Chem. Soc., 1933, 55, 4571. 
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(b) Tae pyrolysis distillate (0-1 g.) was chromatographed on alumina (3 g.). Elution with 
light petroleum followed by ether gave 58-dimethylamino-3,5-seco-a-norcholest-2-ene (0-056 g.) 
as a colourless oil, [a], +27° (Found: C, 83-8; H, 12-8; N, 3-6. C,,H,,N requires C, 83-8: 
H, 12-7; N, 3-5%); further elution with ether yielded N-methyl-4-aza-5«-cholestane (0-039 g.), 
m. p. and mixed m. p. 70—71° (from methanol). The methine was unsaturated to acid 
permanganate, and its infrared spectrum exhibited two strong bands at 910 and 988 cm. 
(-CH=CH,).” Catalytic hydrogenation of the methine in acetic acid—ethanol in presence of a 
platinum catalyst resulted in the rapid uptake of one mol. of hydrogen, yielding 58-dimethyl- 
amino-3,5-seco-A-norcholestane, which separated from acetone—methanol as prisms, m. p. 51—52°, 
fa], +11° (Found: C, 83-3; H, 13-1. C,,H,;,;N requires C, 83-4; H, 13-2%). This base 
was saturated to acidic permanganate and exhibited no infrared band at 910 or 988 cm. 
(or elsewhere in the C-H deformation area). The hydrochloride, m. p. 198—200° (Found: 
Cl, 8-0. C,,H;,NCl requires Cl, 8-1%), which was insoluble in water and dilute hydrochloric 
acid, and the methiodide, m. p. 170° (Found: I, 22-8. C,gH,,NI requires I, 23-3%), were 
prepared. 

Hofmann Degradation of 58-Dimethylamino -3,5-seco-a-norcholestane.—The foregoing 
methiodide (0-29 g.) was converted into the corresponding methohydroxide which was pyrolysed 
at 160° (bath)/0-001 mm. and the distillate (0-185 g.) was separated into basic and neutral 
fractions by careful treatment with hydrochloric acid. The basic product (0-13 g.), on recrystal- 
lisation from methanol, had m. p. 51—52°, undepressed on admixture with authentic 58-di- 
methylamino-3,5-seco-A-norcholestane (Found: C, 83-5; H, 13-0; N, 3-8. Calc. for 
C,,H;,N: C, 83-4; H, 13-2; N, 3-5%); the hydrochloride, m. p. and mixed m. p. 198~— 
200°, was also examined. The neutral product, 3,5-seco-a-norcholest-5-ene, was an oil, 
which gave a yellow colour with tetranitromethane and exhibited an infrared band 
at 726 cm.7 (cis- -CH=CH-).* Catalytic hydrogenation in acetic acid-ether in presence 
of a platinum catalyst gave an oil which gave no colour with tetranitromethane and was 
identical in infrared spectrum with synthetic 3,5-seco-a-norcholestane prepared as described 
below. 

The neutral fraction in the Hofmann pyrolysis mixture could also be isolated by treatment 
of the mixture with methyl iodide, and separation of the petroleum-insoluble methiodide. 

4-Azacholest-4-ene Methoperchlorate (VII).—A solution of mercuric acetate (0-8 g.) and 
N-methyl-4-aza-5a-cholestane (0-18 g.) in 20% aqueous acetic acid (5 c.c.) was heated to 100° 
and stirred mechanically. Mercurous acetate began to separate in a few minutes. After 2 hr. 
the mixture was cooled, mercurous acetate (0-236 g.) was separated by filtration and washed 
with alcohol, the combined filtrate and washings were saturated with hydrogen sulphide, and 
the resultant mercuric sulphide was removed in the centrifuge. The supernatant liquid was 
concentrated to 10 c.c. and basified with concentrated aqueous sodium hydroxide, and the 
precipitated base was extracted with ether and treated with alcoholic perchloric acid. The 
4-azacholest-4-ene methoperchlorate so obtained separated from ethanol as irregular prisms 
(0-164 g.) (Found: N, 2-8; Cl, 7-7. C,,H,O,NCl requires N, 2-9; Cl, 7-3%), m. p. 230—232° 
depressed to ca. 210° on admixture with N-methyl-4-aza-5«-cholestane perchlorate (m. p. 
248—250°). The infrared spectrum of the unsaturated perchlorate showed a band at 1654 
cm.1 (*N=C stretching). The corresponding unsaturated base, N-methyl-4-azacholest-5-ene, 
was an oil which rapidly discoloured in the air and had bands at 793, 816, and 1634 cm.+ 
(>C=CH-—),»22 and at 221 my (e 8800). 

N-Methyl-4-aza-58-cholestane.—The unsaturated perchlorate (0-135 g.) in ethanol (15 c.c.) 
was hydrogenated at 38° in presence of platinum catalyst (0-01 g. of PtO,); one mol. of hydrogen 
was rapidly absorbed. After 2 hr. the catalyst was filtered off, the filtrate was evaporated, the 
residue was treated with excess of sodium hydroxide, and the saturated basic oil (0-102 g.) 
liberated was extracted with ether and chromatographed on alumina (3 g.). Elution with 
light petroleum and ether gave a colourless oil (0-085 g.) followed by a crystalline solid (0-015 g.); 
separation of these components could readily be followed by infrared spectroscopic examination 
of the fractions from the column, the oil having a band at 1012 cm.“ and the solid one at 1024 


#0 Bellamy, “‘ The Infra-Red Spectra of Complex Molecules,” 2nd edn., Methuen, London, 1958, 
pp. 34 et seq. 

*1 Leonard, Miller, and Thomas, ]. Amer. Chem. Soc., 1956, 78, 3463; Opitz, Hellmann, and Schubert, 
Annalen, 1959, 623, 112. 
#2 Bladon, Fabian, Henbest, Koch, and Wood, /., 1951, 2408. 
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cm. [possibly corresponding to C-N (a) and C-N (eq) stretching frequencies respectively *]. 
The solid after recrystallisation from methanol had m. p. 70—71° alone or mixed with N-methyl- 
4-aza-5a-cholestane. The oily N-methyl-4-aza-58-cholestane had b. p. 180° (bath)/0-001 mm., 
[oi], +28° (Found: C, 83-7; H, 12-6. C,,;H4 N requires C, 83-7; H, 12-7%). The hydrochloride 
formed hexagonal prisms (from acetone), m. p. 238—240° (Found: N, 3-2; Cl, 8-4. C,,H;)NCl 
requires N, 3-3; Cl, 84%). The methiodide, rectangular prisms from acetone, had m. p. 
267—268° (Found: C, 63-3; H, 9-8. C,,H,,NI requires C, 63-5; H, 9-8%). 

Hofmann Degradation of N-Methyl-4-aza-58-cholestane.—The foregoing methiodide (0-245 g.) 
was converted into methohydroxide which was pyrolysed at 150—200° (bath) /0-005 mm. and 
the distillate (0-186 g.) was chromatographed on alumina (6 g.), elution being with light 
petroleum and ether. The first compound eluted (0-027 g.) was identified as N-methyl-4-aza- 
58-cholestane by its infrared spectrum. The second compound (0-132 g.) was an oil, b. p. 
180° (bath)/0-001 mm., [aj], +5°, unsaturated to acid permanganate, vmx 725 cm. 
(cis- CH=CH-); * it is formulated as 3-dimethylamino-3,5-seco-a-norcholest-5-ene (Found: 
C, 83-4; H, 12-5. C,sH,,N requires C, 83-8; H, 12-7%). Catalytic hydrogenation in ethanol 
in the presence of a platinum catalyst gave 3-dimethylamino-3,5-seco-a-norcholestane, [a], 
+27°, identical in infrared spectrum with a sample independently synthesised (next paragraph) ; 
the hydrochloride, m. p. and mixed m. p. 227—-229° (depressed to 176—178° on admixture with 
the hydrochloride, m. p. 198—200°, of the other dihydromethine, 58-dimethylamino-3,5-seco- 
a-norcholestane), and the methiodide, m. p. and mixed m. p. 266—268°, were also identical in 
infrared spectra with the salts of the authentic tertiary base. 

3-Dimethylamino-3,5-seco-a-norcholestane from 3,5-Seco-a-norcholestan-3-o0ic Acid.—(a) The 
acid, m. p. 137°, [aj, +24° (0-4 g.), and urea (0-4 g.) were heated together ** at 150—180° (bath) 
with intermittent stirring for 7 hr., ammonia being evolved at first. The product was taken 
up in ether and washed with sodium hydroxide and then with water, and the ether was 
evaporated. The residual 3,5-seco-a-norcholestan-3-amide (0-33 g.), recrystallised from ether- 
light petroleum, had m. p. 139—140° (depressed to 124—128° on admixture with the acid, m. p. 
137°), (|, +30° (Found: C, 80-1; H, 12-2; N, 3-9. C,.H,,ON requires C, 80-2; H, 12-1; 
N, 36%). The infrared spectrum was that of an amide. Reduction of the amide (0-1 g.) with 
lithium aluminium hydride (0-2 g.) in ether (50 c.c.) for 48 hr. gave 3-amino-3,5-seco-a-nor- 
cholestane, b. p. 190° (bath)/0-005 mm., [a], +36° (Found: C, 83-1; H, 13-1. C,H, N requires 
C, 83-2; H, 13-1%). The hydrochloride had m. p. 255—256° (Found: C, 75-4; H, 11-9; Cl, 8-7. 
CygHs9NCl requires C, 75-8; H, 12-2; Cl, 86%). Methylation with formaldehyde and formic 
acid gave 3-dimethylamino-3,5-seco-a-norcholestane, b. p. 190° (bath)/0-005 mm., [a],, +27° 
(Found: C, 83-2; H, 13-0. C,,H;,N requires C, 83-4; H, 13-2%). The hydrochloride had 
m. p. 227—-229° (Found: N, 3-2; Cl, 81. C,,H,,NCl requires N, 3-2; Cl, 8-1%), and the 
methiodide had m. p. 266—268° (Found: N, 2-8; I, 23-5. C,.H;,NI requires N, 2-6; I, 23-3%). 

(6) Methylation of 3,5-seco-a-norcholestan-3-oic acid with diazomethane gave the methyl 
ester as an oil, b. p. 178° (bath)/0-005 mm., which slowly crystallised at 0°, [a),, + 23° (Found: 
C, 80-2; H, 12-1. C,,H,,0, requires C, 80-2; H, 119%). This compound has been previously 
prepared by Tschesche,* but without characterisation. Treatment of the ester in an autoclave 
with excess of dimethylamine at 130° for 24 hr. gave NN-dimethyl-3,5-seco-a-norcholestan-3- 
amide as an oil, [a),, +24° (Found: C, 80-7; H, 11-8. C,,H,,ON requires C, 80-6; H, 12-2%), 
which had an infrared spectrum with the appropriate (amide) characteristics. Reduction of 
this amide with lithium aluminium hydride in ether gave 3-dimethylamino-3,5-seco-a-nor- 
cholestane, {a],, +27° (Found: C, 83-1; H, 12-8. Calc. for C,H,,;N: C, 83-4; H, 13-2%), 
which agreed in infrared spectrum with the base prepared by method (a). 

Hofmann Degradation of 3-Dimethylamino-3,5-seco-a-norcholestane.—Pyrolysis of 3-dimethyl- 
amino-3,5-seco-a-norcholestane methohydroxide (from 0-09 g. of methiodide) at 180—200° 
(bath)/0-001 mm. gave a distillate (0-056 g.) which was separated by treatment with hydro- 
chloric acid into 3-dimethylamino-3,5-seco-a-norcholestane (0-03 g. of hydrochloride, m. p. 

* Acyclic amines exhibit a C—N stretching band in the region 1020—1220 cm.-. In polycyclic 
systems the stretching frequencies of,C-X bonds are usually higher for an equatorial than for an axial 
substituent X,?8 and we have found (unpublished results) the same to be true for a number of pairs of 
epimeric alicyclic steroidal tertiary amines. 

*8 Barton and Cookson, Quart. Rev., 1956, 64. 

** Cf. Cherbuliez and Landolt, Helv. Chim. Acta, 1946, 29, 1438; preparation of the amide by the 
acid chloride route was less satisfactory. 
*5 Tschesche, Annalen, 1932, 498, 185. 
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227—229°) and 3,5-seco-a-norcholest-2-ene (0-025 g.), b. p. 190—200° (bath)/0-005 mm. » (all, 
+ 22°, the infrared spectrum of which showed strong bands at 906 and 992 cm.*} (-CH=CH,). % 
Catalytic hydrogenation in acetic acid-ether in presence of a platinum catalyst gave 3,5-seco-a- 
norcholestane, b. p. 180° (bath)/0-001 mm., [a], +20° (Found: C, 86-4; H, 13-4. C,gH,, requires 
C, 86-7; H, 13-3%), saturated to tetranitromethane and identical in infrared spectrum with 
the reduction product from 3,5-seco-a-norcholest-5-ene described above. 

Cyclisation of 58-Dimethylamino-3,5-seco-a-norcholest-2-ene in Acetic Acid.—A solution of 
the methine (0-061 g.) in acetic acid (3 c.c.) was refluxed and tested from time to time for 
residual uncyclised base by addition of a drop to aqueous alkali. Only a little methine remained 
after 5 min. and none after 20 min. In another experiment a solution of the methine (0-097 g.) 
in acetic acid (5 c.c.) was refluxed for 3 hr., cooled, treated with excess of concentrated aqueous 
potassium hydroxide and potassium iodide, and extracted three times with chloroform; the 
extract on evaporation gave a quantitative yield of N,2&-dimethyl-3-aza-a-norcholestane 
methiodide (or a mixture of 2-epimers), hexagonal prisms (from acetone), m. p. 292—294° 
(Found: N, 2-9; I, 24:3. Calc. for C,,H,,NI: N, 2-6; I, 240%). The methiodide (0-116 g.) 
was treated with lithium aluminium hydride (400 mg.) in boiling tetrahydrofuran (50 c.c.) for 
72 hr. and the oily basic product (0-078 g.) was separated by chromatography into 58-dimethyl- 
amino-3,5-seco-a-norcholest-2-ene (0-009 g.; first fraction) identified by its infrared spectrum 
(bands at 910 and 990 cm."1) and reaction with acid permanganate, and N,2&-dimethyl-3-aza-a- 
norcholestane (0-059 g.; second fraction), prisms (from acetone), m. p. 69—70°, depressed to 
52—56° on admixture with N-methyl-4-aza-5a-cholestane (m. p. 70—71°), [a], + 16° (Found: 
C, 83-5; H, 12-6; N, 3-8. C,,H,,N requires C, 83-7; H, 12-7; N, 3-6%). This base was more 
readily isolated from the basic mixture from the reduction process by treatment of the mixture 
with hot acetic acid to cyclise the methine fraction; after appropriate treatment the cyclised 
methiodide (or methiodide mixture), m. p. and mixed m. p. 285—290°, was also obtained in 
such experiments. 

When 58-dimethylamino-3,5-seco-a-norcholest-2-ene (0-042 g.) was treated with acetic acid 
(3 c.c.) at 70° for 22 hr., none of the methine acetate remained. The cyclised product was 
isolated as before as methiodide (0-051 g.) which on reduction with lithium aluminium hydride 
in tetrahydrofuran gave a basic mixture (0-033 g.) affording by chromatography the methine 
(0-020 g.) and N,2&-dimethyl-3-aza-a-norcholestane (0-012 g.), m. p. 69°, undepressed on 
admixture with a specimen obtained from a cyclisation in boiling acetic acid. 

Attempted Cyclisation of 3-Dimethylamino-3,5-seco-a-norcholest-5-ene.—The methine (0-070 g.) 
in acetic acid (4 c.c.) was refluxed for 6 hr., and the solution was cooled, treated with excess of 
potassium hydroxide and potassium iodide, and extracted with ether followed by chloroform. 
Evaporation of the ether yielded the methine (0-066 g.) (Found: C, 84-0; H, 12-8. Calc. for 
C,,H,,N: C, 83-8; H, 127%), identical in infrared spectrum and specific rotation with the 
starting product. No methiodide was obtained from the chloroform extract. 


We thank the Department of Scientific and Industrial Research for a maintenance grant 
(to A. T.). 
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499. Infrared Spectra of Carbohydrate Nitrates and Sulphonates. 
By R. D. GuTHRiIE and H. SPEDDING. 


Characteristic infrared absorption bands of the nitrate group present 
in carbohydrate nitrate esters, mainly derivatives of D-glucose, D-mannose, 
p-galactose, and p-altrose, have been studied; they enable the nitrate group 
to be identified in the presence of other groups such as acetyl and methane- 
and toluene-p-sulphonyl, and aromatic rings. The results are compared 
with those obtained elsewhere for simple aliphatic nitrates. The spectra of 
eleven of the above D-glucose compounds which contained a sulphonate 
ester group, together with that of one other toluene-p-sulphonate of p-glucose, 
have been examined for absorption bands characteristic of the sulphonyl 
groups. 


Most of the data on the infrared spectra of covalent nitrates are provided by Brown.! 
Since Bellamy? summarised the position, Brand and Cawthon® have studied the 
vibrational spectrum of methyl nitrate, Rossmy * has published measurements of three 
diol nitrates, and Krimm and Liang ® have analysed the spectrum of polyvinyl nitrate. 
These later studies disclose only one compound, ethylene glycol dinitrate, whose group 
frequencies exceed the normal ranges given by Brown ' and there by not more than 4 cm.*. 

It is certain that the two strong infrared bands in covalent nitrates near 1640 and 1280 
cm. correspond to the asymmetric and symmetric stretching frequencies of the NO, 
grouping. In addition, there is a strong band near 860 cm.“ and weaker ones are found 
near 760 and 700 cm.+. The 860 cm.* band is due to the O-NO, stretching vibration and 
that near 760 cm." to the NO, out-of-plane rocking.’*5 There is less certainty about the 
origin of the 700 cm. band, which is absent in methyl nitrate. It has been variously 
assigned to NO, bending,’ to the overtone of the 351 cm. C-O-N bending vibration,® 
and much earlier to NO, planar rocking (along with a band near 660 cm.*).’ 

In the compounds now studied other groups beside the nitrate give rise to absorption 
bands in the 760 and the 700 cm.* region (see below), so that the diagnostic value of the 
two nitrate bands at these frequencies is much less than in the simpler nitrates. For 
example, in ethyl nitrate,’ ethylene glycol mono- and di-nitrate,* diethylene glycol mono- # 
and di-nitrate,® triethylene glycol dinitrate and glycerol trinitrate,® and polyvinyl nitrate 5 
there are only two distinctive bands between 800 and 670 cm.+, but in most of the sugar 
nitrates there are usually at least three or four of roughly the same intensity. 

Table 1 lists the bands occurring in or near the five characteristic regions given by 
Brown. Of these, bands I, II, and III are easier to identify by reason of their high 
intensity and singularity than bands IV and V. Each band with its characteristic features 
is discussed separately below. 

Band 1.—Brown ! assigned the range 1652—1626 cm. to this band. The nitrates 
examined here had one, occasionally two, and less often more, very strong bands at 1667— 
1613 cm. [1645 + 13],* with forty-nine compounds absorbing in the narrower range of 
1667—1629 cm.. One compound (33) which absorbed here had an additional strong 
band at 1681 cm... The multiplicity of bands bore no relation to the number of nitrate 
groups in the molecule. Where there is more than one band the probable cause is 


* Arithmetic mean, followed by standard deviation, is given in square brackets. 


* Brown, J. Amer. Chem. Soc., 1955, 77, 6341. 

? Bellamy, ‘‘ The Infra-Red Spectra of Complex Molecules,” Methuen, London, 1958. 
’ Brand and Cawthon, J. Amer.+Chem. Soc., 1955, 77, 319. 

“ Rossmy, Chem. Ber., 1955, 88, 1969. 

* Krimm and Liang, J. Appl. Phys., 1958, 29, 1407. 

* Suggestion by Brand and Cawthon quoted by Brown.* 

7 Lecomte and Mathieu, J. Chim. phys., 1942, 89, 57. 

* Jander and Haszeldine, J., 1954, 919. 
* Pristera, Analyt. Chem., 1953, 25, 844. 
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TABLE 1.* Absorption frequencies of nitrates. 


Compound f 


Methyl a-p-glucosides. 
(1) 4,6-O-Ethylidene derivatives 


2,3-Dinitrate 
2-Nitrate 


3-O-Methyl- 2-nitrate 
2-Nitrate 3-tos 


3-Nitrate 
3-Nitrate 2-tos 
(2) 4,6-O-Propylidene derivatives 
2,3-Dinitrate 

3-Nitrate 


2-O-Methyl- 3-nitrate 
3-Nitrate 2-tos 


(3) 4,6-O-Benzylidene derivatives 


2,3-Dinitrate 


3-O-Methyl- 2-nitrate 
3-Mes 2-nitrate 
2-Nitrate 3-tos 
3-Nitrate 
2-O-Methyl- 3-nitrate 
2-Acetate 3-nitrate 
2-Mes 3-nitrate 
3-Nitrate 2-tos 


(4) Various 


4,6-O-p-Nitrobenzylidene- 2,3-di- 
nitrate ¢ 
2,3,4-Triacetate 6-nitrate 


2,3,4,6-Tetranitrate / 
Methyl B-p-glucosides. 


(1) Various 
3-Nitrate 


6-O-Trityl- 3-nitrate ’ 
2,4,6-Triacetate 3-nitrate * 


2,3,4-Triacetate 6-nitrate J 
6-Nitrate 2,3,4-tritos * 


2,3-Di-O-methyl- 6-nitrate 4-tos 


2,3,4-Tri-O-methyl- 6-nitrate J 
3,6-Dinitrate ? 


I? 


1661 


1629 


1653 


1639 
1664 


1664 
1645 


1650 
1634 
1658 
1656 
1642 
1639 
1653 
1631 
1645 


1647 


1661 
1639 
1661 


1621 


1642 
1667 


1645 
1639 


1637 


1639 
1664 





II* 


1279 
1267 


1274 
1269 


1276 
1269 


1277 
1269 


1284 
1276 
1276 
1274 
1269 
1280 
1271 
1274 


1276 
1279 
1277 


1277 


1277 
1276 


1276 
1279 


1272 


1282 
1274 


837 br 


IIl? 


843 
833 
869 


848 
848 * 
840 
855 









861 * 
842 


833 


857 
844 
833 
861 
840 br 
835 br 
846 


849 


846 br 


855 * 
844 br 


840 br 


878 
848 w 
833 br 


866 


848 br 
828 


840 w 
866 w 
840 * 
840 * 
833 br 
871 
853 * 
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Ive 


743 


745 
746 


749 


745 


741 


752+ 


743 * 4 
7524 


761 4 br 
745 

758 

745 

758 * 
7464 
747 


768 
752 4 
755 * 


746 


746 


746% br 
741 vw 


749 
754 * 
744 
749 


752 
746 
























713 
704 * 
7024 br 
704 
690 
704 br 
702 


702 
685 * 
709 vw 
704 








4br 


br 


om 








TABLE 1. 


No. Compound tf 
31  +2,3-Dinitrate! 


32 2,3-Di-O-methyl- 4,6-dinitrate * 
33 3-O-Methyl- 2,4,6-trinitrate ™ 
34 2,3,4,6-Tetranitrate * 

(2) 4,6-O-Ethylidene derivatives 
35 2,3-Dinitrate 
36 2-Nitrate 
37 3-Nitrate 
38 2-Acetate 3-nitrate 


p-Glucofuranoses. 
39  1,2-O0-Cyclohexylidene 3-nitrate 


40 3,5-O-Benzylidene-1,2-O-isopropyl- 
idene 6-nitrate 


Methyl a-p-mannosides 
(1) 4,6-O-Ethylidene derivatives 
41 2,3-Dinitrate 


42 2-O-Methyl- 3-nitrate 

(2) Various 
43 4,6-O-Benzylidene- 2,3-dinitrate 
44 2-0-Methyl- 3-nitrate 


Methyl «-p-galactosides. 
45  2,3-Di-O-methyl- 4,6-dinitrate ” 


46 2,6-Diacetate 3,4-dinitrate 


1,2 : 3,4-Di-O-isopropylidene-D-galactose. 


47 6-Nitrate 

1,3 : 2,4-Di-O-ethylidene-p-sorbitols. 
48 6-Nitrate 
49 5,6-Dinitrate 


50 6-Nitrate 5-tos 


Various. 


51 Methyl 4,6-O-benzylidene-a-p- 
altroside 3-nitrate 2-tos 


52 —-1,3-O-Benzylideneglycerol 2-nitrate 
53 Cellulose trinitrate ¢ 


* Shoulder; br = broad; v = very; 


methanesulphonate. 


(Continued.) 
Ié Il® 
1661 1269 
1642 
1634 1280 
1656 1276 
1684 
1661 1276 
1631 
1661 1284 
1272 
1637 1277 
1652 1282 
1645 1272 
1637 1269 
1631 1280 
1650 1293 
1269 
1636 1282 
1647 1293 
1276 
1637 1279 
1639 1277 
1269 
1645 1285 
1634 1269 
1623 1272 
1618 1272 
1658 1284 
1639 
1645 1279 
1642 1276 
1613 1290 
1656 br 1276 br 
w = weak. 


Carbohydrate Nitrates and Sulphonates. 


Ill® 
840 br 


870 
839 
840 br 


840 br 


848 * 
836 
846 


848 * 
838 br 
845 
840 * 


851 
843 * 
878 
862 


848 br 
827 
853 


867 846 
856 839 
851 


855 * 

845 

862 840 * 
846 833 * 


853 


858 
844 


848 


864 * 
861 


848 br 
839 
836 * 


862 w 
856 * w 
840 v br 


Ive 
749 
740 * 
753 
746 * 
746 


752 
740 


744 
744 
745 
746 


746 
750 


752 
746 * 
748 


752 
745 
752 


759 


759 
753 
755 
751 * 
742 
759 
752 


755 ¢ 
742 
755 
7464 
741¢ 


Vv e 
705 
690 
708 
704 * 
704 br 


712 
690 
694 
716 
701 
692s 


705 
703 * 


709 vw 


7004 
692 * 


692 


7044 
695 
715 


702 * 
695 4 


707 * 
695 ¢ 


746 br 690 br 


¢ tos = toluene-p-sulphonate; mes = 


* In several spectra where bangs I and II had shoulders, only the frequency of the main band is 
listed. ° All bands strong except where indicated. ¢ All bands weak—medium except where indicated. 
* Medium-strong band assigned to monosubstituted benzene ring. * Oldham, J. Soc. Chem. Ind., 


1934, 58, 2367r. / Film, from ether. * Dewar and Fort, J., 1944, 492. 


Andrews, 1943. 4 Oldham, J., 1925, 127, 2840. 
1932, 54, 366. ' Bell and Synge, J., 1937, 1711. 


and McArthur, J., 1944, 499. 





’ Fort, Ph.D. Thesis, St. 


* Oldham and Rutherford, J. Amer. Chem. Soc., 


™ Dewar and Fort, 
? Robertson and Lamb, J., 1934, 1321. 





Ju, 1944, 496. 
¢ Film. 


" Dewar, Fort, 
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vibrational interaction of groups within the unit cell of the crystal, or interaction between 
a group vibration and a lattice vibration, rather than rotational isomerism which js 
unlikely in the crystalline solid. This is supported by additional measurements on methy| 
4,6-O-benzylidene-3-O-methyl-«-D-glucoside 2-nitrate (12) in Nujol and in chloroform 
solution. The former spectrum, like that in potassium bromide, showed two bands, 
whereas the spectrum measured in solution showed only one, at an intermediate frequency 
(the same compound showed similar behaviour with respect to band II). 

Three compounds (41, 43, and 51), containing an axial nitrate group, absorbed within 
the same frequency range as the remainder with equatorial groups. 

For the pyranose secondary mononitrates the band frequency generally increases with 
increasing size of adjacent groups. This is in line with the fact that in primary nitrates, 
where the group is relatively isolated from the rest of the molecule and substitution within 
the pyranose ring would have little effect, the mean frequency is lower than in either type 
of secondary nitrate (see Table 2). 



















TABLE 2. Frequency ranges of bands I and II in pyranose mononttrates 







Position of nitrate group No. of compounds BandI(cm.-') Band II (cm.-) 
6- 6 1645—1623 1282—1272 
[1637 + 7] {1277 + 4) 
2- 7 1661—1634 1285—1276 
(equatorial) [1649 + 10) [1279 + 4] 
3- 19 1667—1621 1282—1267 
(equatorial) [1643 + 11] [1274 + 5] 





Band I1.—This band occurred in the range 1286—1272 cm.* in alkyl nitrates.! All 
but one of the compounds examined had one, sometimes two, bands between 1285 and 
1267 cm. [1277 + 6], while two derivatives of methyl «-p-mannoside (41 and 43) had 
an additional band at 1293 cm.+. The one exception was a glycerol derivative (52) which 
had no band in the above range, but had a very strong one at 1290 cm.. There were no 
marked differences between the various types of nitrate group, as shown in Table 2. In 
all cases, band II was approximately as intense as band I, and both were amongst the 
strongest bands in each spectrum. 

Band I1I.—This was assigned the range 872—841 cm. in alkyl nitrates.1 Many of 
the compounds studied should have other absorption bands in this region. These include 
the type 2a absorption ™ for derivatives of the «-anomers of D-glucose at 843 -+ 4 cm.7, 
of D-mannose at 833 + 8 cm.1, and p-galactose at 825 + 11 cm.+; type 2c absorption ® 
for derivatives of D-mannose at 876 + 9 cm. and p-galactose at 871 + 7 cm.+; type 
C absorption ™ for compounds containing a furanose ring at 858 + 7 cm.*; and the 
out-of-plane CH deformation vibration ? of a 1,4-disubstituted benzene ring at 860—800 
cm.*}, 

All spectra studied showed one or more bands between 871 and 833 cm.+1, with one 
exception only (compound 25) where the nearest band was at 828cm.. Table 1 mentions 
only the band or bands which are much stronger than the rest within this range. [Three 
spectra each had an additional band just outside this range—one at 827 cm.*! (compound 
41) and two at 878 cm. (compounds 21 and 40)—which was stronger than any inside and 
should therefore be considered as a possibility.] This band was often broad, particularly 
for the polynitrates, and was generally as intense as, or only slightly weaker than, bands I 
and II. However, for five compounds (21, 24, 26, 27, and 52) it was significantly weaker, 
and in one of these (52) had only one-tenth of the intensity of bands I or II. The arith- 
metic mean has not been calculated for this band because many spectra showed several 
bands in this range, as expected from the complicating factors mentioned above. Similar 
difficulties and considerations apply to bands IV and V below. 

Band 1V.—This band was found between 761 and 745 cm. by Brown. In many of 


10 Barker, Bourne, Stephens, and Whiffen, J., 1954, 3468. 
11 Barker and Stephens, /., 1954, 4550. 
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the sugar nitrates examined there were interfering absorption bands from type 3 
absorption ' for derivatives of D-glucose at 753 + 17 cm.+ and p-galactose at 752 + 20 
cm., and from the out-of-plane CH vibration ® for a monosubstituted benzene ring at 
770—730 cm.. 

There was at least one band between 759 and 738 cm. in all the compounds studied. 
They were all weak—medium except for one toluene-f-sulphonate (4) and the benzylidene 
compounds where the strong CH vibration (referred to above) came within this range. 

In two such compounds (14 and 18) there was only one band (strong) and in another 
(12) there were two bands only, both strong. If these strong bands in the two compounds 
are attributable solely to the CH out-of-plane vibration (which can occasionally split into 
two components *) then the range of band IV has to be extended to include the nearest 
(weak) absorption which was at 768 cm.*. 

Band V.—Brown! found a band between 711 and 690 cm.+ in the compounds he 
studied. In the present investigation there was at least one band, and in benzylidene 
derivatives at least two, in the range 716—685 cm." in all but two compounds (42 and 45). 
In compounds where there was more than one band of comparable intensity (weak- 
medium) there was no indication which was the nitrate band, but in benzylidene derivatives 
the strongest band always occurred between 710 and 690 cm. and has been assigned to 
the intense out-of-plane ring vibration which occurs in this narrower range.” 

Comparison of the above results with Brown’s ! (where the measurements were mostly 
done on liquid samples) has shown that both limits of bands I, II, and V have to be 
extended, while bands III and IV certainly require extension towards lower frequencies 
and possibly at the upper limit too. The extension of the upper limit of band I and of the 
lower limit of band III bears out Brown’s observation ' from a limited number of com- 
pounds that such extensions are necessary for polyol nitrates. 

This study has shown that a nitrate group in complex carbohydrate derivatives can be 
readily identified, principally from bands I and II which are very characteristic and do not 
suffer from interference by such groups as nitro, acetate, sulphonate, or aromatic rings 
(see below). Band III is useful for confirmation, but bands IV and V are of very doubtful 
value. Bands I and II of the nitrate group were as intense as the C=O stretching band of 
the acetate group. 

The spectra of eleven nitrates which also contained a sulphonate group, together with 
that of another toluenesulphonyl derivative, were found to have bands characteristic of 
the SO, grouping. In the few covalent sulphonates examined previously,!* these bands 
were found at 1420—1330 and 1200—1145 cm.* and correspond to the SO, asymmetric 
and symmetric stretching frequencies. Five esters of toluene-p-sulphonic acid absorbed 
in the narrower ranges }* of 1375—1350 cm.! and 1192—1170 cm... In nearly all the 
sulphonates examined here, there were two bands (usually intense) in each of the two 
regions 1372—1337 and 1194—1168 cm.*. 

Table 3 lists five absorption regions in the toluene-f-sulphonates. These are the 
aromatic ring vibration ? near 1600 cm.+; the two SO, vibrations already mentioned; a 
band near 810 cm. which is most likely the out-of-plane CH deformation mode? in a 
1,4-substituted benzene ring; and a band near 670 cm. which was very much weaker in 
the two methanesulphonyl derivatives examined. The presence of the aromatic ring must 
therefore greatly enhance the intensity of the last-named band. 

Of the other regions listed in Table 3, the two methanesulphonyl derivatives absorbed 
strongly in those corresponding to the SO, stretching vibrations, but not at all in the two 
regions near 1600 and 810 cm.*. The 1600 cm.* region is the best for differentiating 
between a toluene-p- and a mé¢thane-sulphonate. (Compounds not containing a toluene- 
p-sulphonyl group may absorb near 810 cm.+}, ¢.g., two sorbitol nitrates (48 and 49) had 
medium bands at 815—810 cm.71.] 


# Colthup, J. Opt. Soc. Amer., 1950, 40, 397. 
18 Tipson, J. Amer. Chem. Soc., 1952, '74, 1354. 
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As noted, most benzylidene derivatives do not absorb near 1600 cm. and this group 
did not interfere with the recognition of the toluene-f-sulphonate band here. Nor, in any 
of the compounds examined, did the nitrate band I obscure this sulphonate band. There 
was little or no absorption near 1500 cm. as generally found in aromatic compounds. 


TABLE 3. Absorption frequencies of methane- and toluene-p-sulphonates. 


No. Compound tf 
Methyl a-p-glucosides. 
4 4,6-O-Ethylidene- 2-nitrate 3-tos 1597 w 1364s 1185 s 812s 672s 
1351s 1168 vs 668 * s 
6 4,6-O-Ethylidene- 3-nitrate 2-tos 1603 w 1361 vs 1190s 812s 6745s 
1171 vs 808*s  667*m 
10 4,6-O-Propylidene- 3-nitrate 2-tos 1597 w 1364s 1190s 815 m 675s 
1351 m 1172s 667 w 
14 4,6-0-Benzylidene- 2-nitrate 3-tos 1595w 1362s 1186s 813 m 667 m 
1344*m_ 1168 vs 
19 4,6-O-Benzylidene- 3-nitrate 2-tos 1600 w 1362s 1189s 815s 675 w 
1174 vs 668 m 
54 4,6-O-Benzylidene- 2-tos 1600 w 1368s 1194s 818 m 678s 
1360 s 1181 vs 670 m 
Methyl B-pv-glucosides. 
27 6-Nitrate 2,3,4-tritos 1597 w 1370vs 1189 vs 820 vs 670 * s 
1346 s 1174 vs 807 vs 665 s 
28 2,3-Di-O-methyl- 6-nitrate 4-tos 1595w 1359s 1185s 
1351*m_ 1172 vs 8lls 669 s 
50 ~=1,3:2,4-Di-O-ethylidene-p-sorbitol 6- 1359 s 1190*m 820w 
nitrate 5-tos 1595w 1351*m_ 1183s 815m 670s 
1175s 813 * w 
51 Methyl 4,6-O-benzylidene-«-p-altroside 1372 vs 1188 vs 818s 670s 
3-nitrate 2-tos 1597 w 1353s 1176 vs 809 s 667 * s br 





Methyl 4,6-O-benzylidene-a-D-glucosides. 


13. = 2-Nitrate 3-mes —— 1361s 1182s -— 670 w 
1348 s 1168 vs 

18 3-Nitrate 2-mes _- 1366 s 1170 vs — 671 w 
1337 * m 667 * w 


* Shoulder; m = medium; s = strong; v = very; w = weak. f tos = toluene-p-sulphonate; 
mes = methanesulphonate. 


Other Functional Groups.—(1) Nitro. The one nitro-derivative (20) showed strong 
bands at 1534 and 1348 cm. in addition to the nitrate bands at 1661 and 1276 cm.". 
The former pair, characteristic of nitro-compounds,? did not interfere with the identification 
of the nitrate group, in agreement with Brown’s findings.} 

(2) Acetate. Six nitrates also contained one or more acetate groups. The characteristic 
acetate bands occurred near 1750 and 1220 cm. and were well separated from the nitrate, 
toluene-p-sulphonate and methanesulphonate bands. 


EXPERIMENTAL 


All but six of the spectra were measured on a Perkin-Elmer Model 21 spectrometer with a 
sodium chloride prism, by the Sadtler Research Laboratories, Philadelphia, U.S.A. The 
spectra of compounds 12, 22, 37, 42, 53, and 54 were measured here on a Unicam S.P. 100 
spectrometer (with same prism). Except where shown in Table 1, the data given there refer 
to samples measured as pressed discs in potassium bromide. 

Details of the preparation of compounds with no reference in Table 1 can be found in papers 
on sugar nitrates by Honeyman and his co-workers.® The cellulose trinitrate film was 
prepared by nitration of a very thin viscose film with a mixture of fuming nitric acid, phosphoric 
acid, and phosphoric anhydride. 


44 Barker, Bourne, and Whiffen, “‘ Methods of Biochemical Analysis,” 1956, Vol. III, p. 213. 
18 Honeyman and his co-workers, J., 1952, 2778; 1955, 3660; 1957, 2278; 1958, 537, 2586; Chem. 
and Ind., 1953, 1035. 
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200. Acid-catalysed Rearrangements of Alkyl Aryl Ethers. Part IV. 
Rearrangement of Alkyl Tolyl Ethers by Aluminium Chloride. 


By M. J. S. Dewar and N. A. PuTTNAM. 


The rearrangements of isopropyl and s-butyl o- and p-tolyl ethers with 
aluminium chloride have been studied and the products compared with those 
formed by alkylation of the corresponding cresols under similar conditions. 
A number of alkylcresols have been synthesised as reference compounds. 


In an earlier paper 2 we described the rearrangements of alkyl phenyl ethers in presence of 
aluminium chloride. This work has now been extended to some alkyl tolyl ethers. 

The only previous report of such a rearrangement concerned isopropyl /-tolyl ether; 
Smith * obtained only 2-isopropyl-4-methylphenol by treating this ether with aluminium 
chloride. Sowa and his collaborators * rearranged the same ether with boron trifluoride as 
catalyst; they also obtained 2-isopropyl-4-methylphenol, together with #-cresol, 2,6-di- 
isopropyl-4-methylphenol, and two compounds which they described as the isopropyl ethers 
of 2-isopropyl- and 2,6-di-isopropyl-4-methylphenol. The last claim seems dubious, for 
no products of this nature have ever been obtained by acid-catalysed rearrangement of 
alkyl aryl ethers. 

We have re-examined the reaction reported by Smith, and have also studied the 
analogous rearrangements of isopropyl o-tolyl ether and of s-butyl o- and #-tolyl ether; 
and we have compared the products from the rearrangements of the f-tolyl ethers with 
those obtained by reaction of the correspohding alkyl chloride and /-cresol under similar 
conditions. 


O-CH,-CH: CHMe OH H 


“OC aes oe eg. sek “Cre 
Y 


(1) (11) 


Preparation of Reference Compounds.—In order to analyse our reaction mixtures by 
infrared spectroscopy, we had first to synthesise pure samples of the possible rearrange- 
ment products. 

Addition of 4-methoxy-3-methylphenylmagnesium bromide to ethyl methyl ketone, 
followed by dehydration and reduction, gave 4-s-butyl-2-methylphenol; and 2,6-di-iso- 
propyl-4-methylphenol was prepared likewise from 3-isopropyl-4-methoxy-5-methyl- 
phenylmagnesium bromide and acetone. 2-s-Butyl-4-methyl-, 6-s-butyl- and 4,6-di-s- 
butyl-2-methyl-, and 2,6-di-s-butyl-4-methyl-phenol were prepared by Claisen rearrange- 
ment ° of the appropriate but-2-enyl ethers, followed by hydrogenation, e.g., (I) —» (III). 
The infrared spectra of these compounds are included in D.M.S. publications. 

Rearrangements and Alkylations.—These were carried out by adding an equimolecular 
amount of aluminium chloride in small portions to the ether, or to a mixture of the phenol 


Part III, J., 1959, 4090. 
* Part I, J., 1959, 4080. 

3 Smith, J]. Amer. Chem. Soc., 1934, 56, 717. 

* Sowa, Hinton, and Nieuwland, ibid., 1933, 55, 3402. 
5 Claisen and Tietze, Ber., 1926, 59, 2344. 
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and alkyl chloride, during 30 min., with external cooling so that the temperature remained 
in the range 15—25°. No solvent was used. The products were separated by treatment 
with alkali into alkali-soluble and alkali-insoluble components; these were fractionally 
distilled under reduced pressure through a 20 cm. Dixon gauze column, and the fractions 
were analysed by infrared spectroscopy [in carbon tetrachloride solution (2% w/w) ona 
Grubb-Parsons G.S. 2A double-beam grating spectrometer over the range 820—1100 cm.1), 


RESULTS 

The products in each case consisted of a mixture of cresol, monoalkylcresols, and dialkyl- 
cresols. The same compounds were obtained both from rearrangement of a given ether and 
from alkylation of the corresponding cresol. 

p-Tolyl Series—The monoalkylcresol fraction in each case contained two isomers. One 
was the 2-alkyl-4-methylphenol; the second isomer in the isopropyl series gave an aryloxy- 
acetic acid and phenylurethane with melting points identical with those reported * for the 
derivatives of 3-isopropyl-4-methylphenol, and so the second isomer was assumed in each case 
to be the 3-alkyl-4-methylphenol. The dialkylcresol fraction contained at least two com- 
ponents, one of which was shown by infrared spectroscopy to be the 2,6-dialkyl-4-methylphenol. 
Two lines of argument suggest that the only other compound present in significant amount 
was the corresponding 2,5-dialkyl-4-methylphenol. First, we could reconstruct the infrared 
spectrum of the second component by subtracting the spectrum of the 2,6-dialkyl-4-methyl- 
phenol from that of the mixture; using this spectrum we could then analyse fractions containing 
variable proportions of the two isomers. The fact that these analyses were successful, and that 
the spectra of the mixtures could be reproduced in such terms, implies that the second com- 
ponent was indeed a single compound. Secondly, the following theoretical considerations 
suggest that the main products of reaction should have been the 2,6- and the 2,5-dialkyl-4 
methylphenol. Dialkylcrescls must arise by alkylation of monoalkylcresols; since in p-cresol 
ortho- are more reactive than meta-positions, it is unlikely that 3,5-dialkyl-4-methylphenol 


TABLE 1. Products (moles %, based on reactant) obtained by rearranging isopropyl and s- 
butyl p-tolyl ethers, and by alkylating p-cresol with isopropyl and s-butyl chloride, in 
presence of aluminium chloride (1 mole) at 15—25°. 


Monoalkyl-p-cresol Dialkyl-p-cresol 2,5-Dialkyl- 
Reaction p-Cresol 2- 3- 2,6- 2,5- phenol 
Rearrangement PrOC,H, 41-4 24-0 trace 7-8 trace 14-7 
PrCl + CHO ....0:.0000- 49-1 20-5 trace 4-6 trace 17-4 
Rearrangement BuOC,H, 43-8 29-0 trace 7-2 trace 12-4 
BuCl + C,H,OH ............ 44-6 23-7 trace 6-0 trace 17-3 


would be produced in significant amount. Moreover, formation of a 2,3-dialkyl-4-methylphenol 
should be severely hindered. Therefore 2,6- and 2,5-dialkyl-4-methylphenols should be the 
main constituents of the dialkylcresol fraction, and so it was assumed that the second com- 
ponent was the 2,5-dialkyl-4-methylphenol. 

A fifth component was in each case obtained crystalline from fractions intermediate between 
the mono- and the dialkyl-cresols; its analyses indicated a dialkylphenol, the methyl group of 
the cresol apparently having been lost. These compounds were not 2,4- or 3,4-dialkylphenols 
and so could not have been formed by a direct replacement cf methyl by alkyl; nor could they 
have arisen by demethylation followed by alkylation, since neither phenol nor a monoalkyl- 
phenol was formed in the reaction. Therefore these fractions must have arisen by demethyl- 
ation of a dialkylcresol. Since the only dialkylcresols formed (see above) are probably the 
2,6- and the 2,5-isomers, the fifth fractions must be 2,5- or 2,6-dialkylphenols. They were, 
however, different from the known 2,6-isomers; therefore they can be formulated with some 
certainty as 2,5-di-isopropylphenol and 2,5-di-s-butylphenol. Neither of these compounds has 
been characterised; the latter has been described in a patent,’ but no physical properties were 
quoted. 

The ready demethylation of 2,5-dialkyl-4-methylphenols, in contrast to the apparent 


* Carpenter and Easte, J. Org. Chem., 1955, 20, 401. 
7 Moyle and Vand Duzee, U.S.P. 2,207,753. 
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stability of 2,6-dialkyl-4-methylphenols, is not surprising. Such reactions are essentially 
electrophilic replacements of methyl by H*; in the former case the methyl will be activated 
poth by the p-hydroxyl and an o-alkyl group. The reaction will be further facilitated by steric 
repulsions between the methyl and the adjacent alkyl group. 

Table 1 summarises the products obtained. 

o-Tolyl Series —Three monoalkylcresols were obtained from each ether, or by alkylation of 
o-cresol. Two of these were the 4- and the 6-isomer. Spectroscopic comparison showed the 
third isomer in the isopropyl series to be 5-isopropyl-2-methylphenol. The dialkylcresol fraction 
consisted in each case of a 4,6-dialkyl-2-methylphenol, together with at least one other isomer. 
Since the spectra deduced for the latter by difference from fractions of varying composition 
agreed, it is likely that only one other isomer was present in significant amount. Since the 
position para to hydroxy] in o-cresol is much the most reactive, and since formation of a 3,4-di- 
alkyl-2-methylphenol would be sterically hindered, it seems likely that the second component 
was in each case a 4,5-dialkyl-2-methylphenol. This structure was supported by the presence 
of infrared bands at 10-8, 11-6, and 12-0 u. 

Table 2 records the products from rearrangement of isopropyl and s-butyl o-tolyl ether. 


TABLE 2. Products (moles %, based on reactant) obtained by rearranging isopropyl and 
s-butyl o-tolyl ether in presence of aluminium chloride (1 mole) at 15—25°. 


Dialkyl-2-methyl 


Monoalkyl-2-methylphenol phenol 
o-Cresol 4- 5- 6- 4,6- 4,5-- 
Rearrangement of PrOC,H, 29-2 42-1 Trace 7-2 (Not determined) 
Rearrangement of BuOC,H, 29-4 40-2 (Not 71 14:3 
determined) 
DISCUSSION 


Tables 1 and 2 show that the products formed in these reactions are consistent with an 
intermolecular mechanism involving free carbonium ions as intermediates; moreover, the 
same products seem to be formed both by rearrangement of an ether and by alkylation 
of the corresponding cresol. 

The formation of 2,5-dialkylphenols as major products of rearrangements of -cresol 
ethers and by alkylation of #-cresol is interesting; the molar yields were almost double 
those of the corresponding 2,6-dialkyl-4-methylphenols. This must imply that more 
2,5-dialkyl-4-methylphenol is formed in the reaction, and that, unlike the 2,6-isomer, it 
very readily undergoes demethylation. Both these factors can be understood theoretically. 
Thus further alkylation of a 3-alkyl-4-methylphenol should occur very readily in the 
6-position (ortho to hydroxyl and fara to alkyl), while further alkylation of a 2-alkyl-4- 
methylphenol could occur preferentially in the 5-position (ortho to methyl; para to alkyl) 
rather than in the 6-position (ortho to hydroxyl but meta to both alkyl and methyl). Thus 
dialkylation of p-cresol might well be expected to give more 2,5- than 2,6-dialkyl- 
4-methylphenol. 

The demethylation under Friedel-Crafts conditions is an electrophilic replacement of 
methyl by H*. Such a process should be facilitated by —E or —I groups in the ortho- or 
para-position, and so should occur much more readily with the 2,5-dialkyl isomer (p- 
hydroxyl and o-alkyl) than with the 2,6-dialkyl isomer (p-hydroxyl only). Moreover, 
steric repulsion between the methyl and the adjacent alkyl group must further facilitate 
displacement of methyl from 2,5-dialkyl-4-methylphenol. 


EXPERIMENTAL 


Microanalyses were carried out by Alfred Bernhardt, Max-Planck-Institut, Miilheim, 
Germany, and the Microanalytical Laboratory, Imperial College, South Kensington, London, 
S.W.7. 

Alkyl aryl ethers, prepared according to Niederl and Natelson’s method,® were as follows: 


§ Nieder! and Natelson, J. Amer. Chem. Soc., 1931, 58, 1928. 
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isopropyl 2-methylpheny! ether, b. p. 68°/2 mm., m,"* 1-4984; s-butyl 2-methylpheny] ether, 
b. p. 205°, 2,17 1-4956; isopropyl 4-methylpheny]l ether, b. p. 85°/6 mm., ”,"" 1-4939; s-buty] 
4-methylpheny] ether, b. p. 214°, ,,!* 1-4939. 

Aryloxyacetic acids were prepared as described earlier.* 

Phenylurethanes were prepared according to the method of Steinkopf and Hopner ® ang 
recrystallised from light petroleum (b. p. 60—80°). 

4-s-Butyl-2-methylphenol_—Methylation of 4-bromo-2-methylphenol,!” m. p. 64° (Found: 
Br, 42-5. Calc. for C,H,OBr: Br, 42-7%), gave 4-bromo-2-methylanisole, m. p. 68°, the 
Grignard reagent from which (25 g.) in ether (150 ml.) was treated with ethyl methyl ketone 
(16-8 g.) in ether (50 ml.). After 24 hr. water was added, the ether layer evaporated, and the 
residue boiled under reflux for 10 hr. with acetic anhydride (150 ml.). Addition of water and 
ether-extraction gave 3-methyl-4-(1-methylpropenyl)anisole, b. p. 79°/0-6 mm., m,!* 1-5460, 
which on hydrogenation over 10% palladised charcoal in ethanol at 3 atm. gave 4-s-butyl-2- 
methylanisole, b. p. 215°, »,!® 1-5052. Demethylation with acetic anhydride—hydriodic acid 
gave 4-s-butyl-2-methylphenol, b. p. 238°, ,%* 1-5214 (Found: C, 80-3; H, 9-7. Calc. for 
C,,H,,O: C, 80-4; H, 9-8%) (aryloxyacetic acid, m. p. 97—98°; phenylurethane, m. p. 123°). 

6-s-Butyl-2-methylphenol.—A solution of but-2-enyl o-tolyl ether, b. p. 61°/0-3 mm., n,™ 
1-5172 (34 g.), in diethylaniline (200 ml.) was boiled under reflux for 5 hr. When cold, the 
solution was poured into hydrochloric acid and extracted with light petroleum (b. p. 40—60°). 
The hydrocarbon layer was extracted with Claisen solution (350 g. of potassium hydroxide in 
250 ml. of water, made up to 1 1. with methanol); acidification of the extract, recovery of the 
phenol, and distillation gave 2-methyl-6-1’-methylallylphenol, b. p. 66°/0-4 mm., m,,!* 1-5366; 
hydrogenation as above gave 6-s-butyl-2-methylphenol, b. p. 229°, m,'* 1-5206 (Found: C, 
80-6; H, 9-9. Calc. for C,,H,,0: C, 80-4; H, 9-8%) (phenylurethane, m. p. 104—105°). 

4,6-Di-s-butyl-2-methylphenol.—But-2-enyl bromide (6-4 g.) was added slowly to a solution 
of 4-s-butyl-2-methylphenol (7-8 g.) in acetone (50 ml.) containing anhydrous potassium 
carbonate (6-6 g.). The mixture was stirred at room temperature for 12 hr., then boiled under 
reflux for 3 hr. Water and light petroleum (b. p. 40—60°) were added, and the organic layer 
was separated and washed with Claisen solution. Working up as above gave but-2-enyl 4-s- 
butyl-2-methylpheny] ether, b. p. 108—110°/0-8 mm., ,?* 15110. Rearrangement of this ether 
as above gave 4-s-butyl-2-methyl-6-1’-methylallylphenol, b. p. 94°/0-4 mm., ”,™ 1-5208, whence 
hydrogenation gave 4,6-di-s-butyl-2-methylphenol, b. p. 258°, ,* 15101 (Found: C, 81-6; H, 
10-9. Calc. for C,;H,,0: C, 81-8; H, 11-0%) (phenylurethane, m. p. 98°). 

2,6-Di-isopropyl-4-methylphenol.—2-Isopropyl-4-methylanisole was brominated in carbon 
tetrachloride, to yield 6-bromo-2-isopropyl-4-methylanisole, b. p. 92°/0-8 mm., ,,!° 1-5410 (Found: 
Br, 32-8. C,,H,,OBr requires Br, 32-9%). This was converted as above via 2,6-di-isopropyl-4- 
methylanisole, b. p. 225°, 7,,*° 1-5005 (Found: C, 81-4; H, 10-7. Calc. for C,,H,,O: C, 81-5; 
H, 10:8%), into 2,6-di-isopropyl-4-methylphenol, b. p. 246°, n,*! 1-5165 (Found: C, 81-0; H, 
10-6. C,3;H_9O requires C, 81-2; H, 10-5%) (phenylurethane, m. p. 174°). 

2-s-Butyl-4-methylphenol.—This was prepared as described earlier.™ 

2,6-Di-s-butyl-4-methylphenol.—2-s-Butyl-4-methylphenol was converted by the above 
method into but-2-enyl 2-s-butyl-4-methylphenyl ether, b. p. 82°/0-2 mm., m,,?° 1-5140, which 
was rearranged as above to 2-s-butyl-4-methyl-6-1’-methylallylphenol, b. p. 86°/0-2 mm., nm," 
1-5212; hydrogenation gave 2,6-di-s-butyl-4-methylphenol which was shown by its infrared 
spectrum to be identical with the sample synthesised earlier. 

Rearrangement of Alkyl Aryl Ethers—Powdered aluminium chloride (1 mol.) was added 
during 30 min. to the stirred ether cooled so that the temperature remained in the range 15— 
25°. The mixture was then stirred at room temperature until the dark red product became too 
viscous. After 24 hr. ice and hydrochloric acid were added and the organic layer separated 
with ether. 

Alkylations of Cresols—These were carried out similarly, the ether being replaced by an 
equimolecular mixture of cresol and alkyl chloride. 

Analyses.—The crude reaction product was separated into three fractions by treatment, 
first, with dilute potassium hydroxide solution, in which phenols with a bulky ortho-substituent 
do not readily dissolve, and then with Claisen solution. The insoluble residue consisted of tars; 

® Steinkopf and Hopner, J. prakt. Chem., 1926, 118, 137. 


1° Claus, ibid., 1888, 38, 324. 
11 Part II, J., 1959, 4086. 
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no. ethers derived from alkylcresols could be detected. Each fraction was then further sub- 
divided by distillation under reduced pressure through a 20 cm. Dixon gauze column; the 
individual sub-fractions were analysed by infrared spectroscopy. 

The analysis was complicated by the presence of products for which no authentic reference 
compounds were available. Of these the compounds presumed to be 3-isopropyl-4-methyl- 
phenol, 3,5-di-isopropylphenol, and 3,5-di-s-butylphenol were isolated and their spectra were 
measured. The spectra of 3-s-butyl-4-methylphenol, of the two 2,5-dialkyl-4-methylphenols, 
and of the two 4,5-dialkyl-2-methylphenols, were estimated by difference. Analogy with the 
isopropy! series indicated that the former constituent was a single compound; the evidence that 
the same was true for the dialkylcresols was outlined above. 

Full experimental details will be found in a thesis by one of us."*_ The following properties 
are recorded here: 

3-Isopropyl-4-methylphenol, b. p. 228°, gave an aryloxyacetic acid, m. p. 151—152° (lit.,® 
151°) (Found: C, 69-3; H, 8-0. Calc. for C,,H,,0,: C, 69-2; H, 7-8%), and a phenylurethane, 
m. p. 127—128° (Found: C, 76-0; H, 7:2; N, 5-2. Calc. for C,,H,,O,N: C, 75:8; H, 7-1; N, 
5-2%). 

Ts. Di deapeannantin crystallised from aqueous ethanol, had m. p. 95-5° (Found: C, 
80-7; H, 10-3; O, 8-7%; M,172. C,.H,,O0 requires C, 80-9; H, 10-2; O, 8-9%; M, 178). 

2,5-Di-s-butylphenol crystallised from light petroleum (b. p. <40°) and had m. p. 69° 
(Found: C, 81-4; H, 11-0. Calc. for C,,H,,0: C, 81-5; H, 10-8%). 


We thank Dr. M. Lutty, of Givaudan-Delawanna Inc., for samples of 4- and 6-isopropyl-2- 
methylphenol. One of us (N. A. P.) thanks Brighton Education Committee for a maintenance 
grant and the University of London for a Postgraduate Studentship. 
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201. The Coupling of Quaternary Thiazolium Salts with p-Nitro- 
benzenediazonium Chloride. 


By J. E. Downes and P. SYKEs. 


Reaction of quaternary thiazolium salts with p-nitrobenzenediazonium 
chloride leads unexpectedly to attack, not at the reactive 2-position, but 
primarily at the negatively charged sulphur atom in the opened nucleus. The 
effect of the nature and position of substituents in the thiazole nucleus is 
discussed. 


TuE development of colour on reaction of thiamine with diazonium salts has long been 
known and use made of it in the detection and estimation of the vitamin.1 Buchmann ? 
reported that, with diazotised sulphanilic acid, coupling is confined to quaternary salts 
derived from 5-2’-hydroxyethyl-4-methylthiazole, but Todd and Bergel® stated that 
reaction with diazonium compounds is a general property of thiazolium salts having a 
5-2'-hydroxyethyl side chain and an unsubstituted 2-position. The latter apparent 
requirement is of interest in connection with the unexpected reactivity of this position in 
thiamine, implied in the very rapid exchange of its hydrogen atom with deuterium * 
(subsequently shown to be a general property of such thiazolium compounds 5), and the 


1 Kinnersley and Peters, Biochem. J., 1934, 28, 667; 1935, 29, 2369; Prebluda and McCollum, 
Science, 1936, 84, 488; J. Biol. Chem., 1939, 127, 495; Willstaedt, Naturwiss., 1937, 25, 682; Melnick 
and Field, J. Biol. Chem., 1939, 127, 505. 

* Buchmann, J. Amer. Chem. Soc., 1936, 58, 1803. 

* Todd and Bergel, J., 1936, 1559; 1937, 1504. 

‘ Breslow, J. Amer. Chem. Soc., 1957, '79, 1762. 

5 Downes and Sykes, unpublished results. 
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suggested participation of the ylide (I), derived from it, in the catalytic decarboxylation 
of pyruvic acid. The site and scope of coupling being as yet undecided, an attempt has 
been made to demonstrate the particular and peculiar reactivity of the 2-position by 
azo-coupling. 

p-Nitrobenzenediazonium chloride was used throughout and coupling reactions were 
carried out in buffer solutions. It was found, unexpectedly, that coupling never took 
place in the 2-position; there was no reaction until the solution was sufficiently alkaline 
for the thiazolium nucleus to have begun to open in the usual way (II —» III). Thus, 


"O + -$ 
vie: N’ (CHO —— 


The Coupling of Quaternary Thiazolium 





od CH;- CH: OH R-N 
Me ‘ ' 
H- -S 2OH- (CHO i Me 
R-N+ | —> R-N | ta jCHO 
== CR’ 
— ‘c= CR’ c= C RN, 


‘C=N-NH-C,H,-NO,-p 

(11) (III) Me (Vv) 

at pH 9-2, 3-benzyl-4-methylthiazolium chloride (II; R = Ph-CH,, R’ =H, X = ()) 
yielded a yellow, alkali-labile azo-compound, whose infrared spectrum exhibited absorption 
at 1670 cm.* characteristic of the >N-CHO group in ring-opened thiazolium compounds; 
it is assigned the S-coupled structure (IV; R= Ph°CH,, R’=H). At pH 12:3 the 
coupling yielded, in addition, a yellow, sulphur-free product with infrared bands at 1642, 
1664, and 3250 cm.* , corresponding to the >C=N-, >N-CHO, and >NH groups, respec- 
tively. This compound is believed to have the structure (V; R= Ph-CH,); initial 
attack at the 4-position, resulting from the electronic shift shown in (III), being followed 
by an elimination similar to that observed by Quilico and Freri ? in the coupling of #-nitro- 
benzenediazonium chloride with anethole to yield -methoxybenzaldehyde #-nitrophenyl- 
hydrazone. 

The introduction of an electron-withdrawing substituent might be expected to increase 
the inductive effect of the benzyl group and, by promoting the electronic shift in (III), to 
increase the product obtained by initial coupling at the 4-position. Thus coupling 
with 4-methyl-3-4’-nitrobenzylthiazolium bromide (II; R = p-NO,°C,H,°CH,, R’ = H, 
X = Br) doubles the yield of this product, whereas with 4-methyl-3-phenethylthiazolium 
bromide (II; R = Ph-CH,°CH,, R’ = H, X = Br), in which the introduction of a second 
methylene group inhibits any inductive effect of the phenyl group on the thiazolium 
nucleus, no such product is obtained at all, only the S-coupled product (IV; R= 
Ph-CH,°CH,, R’ = H) being isolated. The effect of rise of pH (9-5 —» 11-5) in raising 
the yield of product (42 —» 90%), owing to the increased proportion of the ring-opened 
form (III; R = Ph°CH,°CH,, R’ = H), is clearly marked with this compound. 

Introduction of a substituent into the 5-position, as in 5-2’-hydroxyethyl-4-methyl- 
3-4’-nitrobenzylthiazolium bromide (II; R= #-NO,°C,H,°CH,, R’ = CH,°CH,°OH, 
X = Br), also inhibits coupling at position 4, despite the presence of a substituent in the 
3-position with a promoting inductive effect. That this inhibition is not due to reversible 
addition of the hydroxyl group of the hydroxyethyl side chain across the 4,5-double bond 
(cf. ref. 8) is shown by the fact that 5-2’-acetoxy-4-methyl-3-4’-nitrobenzylthiazolium 
bromide (II; R = p-NO,°C,H,°CH,, R’ = CH,*CH,*OAc, X = Br) behaves analogously; 
it thus seems that the inhibition of attack at position 4 is due to steric hindrance by the 
5-substituent. A further feature of the coupling reactions of these two compounds is that 
S-arylated compounds (VI; R = CH,°CH,°OH and CH,°CH,*OAc, respectively) are also 

* Breslow, J. Amer. Chem. Soc., 1958, 80, 3719. 


? Quilico and Freri, Gazzetta, 1928, 58, 380. 
§ Yoshida and Unoki, J. Pharm. Soc. Japan, 1952, 72, 1431. 
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obtained. These are not artefacts because, though the S-coupled products undergo ready 
decomposition at the pH of the coupling reaction, S-arylated compounds are ngt thereby 


produced. 
CHO $-CyHyNO2-p 
p-NOz:CgHyCH,-N 


_ ‘CMe =CR ,COR — S*NZN-CgHyNO2-p 
(VI) Ph:CHyN 
fR-S UF CMe=CH _ (VIII) 
Ph‘CH,;N+ =| 
‘\ 
x- “CMe=CH JCOR 
Ph:CHyN 
(VID CMe=N-NH:C,H4NO>-p (IX) 
CHPh 
COMe s- ¢——s 
/ / 
Ph-CH,-N | PhCH | 
‘CMe==CH |? CMe =CH 


(X) (XI) 


Finally, an unsubstituted 2-position is not essential for coupling to take place, for 
3-benzyl-2,4-dimethylthiazolium bromide (VII; R=Me, X=Br) yields products 
(VIII; R = Me and IX; R = Me), though yields are low. This incidentally establishes 
that simple 2-alkylated thiazolium salts undergo ring-opening in alkali which had previously 
been open to doubt; ® further confirmation is provided by characterisation of a disulphide 
(X) on oxidation of compound (VII; R = Me, X= Br). That not all 2-alkylthiazolium 
salts undergo such ring-opening, however, is demonstrated by the fact that 2,3-dibenzyl- 
4-methylthiazolium chloride (VII; R= Ph-CH,, X = Cl) is converted by alkali into 
the unstable anhydro-base (XI), characterised as its phenylurethane (cf. the behaviour 
of 2-substituted benzothiazolium compounds ”), 

The behaviour of thiamine and its analogues on coupling is more complex. Though 
model experiments lead us to think that the pyrimidine nucleus is probably not attacked, 
the original coupled products are extremely unstable and complex mixtures of products 
are obtained which have not yet been separated or characterised. 


EXPERIMENTAL 


Preparation of Quaternary Thiazolium Bromides.—The thiazole (0-020 mole) and the halide 
(0-022 mole) in dry toluene (10 ml.) were heated at 120° until no more solid was deposited. 
The separated solid was filtered off, washed with toluene, dried, and recrystallised from ethanol 
or ethanol-ether. The following thiazolium bromides (II) were so obtained: 4-methyl-3-4’- 
nitrobenzyl-, prisms, m. p. 208° (Found: C, 41-8; H, 3-6; N, 8-8. C,,H,,;O,N,BrS requires 
C, 42:1; H, 3:5; N, 8-9%), 4-methyl-3-phenethyl- (28%, 72 hr.), needles, m. p. 196° 
(Found: C, 50:7; H, 4:9; N, 4-7. C,,H,,NBrS requires C, 50-7; H, 4-9; N, 4:9%), 5-2’-hydroxy- 
ethyl-4-methyl-3-4’-nitrobenzyl-, (72%, 3 hr.), rods, m. p. 150° (Found: C, 43-5; H, 4-5; N, 7-7. 
C,;H,,0,N,BrS requires C, 43-5; H, 4:2; N, 7-8%), and 5-2’-acetoxyethyl-4-methyl-3-4’-nitro- 
benzyl- (59%, 15 hr.), needles, m. p. 178° (Found: C, 44-8; H, 4-6; N, 6-8. C,,H,,O,N,BrS 
requires C, 44-9; H, 4-2; N, 7-0%). 

Coupling Reactions.—Reaction of diazotised p-nitroaniline with the following compounds 
was investigated : 

(a) With 3-benzyl-4-methylthiazolium chloride. (i) The chloride™ (1-0 g.), in phosphate 
buffer (pH 9-2; 100 ml.), at 5°, was treated with a solution obtained by diazotising p-nitro- 
aniline (0-64 g., 1-05 mol.). A yellow flocculent precipitate separated which was collected after 
5 min., dissolved in ethyl acetate, and immediately chromatographed on activated alumina. 


*® Albert, ‘‘ Heterocyclic Chemistry,’’ Athlone Press, London, 1959, p. 224. 
10 Kénig and Meier, J. prakt. Chem., 1926, 109, 324. 
1 Karimullah, J., 1937, 961. 
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A broad yellow band eluted in ethyl acetate yielded, on evaporation and recrystallisation from 
warm ethanol (refluxing results in almost complete decomp.), N-benzyl-N-formyl-1-methyl-2. 
(p-nitrophenyldiazothio)vinylamine (IV; R = Ph°CH,, R’ = H) (0-82 g., 52%) as yellow prisms, 
m. p. 87° (decomp.) (Found: C, 57-1; H, 4:7; N, 15-8. C,,H,,0,N,S requires C, 57-3; H, 4-5; 
N, 15-7%). A further narrow red band, eluted slowly in ethyl acetate, proved to be 4,4’-dinitro- 
diazoaminobenzene, m. p. and mixed m. p. 232° (decomp.), corresponding to ca. 2% of the 
p-nitroaniline. This was also obtained in all subsequent coupling reactions. 

(ii) Coupling was repeated, with double the above quantities, in phosphate buffer at pH 12-3, 
A brown precipitate separated which was dissolved in ethyl acetate and chromatographed as 
above. A pale yellow band yielded the above S-coupled product (1-56 g., 50%), and a second, 
deep yellow band, eluted in 9: 1 ethyl acetate—acetone yielded, on evaporation and repeated 
recrystallisation from ethanol, N-benzyl-N-formylacetamide p-nitrophenylhydvrazone (V; R= 
Ph-CH,) (0-1 g., 4%) as deep yellow needles, m. p. 163° (decomp.) (Found: C, 61-2; H, 5-0; 
N, 17-6. C,gH,,O,N, requires C, 61-5; H, 5-1; N, 17-9%). 

(b) With 4-methyl-3-4’-nitrobenzylthiazolium bromide. The thiazolium salt (2-38 g.) was 
coupled with diazotised p-nitroaniline (1-29 g., 1-05 mol.) in phosphate buffer at pH 12-3, as 
above. The yellow precipitate was chromatographed in ethyl acetate on activated alumina. 
A bright yellow band, eluted in ethyl acetate, yielded, on evaporation and recrystallisation from 
acetone, N-formyl-1-methyl-N-4'-nitrobenzyl-2-(p-nitrophenylazothio)vinylamine (IV; R= 
p-NO,°C,H,’CH,, R’ = H) (2-32 g., 77%) as yellow prisms, m. p. 108° (decomp.) (Found: 
C, 61-2; H, 3-2; N, 17:2. C,,H,,0O;N,S requires C, 50-9; H, 3:7; N, 17-5%). 

A second, deep yellow band, eluted in 7: 3 ethyl acetate—acetone, yielded, on evaporation 
and recrystallisation from acetone, N-formyl-N-4’-nitrobenzylacetamide p-nitrophenylhydrazone 
(V; R= p-NO,°C,H,’CH,) (0-23 g., 8%) as orange needles, m. p. 179° (decomp.) (Found: 
C, 53-4; H, 4:3; N, 19-6. C,,H,,O;N, requires C, 53-8; H, 4-2; N, 19-6%). 

(c) With 4-methyl-3-phenethylthiazolium bromide. The thiazolium salt (0-5 g.) was coupled 
with diazotised p-nitroaniline (0-245 g., 1 mol.) in phosphate buffer at pH 9-5, as above. The 
brown precipitate was treated as above and yielded, on recrystallisation from acetone, N-formyl- 
1-methyl-2-(p-nitrophenylazothio)-N-phenethyluinylamine (IV; R= Ph’CH,°CH,, R’ =H) 
(0-27 g., 42%) as golden leaflets, m. p. 93° (decomp.) (Found: C, 58-2; H, 4:9; N, 147. 
C,,H,,0,N,S requires C, 58-4; H, 4:9; N, 15-1%). Repetition at pH 11-5 increased the yield 
of this product to 98%. 

(d) With 5-2’-hydroxyethyl-4-methyl-3-p-nitrobenzylthiazolium bromide. The thiazolium 
salt (2-0 g.) was coupled with diazotised p-nitroaniline (0-77 g., 1 mol.) in phosphate buffer at 
pH 9-2, asabove. The brown precipitate was chromatographed as previously and then yielded, 
on recrystallisation from ethanol, N-formyl-2-2’-hydroxyethyl-1-methyl-2-N-4’-nitrobenzyl- 
(p-nitrophenylthio)vinylamine (VI; R = CH,°CH,°OH) (0-09 g., 4%) as colourless needles, m. p. 
226° (Found: C, 54-8; H, 4-9; N, 10-0. C,,H,,O,N,S requires C, 54-7; H, 4-6; N, 10-1%). 

A further band yielded, after recrystallisation from acetone and then ether, N-formyl-N- 
2-2’-hydroxyethyl-1-methyl-2-4’-nitrobenzyl -(p-nitrophenyldiazothio)vinylamine (IV; R= 
p-NO,°C,H,CH,, R’ = CH,°CH,°OH) (0-26 g., 11%) as yellow prisms, m. p. 107° (decomp.) 
(Found: C, 51-0; H, 44; N, 15-6. C,,H,,O,N,S requires C, 51-2; H, 4:3; N, 15-7%). 
Repetition at pH 10-8 increases the yield of both products. 

The S-coupled compound decomposes extremely readily in contact with alkali, but on 
rechromatography of material that has been treated in this way, no S-arylated compound was 
isolated. 

(e) With 5-2’-acetoxyethyl-4-methyl-3-4’-nitrobenzylthiazolium bromide. The thiazolium salt 
(1-5 g.) was coupled with diazotised p-nitroaniline (0-52 g., 1 mol.) in phosphate buffer at pH 9-2. 
The precipitate was chromatographed as above, and then yielded, on repeated crystallisation 
from acetone, 2-2’-acetoxyethyl-N-formyl-1-methyl-N-4'-nitrobenzyl-2-(p-nitrophenylazothio)vinyl- 
amine (IV; R = p-NO,°C,H,°CH,, R’ = CH,°CH,°OAc) (0-66 g., 38%) as yellow prisms, m. p. 
93° (decomp.) (Found: C, 51-5; H, 4-6; N, 14-4. C,,H,,0O,N,S requires C, 51-7; H, 4:3; N, 
14-4%). Repetition with the same quantities at pH 11-0 yielded 56% of the above product and, 
in addition, as a first fraction from the column, 2-2’-acetoxyethyl-N-formyl-1-methyl-N-4’- 
nitrobenzyl-2-(p-nitrophenylthio)vinylamine (VI; R = CH,*CH,*OAc) (0-08 g., 5%), obtained after 
recrystallisation from acetone and then ethanol as pale yellow needles, m. p. 171° (Found: C, 
55-0; H, 4:8; N, 9-3. C,,H,,O,N,S requires C, 54-9; H, 4-6; N, 9-2%). 

12 Meldola and Streatfield, /., 1886, 49, 627. 











| from 
hyl-2- 
risms, 
[, 4-5; 
nitro- 
of the 


[ 12-3. 
1ed as 
cond, 
eated 

R= 
, 5-0; 


) was 
“3, as 
mina. 
| from 
R => 
ound: 


ration 
‘azone 
ound: 


upled 
The 
wmyl- 
14-7. 
yield 


olium 
fer at 
*Ided, 
enzyl- 
m. p. 


yl-N- 
R = 
omp.) 
‘T%). 


it on 
1 was 


1 salt 
I 9-2. 
ation 
vinyl- 








(1960) Salts with p-Nitrobenzenediazonium Chloride. 967 


The S-coupled product was extremely alkali-labile but did not yield the S-arylated com- 
pound as an artefact. a 

(f) With 3-benzyl-2,4-dimethylthiazolium bromide. The thiazolium salt (2-0 g.) was coupled 
with diazotised p-nitroaniline (0-97 g., 1 mol.) in phosphate buffer at pH 12-3. The brown 
precipitate was chromatographed as previously and yielded, on recrystallisation from ethanol, 
N-acetyl-N-benzyl-1-methyl-2-(p-nitrophenylazothio)vinylamine (VIII; R = Me) (0-37 g., 17%) 
as yellow leaflets, m. p. 104° (decomp.) (Found: C, 58-1; H, 5-1; N, 15-0. C,,H,,0O,N,S 
requires C, 58-4; H, 4-9; N, 151%). A-second, deep yellow, band from the column yielded, 
after crystallisation from ethanol, N-benzyldiacetamide p-nitrophenylhydrazone (IX; R = Me) 
(0-07 g., 4%), aS orange prisms, m. p. 154° (decomp.) (Found: C, 62-3; H, 5-5; N, 16-9. 
Cy,H,sO3N, requires C, 62-6; H, 5-5; N, 17-2%). 

Di-[2-(N-benzylacetamido)propenyl] Disulphide (X).—3-Benzyl-2,4-dimethylthiazolium 
bromide 1* (2-0 g.) in water (20 ml.) was treated with N-sodium hydroxide (14-0 ml., 2 mol.) and 
aqueous 0-1N-iodine (70 ml., 1 mol.). The separated gum was extracted in chloroform (3 x 15 
ml.), and the extract dried (Na,SO,). Removal of the solvent at 25° and recrystallisation 
from light petroleum (b. p. 60—80°) yielded the disulphide (1-1 g., 71%), as pale yellow plates, 
m. p. 100° (Found: C, 65-4; H, 6-5; N, 6-4. C,,H,,0,N,S, requires C, 65-5; H, 6-4; N, 6-3%). 
Schéberl and Stock #* have reported an oxidation product derived from this thiazolium salt, 
but give no analysis. 

N-Benzyl-a-phenyl(thioacetamide).—N-Benzylphenylacetamide (5-0 g.) was ground in a 
mortar with phosphorus pentasulphide (1-0 g., 1 mol.) and then heated to 140—150° for 10 min. 
with vigorous stirring. The resultant solid was recrystallised from ethanol to yield the thio- 
amide (2-3 g., 43%) as colourless prisms, m. p. 79° (Found: C, 74-9; H, 6-5; N, 5-8. Calc. for 
CyH,sNS: C, 74:7; H, 6-2; N, 58%). The method of Klingsberg and Papa failed to 
convert the amide into the thioamide, and the product obtained by King and Freeman ™ by a 
Willgerodt reaction has m. p. 85—86°. 

2,3-Dibenzyl-4-methylthiazolium Chloride (VII; R = Ph°CH,, X = Cl).—The above thio- 
amide (2-0 g.) and chloroacetone (3 ml.; excess) were heated to 110°; a vigorous reaction took 
place and the mixture became dark green. After being heated for 10 min., the solution was 
cooled, and the separated solid filtered off and washed with acetone, then with ether. Re- 
crystallisation from ethanol-ether yielded the thiazolium chloride (0-75 g., 27%) as colourless 
rods, m. p. 170° (Found: C, 65-1; H, 5-9; N, 4-1. C,,H,,NCIS,H,O requires C, 64-8; H, 6-0; 
N, 4:2%). : 

Action of Alkali on 2,3-Dibenzyl-4-methylthiazolium Chloride——The thiazolium chloride 
(0-40 g.) in water (20 ml.) was treated with an excess of N-sodium hydroxide; a precipitate at 
once separated which was filtered off and washed with water. Recrystallisation from ethanol 
yields 3-benzyl-2-benzylidene-4-methylthiazoline (XI) (0-31 g., 90%) as pale yellow needles, m. p. 
118° (decomp.) (Found: C, 77-1; H, 6-2; N, 4-9. C,,H,,NS requires C, 77-4; H, 6-1; N, 5-0%). 
Reaction in benzene with phenyl isocyanate yielded the phenylurethane (83%) as pale yellow 
needles (from ethanol), m. p. 186° (Found: C, 75-2; H, 5-5; N, 6-9. C,;H,,ON,S requires 
C, 75-4; H, 5-6; N, 7-0%). 


One of us (J. E. D.) is indebted to the Department of Scientific and Industrial Research for 
a maintenance grant; we also make grateful acknowledgment to Roche Products Ltd. for 
gifts of material. 
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18 Todd, Bergel, and Karimullah, Ber., 1936, 69, 217. 

14 Schédberl and Stock, Ber., 1941, 78, 1240. 

8 Klingsberg and Papa, J. Amer. Chem. Soc., 1951, 78, 4988. 
16 King and Freeman, ibid., 1946, 68, 2335. 
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202. Peptides. Part X.* (6-Hydroxyleucine. 
By SHIRLEY Datsy, G. W. KENNER, and R. C. SHEPPARD. 


The racemates of both erythro- and threo-B-hydroxyleucine have been 
synthesised by stereospecific methods based on ethyl «-benzamido-y-methyl-8- 
oxovalerate (II) and ethyl trans-5-isopropyl-2-phenyl-A*-oxazoline-4-carb- 
oxylate (V). The threo-racemate has been resolved to L-threo-B-hydroxy- 
leucine, identical with a natural product. Condensation of isobutyraldehyde 
with the potassium salt of glycine gives almost entirely the ¢hreo-amino-acid, 
and this is the best preparative procedure. 


RECENTLY, we described! the isolation, from the acidic hydrolysate of an antibiotic 
(I.C.I. No. 13,959), of three a-amino-acids not hitherto found in natural peptides. Of 
these, a-methylalanine (a-amino-«-methylpropionic acid) was rigorously identified, but 
8-hydroxyleucine and y-methylproline were identified only tentatively by chromatographic 
comparisons. We now report stereochemically specific syntheses of DL-erythro- and 
pL-threo-B-hydroxyleucine, and resolution of the latter to L-threo-B-hydroxyleucine, 
identical in infrared spectrum and optical rotation with the natural product. Synthesis 
of the diastereoisomeric y-methylprolines will be the subject of a future paper. 

Synthetic 6-hydroxyleucine has been obtained previously from isopropylacrylic acid 
(4-methylpent-2-enoic acid) by Abderhalden,? and by Buston and Bishop,’ and a con- 
venient one-stage preparation from isobutyraldehyde and glycine has been described by 
Wieland, Cords, and Keck. However, these syntheses do not allow the rigorous assign- 
ment of threo- and erythro-configurations to the products. To obtain $-hydroxyleucine of 
defined configuration, we have therefore adapted the procedures developed by Elliott 
and his co-workers 5* for the synthesis of the diastereoisomeric threonines. Thus iso- 
butyryl chloride and 2-phenyloxazolone or, more reproducibly, isobutyric anhydride and 


©. _CHMe, H 
N—C:C(OH)-CHMe, HO-+-CHMe, 
u I _> —_ 
Ph-C_ CO Ph:CO-HN-+-CO, Et 
° Ph: CO-HN % : YCO,Et M 
(I) (II) nt | (111) 
CHMe, CHMe, H 
HO-+-H LO+H HO-+-CHMe, 
1 ae ae . 7 
H,N-+-CO, SN-+CO,Et H,N-++-co, 
H 4 M 
(IV) (V) (V1) 


sodium hippurate condensed in the presence of @-picoline, yielding the enolic compound 
(I), which was converted by boiling ethanol into the keto-ester (II). The latter was 
smoothly reduced by sodium borohydride to N-benzoyl p1L-$-hydroxyleucine ethyl ester, 
estimated to contain 80°%, of the erythro-isomer (III). 


* Part IX, J., 1959, 4100. 

+ The approximate ratio of the isomers was conveniently shown by acidic hydrolysis and paper 
chromatography in solvent systems ’* capable of separating the f-hydroxyleucine stereoisomers. 
Control experiments showed that no detectable epimerisation occurred during the hydrolysis. 


Kenner and Sheppard, Nature, 1958, 181, 48. 
Abderhalden, Z. physiol. Chem., 1938, 251, 164. 
Buston and Bishop, J]. Biol. Chem., 1955, 215, 217. 
Wieland, Cords, and Keck, Chem. Ber., 1954, 87, 1312. 
Attenburrow, Elliott, and Penny, J., 1948, 310. 
Elliott, J., 1949, 589; 1950, 62. 

Hardy and Holland, Chem. and Ind., 1952, 855. 
Shaw and Fox, J. Amer. Chem. Soc., 1953, '75, 3421. 
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The stereochemical course of such hydride reductions can be predicted by the well- 
known “ rule of asymmetric induction.’”’* In the present instance, application of the rule, 
with the assumption that the ethoxycarbonyl group is effectively bulkier than the benz- 
amido-group, leads to the expectation that the hydride ion would be added preferentially 
from the rear in structure (II) and hence the major product would have the erythro- 
configuration; this assignment is proved in the sequel. Attenburrow, Elliott, and Penny § 
employed catalytic hydrogenation for a similar reduction in the threonine series, but the 
ratio of isomers was less favourable. Alkaline saponification of the ester (III) yielded 
N-benzoyl-pi-erythro-8-hydroxyleucine, which was in turn hydrolysed by acid to DL- 
erythro-b-hydroxyleucine (VI). 

For entry into the threo-series, the erythro-ester (III) was converted by cold thionyl 
chloride into the oxazoline (V). Elliott * has already shown in the threonine series that, 
under these conditions, cyclisation proceeds with inversion of configuration at the 8-carbon 
atom, and accordingly our oxazoline should have had the trans-configuration (V), if our 
original assignment on the basis of Cram’s rule is correct. This ¢rans-configuration is in 
fact proved by the stability of the oxazoline ester to epimerisation by sodium ethoxide: 
cis-oxazoline esters are rapidly converted into the less congested trans-forms by this 
reagent. DL-threo--Hydroxyleucine (IV) was conveniently obtained by direct acidic 
hydrolysis of the crude oxazoline ester (V), and it was readily freed from traces of the 
erythro-isomer by recrystallisation. 

Resolution of the DL-threo-amino-acid was achieved via the brucine salt of the phthaloyl 
derivative. Decomposition of ‘the active brucine salt with alkali yielded N-o-carboxy- 
benzoyl-L-threo-8-hydroxyleucine, which reverted at 100° to the L-phthaloyl derivative. 
Acidic hydrolysis of the phthalamic acid afforded pure L-threo-$-hydroxyleucine mono- 
hydrate, {2,28 —3-5° (c 2 in H,O) and (oj, +15° (c 2 in 6N-HCl). The large positive 
shift in rotation on passing from neutral to acidic solution is convincing evidence for the 
L-configuration of the «-carbon atom." Anhydrous L-threo-B-hydroxyleucine could be 
obtained from the monohydrate at 110°, but it was rapidly rehydrated by atmospheric 
moisture. Both the hydrated and the anhydrous optically active amino-acids gave 
infrared spectra very different from that of the racemate.™ 

An alternative synthesis provided our first samples of threo- and erythro-DL-$-hydroxy- 
leucine, but the yields were poor. Ethyl «-chloro-§-hydroxy-y-methylvalerate was 
readily obtained from isobutyraldehyde, ethyl dichloroacetate, and magnesium amalgam,}* 
but displacement of the chlorine from this ester or the derived acid was unexpectedly 
difficult. The amination was slow and basic conditions encouraged retrograde aldol 
reactions. Eventually, small quantities of the pure threo-amino-acid were produced by 
the action of liquid ammonia on the «-chloro-acid, while the erythro-isomer was obtained 
from the «-chloro-ester by treatment with sodium azide and subsequent hydrogenation 
and hydrolysis. As these displacements would be expected to proceed with retention and 
inversion of configuration respectively, it is reasonable to conclude, despite the low 
yields, that condensation between isobutyraldehyde and ethyl dichloroacetate in the 
presence of magnesium produced mainly threo-«-chloro-$-hydroxy-y-methylvaleric ester. 
In agreement with this conclusion, acidic hydrolysis of this ester gave, in addition to the 
«chloro-acid, an «$-dihydroxy-y-methylvaleric acid, presumably formed by inversion 
at the a-carbon atom. This compound is evidently not identical with that already 
described, and the latter probably had the threo-configuration. These assignments 


* Cram and Greene, J. Amer. Chem. Soc., 1953, 75, 6005. 
© Vogler and Lanz, Helv. Chim. Agta, 1959, 42, 209. 
" Winitz, Birnbaum, and Greenstein, J]. Amer. Chem. Soc., 1955, 77, 716. 
] - ay a and Musso, Chem. Ber., 1956, 89, 241; Dougal, Newton, and Abraham, Biochem. 
» 1957, 66, 30P. 
 Darzens, Compt. rend., 1937, 204, 272. 
“ Cowdrey, Hughes, and Ingold, J., 1937, 1208. 
% Braun, Monatsh., 1896, 17, 216. 
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appear to conflict with a recently suggested mechanism!’ for the Reformatsky and the 
Ivanov reaction, in which simultaneous co-ordination of the substituted acetate anion 
and the aldehydic oxygen atom to magnesium is postulated as the factor determining 
the configuration of the product. 

With both threo- and erythro-isomers of 6-hydroxyleucine at hand, it was of interest 
to examine the distribution of isomers from other preparative procedures. The one-stage 
preparation * from isobutyraldehyde, glycine, and potassium hydroxide is remarkably 
specific, the threo : erythro ratio being approximately 10:1. Despite the low yield, this 
procedure remains the method of choice for the synthesis of DL-threo-8-hydroxyleucine, 
When glycine was replaced by its copper salt, a procedure reported to give high yields in 
the threonine series,4* the ratio was only 2:1. The physical constants of Buston and 
Bishop’s * isomer-I show it to be the erythro-form, as required by trans-addition of hypo- 
bromous acid to the trans-methylpentenoic acid and subsequent amination with retention 
of configuration. 


EXPERIMENTAL 


4-(1-Hydroxy-2-methylpropylidene)-2-phenyloxazol-5-one (1).—(a) From 2-phenyloxazol-5-one, 
A solution of isobutyryl chloride (21-2 g., 0-2 mole) in dry ether (20 ml.) was added dropwise 
during 10 min. to a stirred solution of 2-phenyloxazol-5-one (35-5 g., 0-2 mole) in dry £-picoline 
(160 ml.) while the temperature was maintained below 25°. After a further 10 min. the dark 
solution was poured into a vigorously stirred mixture of concentrated hydrochloric acid (180 ml.) 
and ice; the precipitated solid was collected and washed well with water. Crystallisation from 
chloroform, with careful working up of the mother-liquors, furnished a total of 15-3 g. (33% 
of the oxazolone. After one further recrystallisation, it had m. p. 188—189°, Amax 323 my 
(ec 24,650) and Anin, 254—255 my (e 4770) (Found: C, 67-5; H, 5-8; N, 5-9. C,,;H,,0,N requires 
C, 67-5; H, 5-7; N, 6-1%). The compound gave an immediate deep blue colour with ethanolic 
ferric chloride solution. 

(b) From sodium hippurate. A mixture of sodium hippurate (5 g., 0-025 mole), isobutyric 
anhydride (14 ml., 0-075 mole), and £-picoline (7 ml., 0-075 mole) was shaken at room tem- 
perature for 4 hr., then warmed (50°) for 1 hr. and set aside overnight. The orange-coloured 
solution was filtered with the aid of a little warm ether, which was evaporated before decom- 
position of excess of isobutyric anhydride with ethanol (30 ml.). After 30 min. ice-cold dilute 
hydrochloric acid was added, and the precipitated solid (3 g.) collected. One recrystallisation 
furnished the oxazolone (2 g., 33%), m. p. 187—188°. 

Ethyl a-Benzamido-y-methyl-B-oxovalervate—The foregoing oxazolone (7-2 g.) was heated in 
ethanol under reflux during 2 hr. and the solution was then concentrated to about 20 ml. and 
kept overnight at 0°. The ester (7-9 g., 91%; m. p. 86—88°), recrystallised from ethanol- 
cyclohexane, had m. p. 89° (Found: C, 65-15; H, 7-0; N, 5-1. C,;H,,O,N requires C, 65-0; 
H, 6-9; N, 5-1%). 

N-Benzoyl-pi-(erythro and threo)-f-hydroxyleucine Ethyl Ester.—Sodium borohydride 
(350 mg.) in methanol was added in four portions to a stirred solution of the foregoing keto- 
ester (7-86 gm.) in ethanol (200 ml.) and 3Nn-sodium hydroxide (2 drops). After being stirred 
for 1 hr., the solution was acidified and evaporated. The residue was extracted with ethyl 
acetate (200 ml.), and the solution washed successively with portions (50 ml.) of dilute hydro- 
chloric acid, water, sodium hydrogen sulphite solution (twice), and water. Evaporation of 
the dried (Na,SO,) ethyl acetate solution furnished the mixed esters as a colourless, viscous oil 
(7-35 g., 94%). A sample was distilled at 170—180° (bath-temp.)/10™¢ mm. (Found: C, 649; 
H, 7-7; N, 5-3. Calc. for C,,H,,O,N: C, 64-5; H, 7-6; N, 5-0%). A sample was hydrolysed 
with 5n-hydrochloric acid in a sealed tube at 100° for 24hr. Descending paper chromatography 
in butan-1l-ol saturated with 10% aqueous diethylamine ” or in the upper phase from butan-1-ol 
(200 ml.), water (150 ml.), acetone (25 ml.), and aqueous ammonia (d 0-880; 25 ml.),*® and 
development with ninhydrin, showed the presence of erythro- and threo-B-hydroxyleucines in 
a ratio of approximately 4: 1. 


16 Sato, Okawa, and Akabori, Bull. Chem. Soc. Japan, 1957, 30, 937. 
17 Zimmerman and Traxler, J. Amer. Chem. Soc., 1957, 79, 1920. 
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N-Benzoyl-pi-erythro-8-hydroxyleucine.—The above mixed esters (0-5 g.) were saponified 
in ethanolic solution with excess of 2N-sodium hydroxide. After 3 hr. at room temperature, 
the mixture was acidified with dilute hydrochloric acid; the precipitated benzoyl derivative 
(0-25 g.), when recrystallised from aqueous ethanol, had m. p. 193—195° (Found: C, 62-1; 
H, 6-7; N, 5-7. Calc. for C,,H,,O,N: C, 62:1; H, 6-8; N, 56%). Buston and Bishop * give 
m. p. 196° for their isomer (I). The N-benzoyl derivative was hydrolysed by 6N-hydrochloric 
acid to the free amino-acid, identical with that described subsequently. 

Ethyl trans-4-Isopropyl-2-phenyl-A*-oxazoline-3-carboxylate Hydrochloride——A solution of 
the crude N-benzoyl-pL-$-hydroxyleucine ethyl esters (2-2 g.) in dry chloroform (25 ml.) was 
added during 1 hr. to stirred ice-cold thionyl chloride (40 ml.). The mixture was kept overnight 
at room temperature, then evaporated at 50° in vacuo, and the residual oil crystallised from 
ethyl acetate-ether (1-3 g., 56%; m. p. 115—117° in a sealed tube). For analysis, the oxazoline 
hydrochloride was recrystallised once more, and dried in vacuo at room temperature; it then 
had m. p. 119—120° (Found: C, 60-3; H, 6-8; N, 4-7. C,;HgO,NCl requires C, 60-5; H, 6-8; 
N, 4:7%), Vmax, (Nujol mull) 2222, 1745, 1639, 1597, 1580, 1299, 1276, 1250, 1214, 1176, 1155, 
1147, 1126, 1078, 1037, 1025, 1012, 973, 967, 940, 890, 868, 850, 803, 767, 756, and 710cm.7+. A 
sample of the oxazoline hydrochloride (5 mg.) was hydrolysed with 6N-hydrochloric acid during 
Shr. at 100°. A second sample (5 mg.) was treated with excess of sodium ethoxide (10 mg.) in 
ethanol for 5 min. before similar acid hydrolysis. Both hydrolysates were examined by paper 
chromatography (after deionisation in the second instance). threo-f-Hydroxyleucine pre- 
dominated over the erythro-isomer (ratio greater than 8:1) in both cases, but the amount of 
erythro-isomer was apparently rather less in the second experiment; presumably the crystalline 
oxazoline hydrochloride was not completely free from the cis-isomer. 

pi-threo-8-Hydroxyleucine.—A chloroform solution of the crude N-benzoyl-f-hydroxy- 
leucine ethyl esters (6-5 g.) was dehydrated with thionyl chloride as above, and the resulting 
oxazoline hydrolysed directly by 18 hours’ heating with 6N-hydrochloric acid. Benzoic acid 
was removed, by filtration and ether-extraction, from the cooled solution after it had been 
diluted with an equal volume of water. The aqueous solution was then evaporated, and the 
residue transferred in N-acetic acid to a column (9 x 3cm. diam.) of Dowex-1X2 anion-exchange 
resin (acetate form ; washed with n-acetic acid) ; ninhydrin-reacting material was eluted between 
60 and 160 ml. The pure threo-amino-acid (1-6 g., 47%) was obtained from this eluate by 
evaporation and two crystallisations from aqueous ethanol (Found: C, 49-2; H, 9-1; N, 9-3. 
Calc. for C,H,,0,;N: C, 49-0; H, 8-9; N, 9:5%), vmax, (KBr disc) 3086, 2941, 2488, 1969, 1629, 
1572, 1506, 1471, 1389, 1326, 1258, 1241, 1136, 1111, 1055, 1033, 909, 947, 906, and 866 cm."}. 
The N-chloroacetyl derivative was prepared by acylation with chloroacetyl chloride (3 mol.) in 
aqueous solution at 0° and pH 9-5 (autotitrator). The yield after recrystallisation from ethyl 
acetate-cyclohexane was 60%, and the m. p. 146—147° (Found: C, 43-3; H, 6-4; N, 6-5. 
C,H,,O,NCl requires C, 43-0; H, 6-3; N, 63%). An attempted optical resolution by the 
action of the enzyme preparation acylase I?* on this compound was frustrated by very slow 
hydrolysis. The phthaloyl derivative was obtained by heating the amino-acid (10 g., 0-07 mole) 
and phthalic anhydride (16 g., 0-077 mole) in dioxan (60 ml.) under reflux for 20 hr. The twice 
crystallised product (17 g., 90%) had m. p. 195—196° (Found: C, 60-9; H, 5-4; N, 5:1. 
CyH,,0;N requires C, 60-6; H, 5-4; N, 5-05%). 

Brucine Salt of Phthaloyl-i-threo-8-hydroxyleucine.—The foregoing phthaloyl derivative 
(18 g., 0-067 mole) was added to a solution of brucine dihydrate (28-8 g., 0-067 mole) in 2- 
methoxyethanol (55 ml.) at 80°, and the mixture shaken and warmed until solution was complete. 
It was then kept at —5° for 2days. The crystalline salt (14-7 g.) was collected and recrystallised 
three times from 95% aqueous ethanol to constant optical rotation, {a],?® —1-3° (¢ 3 in 
2-methoxyethanol). A sample, crystallised once further and dried at 80° im vacuo, had m. p. 
203—204° (Found: C, 64:6; H, 66; N, 6-2. C,,H,,O,N,,H,O requires C, 64-4; H, 6-3; 
N, 61%). 

Decomposition of the Brucine Salt.—A solution of the foregoing salt (9 g.) in 2N-sodium 
hydroxide (30 ml.) and chloroform (30 ml.) was set aside at room temperature for 30 min. with 
occasional shaking. The aqueous layer was then separated and washed twice with chloroform 
(15 ml.) which was re-extracted with 0-5N-sodium hydroxide. The combined aqueous solutions 
were concentrated in vacuo and acidified (pH 3) before being kept overnight at 5°. The 
precipitated o-carboxybenzoyl-L-threo-$-hydroxyleucine (2:7 g., 68%) was collected and 
8 Greenstein, Adv. Protein Chem., 1954, 9, 122. 
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recrystallised from aqueous ethanol. It had m. p. 218—219°, [aj,*” —12-5° (c 2 in 2-methoxy- 
ethanol), Vinax. 1709 (CO,H), 1639 and 1527 cm. (-CO-NH-) (cf. o-carboxybenzoy]-p1-phenyi. 
alanine, 1709, 1677, and 1527 cm.). During drying at 80° for 6 hr. a sample cyclised to the 
phthaloyl derivative, m. p. 210—217° (Found: C, 60-3; H, 5-4; N, 53%), having infrareq 
maxima at 1742 and 1695 identical with those of the racemic compound. 

L-threo-8-Hydroxyleucine.—o-Carboxybenzoyl-L-threo-B-hydroxyleucine (2-3 g.) was heated 
with 6N-hydrochloric acid for 7 hr. Next day the precipitated phthalic acid was filtered off, 
and the filtrate evaporated in vacuo. The residue was treated with water (20 ml.), and the 
mixture filtered from further phthalic acid and evaporated; then the process was repeated, 
The residual amino-acid hydrochloride (0-91 g., 65%) was dissolved in 0-5N-acetic acid and 
passed through a column (10 x 1-5 cm.) of Dowex-1X4 anion-exchange resin (acetate form), 
Elution with 0-5Nn-acetic acid was continued until the ninhydrin reaction became negative, 
Evaporation of the eluate and recrystallisation from aqueous ethanol of the residue yielded 
the pure L-amino-acid monohydrate (490 mg.), [a),,7° —3-5° (c 2 in H,O), [a],,2® + 15° (c 2 in 5n-HC)) 
(Found? C, 43-5; H, 9-0; N, 8-3. C,H,,0,;N,H,O requires C, 43-6; H, 9-1; N, 85%), Vax 
(KBr disc) 3333, 3067, 2959, 1667, 1634, 1567, 1515, 1466, 1397, 1355, 1330, 1256, 1130, 1062, 
1006, 952, 923, 903, 858, 788, and 689 cm.+. The anhydrous amino-acid, obtained by drying 
the monohydrate at 110°/0-1 mm. (Found: C, 49-2; H, 9-0; N, 9-15%), had v,,, (KBr disc) 
3226, 3077, 2950, 2000, 1656, 1634, 1592, 1563, 1504, 1471, 1389, 1330, 1250, 1168, 1126, 1101, 
1075, 1057, 1004, 984, 967, 947, 922, 906, 892, 854, 791, 714, and 689 cm.*}. 

Ethyl threo-a-Chloro-B-hydroxy-y-methylvalerate.*—A three-necked flask fitted with stirrer, 
reflux condenser, and dropping funnel, and containing dry mercury (300 g.) was swept out with 
dry hydrogen. Magnesium turnings (6-25 g.) were then added, and the flask was warmed until 
formation of the amalgam was complete. An ethereal solution (250 ml.) of isobutyraldehyde 
(18 g.) and ethyl dichloroacetate (40 g.) was added in one portion to the cooled mixture. The 
vigorous reaction, which started almost immediately, was moderated by external cooling with 
water. After 1 hr. the mixture was poured into glacial acetic acid containing ice, and after a 
further 30 min. the ethereal layer was separated and washed successively with brine, aqueous 
sodium carbonate solution, and water. The residual liquid from evaporation of the dried 
(Na,SO,) ether was distilled in vacuo, the fraction of b. p. 93—97°/1 mm. being collected 
(28-5 g., 59%) (Found: C, 50-7; H, 8-3; Cl, 18-35. Calc. for C,H,,0,Cl: C, 49-4; H, 7-8; 
Cl, 18-2%). 

threo-a-Chloro-B-hydroxy-y-methylvaleric and erythro-«8-Dihydroxy-y-methylvaleric Acid.—A 
mixture of ethyl «-chloro-8-hydroxy-y-methylvalerate (5 g.) and 5n-hydrochloric acid (70 ml.) was 
heated under reflux until a clear solution was obtained (100 min.). Solid sodium carbonate was 
added, bringing the pH between 9 and 10, and the solution was washed twice with ethy] acetate. 
The aqueous phase was acidified and re-extracted with ethyl acetate (4 times). Evaporation of 
the combined extracts and recrystallisation of the residue from benzene afforded the chloro-acid 
(1-27 g., 30%), m. p. 116—121° (Found: C, 43-2; H, 66%; equiv., 172. C,H,,0,Cl requires 
C, 43-2; H, 66%; equiv., 166-5). The mother-liquors from the above crystallisation were 
then evaporated, and the residual gum set aside for six months. Crystallisation had then 
occurred, and recrystallisation from ethyl acetate-cyclohexane furnished the dihydroxy-acid 
(0-55 g., 15%), m. p. 131—132° (Found: C, 48-5; H, 82%; equiv., 143. C,H,,0, requires 
C, 48-6; H, 82%; equiv., 148). ‘ 

pL-threo-8-H ydroxyleucine.—a-Chloro-§-hydroxy-y-methylvaleric acid (312 mg.) was added 
to liquid ammonia (30 ml.) contained in a thick-walled Carius tube. The tube was sealed and 
left at room temperature during 2 months. After evaporation of the ammonia, the residue was 
dissolved in water (20 ml.), acidified, and extracted with ethyl acetate. The aqueous solution 
was then evaporated, and the residue freed from chloride ions as previously described. 
Evaporation of the resulting solution in acetic acid, finally at 100°/0-5 mm., and recrystallisation 
from aqueous ethanol furnished the pure thveo-amino-acid (15 mg., 5%) (Found: C, 48-7; 
H, 9-0; N, 97%). The infrared spectrum was identical with that of the product previously 
described. 

pL-erythro-8-Hydroxyleucine Ethyl Ester Hydrochloride—A solution of ethyl «-chloro-$- 
hydroxy~y-methylvalerate (9 g.) in ethanol (250 ml.) was heated under reflux with finely 
powdered sodium azide (10 g.) during 25 hr. The solvent was then evaporated and the residue 
was extracted with ether, which was in turn washed with water and evaporated. The residue 
was dissolved in 95% ethanol (100 ml.) and hydrogenated over palladium black at room 
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temperature and pressure during 24 hr., with addition of fresh catalyst at intervals. After 
removal of catalyst and solvent, the residue was dissolved in ether, and dry hydrogen chloride 
was passed into the solution. The precipitated hydrochloride was collected, and a second crop 
obtained by concentration of the solution (0-616 g. in all, 5-5%). One recrystallisation from 
ethanolic ether furnished the pure ethyl ester hydrochloride, m. p. 135° (Found: C, 45-4; H, 8-6; 
N, 6-4. C,H,gO,NCl requires C, 45-4; H, 8-6; N, 66%). 

pL-erythro-$-Hydroxyleucine.—The foregoing ethyl ester hydrochloride (64 mg.) was 
hydrolysed in 5Nn-hydrochloric acid (2 ml.) at 100° during 2 hr. The solution was then 
evaporated, and chloride ions were removed as previously described. Evaporation of the 
resulting solution in acetic acid and recrystallisation of the residue from aqueous ethanol 
yielded the erythro-amino-acid (35 mg., 80%) (Found: C, 48-9; H, 8-8; N, 9-5%), Vmax. (Nujol 
and hexachlorobutadiene mulls) 3150, 2960, 1635, 1571, 1467, 1457, 1420, 1386, 1369, 1314, 
1270, 1170, 1054, 1014, 997, 925, 870, 834, and 670 cm.71. 
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203. Structure and Reactivity of the Oxyanions of Transition 
Metals. Part X.* . Sexivalent Ruthenium and Osmium. 


By K. A. K. Lott and M. C. R. Symons. 


Osmate(v1) is shown to exist as the octahedrally bonded ion OsO,(OH),?~ 
both in solid potassium osmate and in aqueous solution. The diamagnetism 
of this ion is discussed in terms of ligand field theory. Visible and ultra- 
violet spectra of solid potassium osmate and its solutions in aqueous alkali 
and methanol are presented and discussed. Attempts to prepare osmate(v1) 
as the tetrahedral ion OsO,?~ have failed. In contrast, ruthenate is tetra- 
hedrally bonded, having two unpaired electrons. 


Ir has been stated that potassium osmate, formulated as K,OsO,, is diamagnetic.1 The 
ion, OsO,?-, should contain two electrons outside the closed-shell of osmium tetroxide. 
Since the two “‘ outer ” electrons in hypomanganate and ferrate are unpaired in an orbital 
doublet, and since ruthenate, RuO,?-, probably contains two unpaired electrons,® it 
seemed most improbable that osmate, provided it exists as a regular tetrahedral ion, 
should be diamagnetic. 

Our attempts to prepare this ion have been unsuccessful. We have, however, prepared 
a pink solid, K,0sO,,2H,O, which is shown to contain the ion OsO,(OH),?~ and to be 
diamagnetic. Ultraviolet and visible absorption spectra of its solution in aqueous alkali 
and methanol are shown in Fig. 1, and a diffuse reflectance spectrum of the potassium salt 
is given in Fig. 2. 


EXPERIMENTAL AND RESULTS 


Water was doubly distilled from concentrated alkaline permanganate. Metallic ruthenium 
and osmium were supplied by Johnson, Matthey & Co.; other reagents were of ‘‘ AnalaR”’ grade. 

Potassium osmate was prepared by reducing alkaline solutions of purified osmium tetroxide 
(obtained from the metal by a standard procedure) with absolute ethyl alcohol. The resulting 
violet precipitate of potassium osmate was washed with ethyl alcohol and stored in vacuo. 


* Part IX, J., 1960, 889. 


' Earnshaw, Figgis, Lewis, and Nyholm, Nature, 1957, 179, 1121. 
- * Carrington and Symons, J., 1960, 889; cf. Hrowstowski and Scott, J. Chem. Phys., 1950, 18, 
6. 
* Carrington, Ingram, Schonland, and Symons, J., 1956, 4710. 
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Potassium ruthenate was obtained by alkaline reduction of ruthenium tetroxide. Metallic 
ruthenium in molten potassium hydroxide was oxidised with sodium peroxide, and the aqueous 
extract treated with acidified potassium permanganate. The resulting ruthenium tetroxide 
was distilled into concentrated aqueous potassium hydroxide and thereby reduced to ruthenate, 
The purity and concentration of these solutions were estimated spectrophotometrically.4 

Czsium tetrachloro-osmate, Cs,OsO,Cl,, was prepared as a buff powder by addition of 
concentrated aqueous cesium chloride to a solution of potassium osmate in 4N-hydrochloric 
acid. 

Analysis of Potassium Osmate.—The valency state of osmium in alkaline solutions of osmium 
tetroxide is known to be eight. Comparison of solutions containing identical concentrations 
of osmium as alkaline osmium tetroxide and potassium osmate, by the iodometric procedure 
outlined previously,’ showed the valency state in potassium osmate to be six. 


Fic. 2. Diffuse reflectance spectrum of potassium 


Fic. 1. Spectra of osmium(v1) im (a) osmate diluted with lithium fluoride. 
aqueous alkali and (b) methanol. 
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It has been stated ® that solid potassium osmate prepared as described is K,OsO,,2H,0. 
To check this, molar extinction coefficients were obtained at 300 my for solutions of potassium 
osmate prepared quantitatively from known weights of osmium tetroxide. By comparison 
with spectra obtained from weighed amounts of solid potassium osmate, the formula of this 
compound was found to be K,OsO,,(2 + 0-3)H,O. 

Spectrophotometric Measurements.—These were made with either a Unicam SP.600 glass or 
SP.500 quartz spectrophotometer, the latter having a photomultiplier attachment. 

Solutions of potassium osmate in water or aqueous alkali were pink (Fig. 1a), but methanolic 
solutions were blue (Fig. 1b). The original spectrum (la) was restored quantitatively by 
addition of excess of alkali. 

Diffuse reflectance spectra (Fig. 2) were measured by using a Unicam SP.540 attachment, 
with lithium fluoride as diluent and reference surface, suitable precautions being observed.® 

The spectrum of Cs,OsO,Cl, in aqueous hydrochloric acid resembled that of potassium 
osmate, having a shoulder of low intensity at 500 mu and more intense bands at 350 and 270 mu. 

We confirmed the statement ! that the spectrum of osmium tetroxide in water is almost 
identical with that in hexane. Addition of alkali, to give H,OsO,~ or H,OsO,?~, causes a marked 
spectral change. These observations strongly support the theory that osmium tetroxide in 
aqueous solution is largely unhydrated.” 


Connick and Hurley, J. Amer. Chem. Soc., 1952, '74, 5012. 
Hepworth and Robinson, J. Inorg. Nuclear Chem., 1957, 4, 24. 
Krauss and Wilken, Z. anorg. Chem., 1924, 187, 349. 

Lott and Symons, J., 1959, 829. 

Crowell, Yost, and Roberts, J. Amer. Chem. Soc., 1940, 62, 2176. 
Griffiths, Lott, and Symons, Analyt. Chem., 1959, $1, 1338. 
Langseth and Qviller, Z. phys. Chem., 1934, B, 27, 79. 
Sauerbrunn and Sandell, J. Amer. Chem. Soc., 1953, '75, 4170. 
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Infrared Measurements.—These were made with the Unicam SP.100 instrument, the spec- 
trum of potassium osmate being measured in a Nujol mull. A broad band at about 3550 cm. 
was observed but there was no absorption in the 1600 cm. region. This is consistent with the 
formulation K,OsO,(OH),, and rules out the possibility of water of crystallisation.” 

Magnetic-susceptibility Measurements.—These were made as described previously. The 
concentrations (0-1—0-01m) were estimated spectrophotometrically and by weight for ruthenate 
and: osmate respectively. The magnetic moment of ruthenate was calculated to be 2-75 B.M. 
which is close to the free spin value of 2-83 B.M. for two unpaired electrons. In contrast, 
osmate was found to have zero moment. 

Summary.—The experimental results show that potassium osmate, in which osmium is 
sexivalent, can be formulated as K,OsO,(OH),. Since the diffuse reflectance spectra and the 
spectra of aqueous and alkaline solutions of potassium osmate are similar, it is assumed that the 
solid dissolves unchanged in water and dilute alkali. The spectrum of the blue solution in 
methanol is similar and also contains sexivalent osmium: the spectral change is thought to be 
too large for a simple solvent shift and is tentatively ascribed to the formation of a methyl ester, 
possibly K,OsO,(OMe),. 


DISCUSSION 


We conclude that solid potassium osmate, K,0sO,,2H,O, contains osmium octahedrally 
bonded to two oxide and four hydroxide ligands, and that the resultant ion is essentially 
unchanged in aqueous solution. The original aim, to study the magnetic properties of 
tetrahedral osmate, has therefore not been realised. Since, however, ruthenate has two 
unpaired electrons, and electron-spin resonance studies on hypomanganate and ferrate 
show that zero-field splitting of the doublet level containing these electrons is very small,'4 
it is considered most improbable that OsO,?- would be diamagnetic. 

On the other hand, that OsO,(OH),~ is diamagnetic is to be expected both on theoretical 
grounds and by analogy with compounds of similar symmetry. Thus, although osmium 
hexafluoride, OsF., is paramagnetic with two unpaired electrons,® Hepworth and Robinson 5 
have shown that both OsO,Cl,?- and RuO,Cl,?~ are diamagnetic, although they offered 
no explanation. 

Structure —Writing osmate as OsO,(OH),?-, and assuming a érans-configuration with 
the z axis passing through the two oxide ligands and the x and y axes through the 
hydroxides, one can see that the familiar splitting of the d-orbitals into an upper doublet 
(ég) and lower triplet (fg) will be accompanied by a further splitting of the e, level into 
two singlets (d,:-,: and d,:), and of the fg, level into a singlet (d,,) and a doublet (d,., dy). 
Our problem is to decide upon the relative stabilities of the two lower levels. Since the 
d,, orbital lies in the plane of the four hydroxide ligands, x-interaction will be with p-r- 
electrons on hydroxide only, whereas x-bonding with the (d,,, d,z) orbitals will be with 
electrons on the oxide ligands as well as hydroxide. One may therefore expect d,, to lie 
below (dz2, dyz) because such x-interaction, which will destabilise these d-orbitals, should 
be greater for oxide than hydroxide ligands. This effect will be enhanced if, as seems 
reasonable, the metal—oxide distance is less than the metal—hydroxide distance. Similar 
remarks can be applied to tetrachloro-osmate(v1) and tetrachlororuthenate(vi) ions, and 
we conclude that, provided the splitting between d,, and (dz, dy) is fairly large, these ions 
should be diamagnetic. This conclusion is in accord with experiment. 

Ease of Hydration.—Since osmium tetroxide is largely unhydrated in neutral solution, 
equilibrium (1) must lie largely to the left, but equilibrium (2) lies to the right: 


OsO, + 2H,O ager Os0,(OH), - - . - - - ~~ © GY 
OsO,?- + 2H,O == OsO,(OH),7" ©. . . - »~ - ~~ - & 


2 Williams and Pace, J., 1957, 4143. 
3 Symons, J., 1957, 387. 

“ Carrington, Ingram, Lott, Schonland, and Symons, Proc. Roy. Soc., in the press. 
'* Hargreaves and Peacock, Proc. Chem. Soc., 1959, 85. 
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It is probable that the generalisation can be made that “ closed-shell ’’ tetrahedraj 
oxyanions will have a smaller tendency for hydration than the corresponding ions with 
one or two “ outer” electrons. This can be understood in terms of the relative importance 
of bonding in the tetrahedral and the octahedral ion. If we start with the approximation 
that the two “ outer ” electrons are fed into the d,- and d,-,:-orbitals in OsO,?-, and into 
the d,,-orbital of OsO,(OH),?~, then, as x-overlap between oxide or hydroxide p-x-orbitals 
and the metal d-orbitals increases, so those containing the “ outer”’ electrons will be 
increasingly destabilised. Since x-overlap should be considerably stronger with oxide 
than with hydroxide ligands, it will be smallest for the d,,-orbital in OsO,(OH),?-, and 
therefore this orbital will be of lowest energy, and diamagnetic OsO,(OH),?~ will be 
favoured energetically. 

One reason why x-interaction should be more important in OsO,°~ than in OsO,(OH),?- 
is that Pauling’s electroneutrality principle 1 is satisfied almost completely by o-bonding 
in the latter, but cannot thus be satisfied in the former. Although x-bonding in tetra- 
hedral oxyanions of the transition metals is thought to be less extensive? than was 
postulated by Wolfsberg and Helmholz '* it seems to play an important réle in the chemistry 
of these ions (cf. ref. 19). 

Spectra.—If, as has been assumed, the ion OsO,(OH),?~ has a trans-configuration, one 
would expect to find a broad band (or doublet) of low intensity close to the visible region, 
corresponding to the forbidden e, <— #,, transitions of octahedral complexes. The broad 
band of low intensity found in the 500 my region is thought to correspond to these 
transitions, and is further evidence for the proposed octahedral structure for osmate, 
A similar band has also been found for OsO,Cl,?-, but would not be expected either 
theoretically or by analogy for the tetrahedral ion OsO,?-. Thus no weak band of this 
sort has been found for hypomanganate, ferrate,”° or ruthenate.* 

The more intense bands in the near-ultraviolet region are probably charge-transfer 
bands from f-x or pc levels on oxide and hydroxide to vacant d-orbitals. 


Thanks are offered to Dr. A. Carrington for helpful discussion and to the University of 
Southampton for a postgraduate research scholarship to K. A. K. L. 


CHEMISTRY DEPARTMENT, 
THE UNIVERSITY, SOUTHAMPTON, (Received, July 24th, 1959.) 


16 Pauling, J., 1948, 1461. 
17 Dunn, J., 1949, 623. 
18 Wolfsberg and Helmholz, J. Chem. Phys., 1952, 20, 837. 
'® Bailey, Carrington, Lott, and Symons, /., 1960, 290. 
*° Carrington, Schonland, and Symons, J., 1957, 659. 
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and their Esters in Glasses. 














‘ance 
1 By U. K. KiAnine and M. C. R. Symons. ‘ 
Into 
Vitals Although chromate and acid chromate ions are not decomposed when 
ll be rigid solutions in a variety of solvents at 77° k are exposed to light of 4 3650 : 
yxide or 2537 A, solutions prepared from acid chromate and propan-2-ol, con- 
and taining mainly the chromate ester, readily decompose to acetone and quadri- 
be | valent chromium. On softening, the blue Cr'¥Y compound decomposes q 
slowly at —120° to give Cr¥! and Cr™!. The visible and ultraviolet absorp- 
Na tion spectrum of the blue compound is given. No electron-spin resonance 
A) absorption could be detected with the photolysed glasses. 
ding Similarly, glasses containing periodate or periodic acid were unaffected, 
etra- except in alcoholic solvents. Changes in the ultraviolet spectrum of periodate 
was in anhydrous propan-2-ol are tentatively ascribed to the formation of 
istry periodate esters. After prolonged irradiation, periodate in alcoholic glasses 
is almost completely converted into iodide. 
Press Tue efficiency and overall mechanism of photolysis may be very different in fluid and rigid 
gion, media.! In rigid media chain processes are no longer possible, and a reaction depend- 
road ing on considerable movement of a reactive species is prohibited unless small particles 
th S , pe prohibi le partic 
~ such as hydrogen or oxygen atoms are involved. Hence, reactive entities, not detectable 3 
nate. in fluid solutions, are often formed in relatively high concentration and retained until 
a the glass becomes fluid. 
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Fic. 1. Ultraviolet and visible spectra of the blue intermediate formed by photolysis of isopropyl 
chromate with light of } 3650 A. A at —120°, B at —160°. . 


Fic. 2. Ultraviolet spectra of periodate. A in water, B in Pr'OH after 5 min., C in Pr'OH after 
30 min. - 


Such intermediates can be studied spectrophotometrically and magnetically in the 
glass, but later stoicheiometric analysis of the final products at room temperature may 


* Part VIII, J., 1959, 2478. 
1 Symons and Townsend, J., 1959, 263. 
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also give information about them.** Hence it has been shown that, although rigid 
solutions of permanganate are readily decomposed on photolysis, neither chromate nor 
acid chromate is decomposed by light of 2 3650 or 2537 A in a variety of rigid glasses3 
This contrasts with the behaviour of certain chromate esters which decompose readily? 
in rigid alcohols. 

These results, which are relevant to an understanding of the mechanism of light- 
induced decomposition in fluid solutions,‘ are now reported in detail; the visible and 
ultraviolet spectrum of a blue chromium species, thought to be Cr"Y, is recorded in Fig. 1, 

Solutions of periodate at room temperature readily give iodate and oxygen on irradi- 
ation with ultraviolet light.5 It has been suggested that a free-radical chain mechanism 
may be important,® but quantitative studies of aqueous solutions showed that the quantum 
yield is somewhat less than unity, being a maximum in the pH range 3—6.’_ This result 
neither proves nor disproves the original postulate,® but the fact that, when alcohols are 
added, induced photo-oxidation is much faster ® means that a chain mechanism is pre- 
dominant, at least under these conditions. 

We have therefore studied the influence of ultraviolet light on rigid solutions of 
periodates and periodic acid at 77° kK. It is concluded, by analogy with chromate, that 
the only photochemically active compound under these conditions is an alkyl periodate, 
Possible spectrophotometric evidence for ester formation in solutions of periodate in 
isopropyl alcohol at room temperature is presented (Fig. 2) and the spectra of aqueous 
solutions of periodates are discussed. 


EXPERIMENTAL AND RESULTS 


General experimental procedures were as described earlier. 

Polymerisation.—Experiments on the light-induced polymerisation of aqueous acrylonitrile 
by periodate have already been described.* Similar experiments have been carried out for 
chromate-alcohol systems. 0-5m-Solutions of acrylonitrile containing isopropyl alcohol and 
acid chromate were irradiated with light from a 250 w high-pressure mercury lamp filtered 
through soda glass. The results of these and of other experiments at higher acid strengths in 
the dark are given in Table 1. In contrast with the periodate system,® here polymerisation 


TABLE 1. Polymerisation of acrylonitrile induced by acid chromate-tsopropyl alcohol 
solutions (acrylonitrile = 0-5m). 

PrOH _ Relative light © HCrO,- HClO, Yield of crv! 

(mole/1.) intensity (10 mole/1.) (mole/1.) polymer consumed (%) 

2-5 0-5 0 
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was not extensive, the highest yields occurring when the light intensity was low. The results 
do not prove that free-radical reactions are involved: indeed all other evidence for both thermal 
and light-induced reactions is to the contrary. It is possible that, fortuitously, there are 
unimportant side reactions involving free radicals, but it seems probable that Cr!V or Cr’ 


Klaning and Symons, Proc. Chem. Soc., 1959, 95. 
Idem, ]., 1959, 3269. 
Klaning, Acta Chem. Scand., 1958, 12, 576. 
° Head and Hughes, /., 1952, 2046. 
Symons, J., 1955, 2794. 
Smith, Ph.D. Thesis, Southampton, 1957. 
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 Tigid intermediates can initiate polymerisation. If this is so, then we conclude that this test for 
te nor free radicals is of limited utility in the presence of transition-metal ions. 
Asses,3 Chromate Photolysis.—Solutions were prepared and stored at —80° in order to reduce the 
adil n thermal oxidation. During photolysis at 77° or 90° k with light from a 250 w high-pressure 
y mercury lamp, a blue colour developed which was intensified as the solution softened at — 120°. . 
ligh Photolysis of the fluid solution at this temperature also gave a blue product, but at —110° this 
ight. intermediate was decomposed too rapidly for it to accumulate in the solution. In the absence 
- and of added phosphoric or perchloric acid, solutions were violet rather then blue. After irradiation, 
rig. I. on warming gradually the solution lost its blue colour, becoming green and giving the spectrum 
iradi- expected from a mixture of Cr“! and Cr¥!, At high temperatures this colour changed again, 
anism to orange, and at room temperature a precipitate of basic Cr! salts was obtained. The orange 
intum colour is thought to be due to a chromic-chromate complex. 
result | After irradiation, solutions to be analysed were softened and mixed with 1 ml. of aqueous 
is are im-sodium hydroxide, which converted all Cr¥! species, formed by disproportionation of the 
$ pre- products of irradiation, into chromate. After warming to room temperature the solution was 
diluted with alkali and filtered. The overall loss of CrY! on irradiation was found by comparing 
ns of FF optical densities at 373 mu with those of unphotolysed solutions made alkaline in the same way. 
| Ps Solutions de-aerated before photolysis gave identical results. Results are in Table 2. 
» that 8 Periodate Photolysis.—Details are given in Table 3. Solutions containing phosphoric acid 
odate. and sodium dihydrogen phosphate had ultraviolet spectra identical with that expected for 
ite in H,10,. These solutions gave good glasses which were unchanged after prolonged irradiation | 
ueous with light of 4 2537 A from a 125 w low-pressure mercury arc immersed directly in the coolant.1 
Neutral solutions composed of appropriate mixtures of water, sodium borate, and sodium 
phosphates had spectra which resembled that of periodate at pH ~1-9, under which conditions 
small quantities of H,IO, are present. Dilution with water shifted the broad peak in the 
q 220 my region back to 222-5 my, and at the same time narrowed and intensified the band. 
: Whilst we do not know the reason why the normal spectrum of neutral periodate is not obtained 
nitrile > 
ut for ff TABLE 2. Photolysis of Cr¥! with light of » 3650 A at 77° or 90° k. 
1 and Concn. Conversion 
ltered ff Ion (10- mole/I.) Glass Time (hr.) into Cri¥ (%) 
thsin PP | SSSR, 0-1 NaOH 12 0 
sation : NG ack cc ccsissasicewess 0-1 Phosphate 12 0 
But,CrO, + Bu'CrO,- ... 2 ButOH, 0-1m-H,PO, 5 22 
But,CrO, + Bu'CrO,- ... 2 ButOH, 0-1m-HCIO, il 48 
ol SETS cucencanhseteenect 2 98% PriOH, 0-ImM-H,PO, 2 90 
ee 2 98% PriOH, 0-1m-H,PO, 6 94 ai 
RIMES” cccwseicvvensssnes 2 98% PriOH, 0-1m-H,PO, 12 101 
1 NIE” icccschissqneinaisss 2 98% Pr'OH, 0-04m-H,PO, 8 102 
d (%) Dn? na 2 98% Pr'OH, 0-07m-H,PO, 12 94 
@® PCO oo. .eeseeeeeees 0-5 98% PriOH, 0-07m-H,PO, 3 98 , 
* Some Pr',CrO, also present. ° Dezrated. 
: TABLE 3. Photolysis of I™ with light of » 2537 A at 77° x. 
Concn. Conversion 
, (10- mole/I.) Glass Time (hr.) into I- (%) 
| 10 Borate + phosphate 4 0 
10 Phosphate 8 0 
0:5 Pr'OH 11 91 
0-05 Pr'OH 7 97 : 
coulis 0-05 PrOH 7 95 
ormal * The spectrum of H,IO, in Pr'OH is identical with that of NaIO,. 
e are 
r Cet under these conditions, we conclude that a considerable proportion of the periodate is neverthe- 


less present as the species responsible for the band at 222-5 my in neutral solution.* These 

solutions also froze to clear glasses at 77° K, and again, there was no change in spectrum after 

prolonged exposure to light of 2 2537 A. o" 
Solutions in propan-2-ol, which developed, on storage, the spectrum shown in Fig. 2, froze 

to clear glasses which did not alter in appearance on photolysis until the glass was allowed to 


* Crouthamel, Hayes, and Martin, J. Amer. Chem. Soc., 1951, 78, 82. 
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soften. Then, however, a yellow or brown colour appeared, and iodine was sometimes precipit- 
ated, showing that extensive decomposition had occurred. 

After warming to room temperature solutions were analysed either by acidification, addition 
of excess of potassium iodide, and titration with thiosulphate, or by dilution with water and 
measurement of the ultraviolet spectrum. After extensive photolysis, bands were found at 
292 and 365 (I,~) and 226 my (aqueous iodide). By interpolation the relative amounts of iodine 
and iodide were determined. Results obtained by these alternative methods agreed. 

Iodate Photolysis—It seemed possible that the first step in the photolysis of periodate in 
an alcoholic glass would give ketone and iodate. Accordingly the behaviour of iodate has been 
studied, but solutions in alcohols were too cloudy and unstable to warrant study. In 
concentrated alkaline glasses there was very little change after prolonged irradiation. In acid 
phosphate glasses, after irradiation for 9 hr. with light of 4 2537 A a faint pink colour appeared, 
possibly due to iodine. However, analysis after warming showed that only about 10% of the 
iodate had decomposed. Since these glasses were always slightly cloudy, we incline to the 
view that the photosensitive species was not simple iodate, but rather a polynuclear compound 
which gave some iodine in the glass. 

Spectrophotometric Measurements.—These were made by using a Unicam SP.500 spectro- 
photometer fitted with an R.S.V. photomultiplier detector. Spectra at low temperatures were 
measured with the attachment described elsewhere.® Since readings below about 250 my were 
unreliable with this apparatus only the spectra of chromium intermediates could be studied 
at low temperature. The temperature in the cell housing was read by means of an Alumel- 
chromel thermocouple, calibrated in liquid nitrogen, oxygen, and a bath of melting diethyl 
ether. For measurement of the spectra of glasses, the temperature was adjusted to about 
— 160° by means of a potentiometer connected to a heating-coil immersed in the liquid-nitrogen 
coolant. In experiments with the softened glass the temperature was about —120°. 

The cell correction due to cracks in the glass was about 0-6 and varied somewhat with 
wavelength. The correction for the softened glass was far smaller (about 0-06), so these 
readings are more reliable. At —120° the spectrum of’the blue intermediate decayed slowly, 
and the spectrum given in Fig. 1 was obtained by extrapolation to zero time. The time at 
which the glass softened was taken as the time when a sudden fall in optical density occurred. 
Separate measurements were made to determine the contraction of the solutions from room 
temperature to — 120°. 

The slow colour change at —120° was followed spectrophotometrically. The rates of 
decrease in optical densities at 360 and 650 my were comparable, and the spectrum of the resulting 
green solution was close to that expected for the disproportionation 3Cr!¥ —» Cr¥! +. 2Crill, 
A subsequent general increase in optical density may have been due to the formation of a 
precipitate or to slight frosting on the cell windows. 

Electron-spin Resonance Measurements.—These were made at 77° k as previously described.” 
Irradiated glasses were checked whenever decomposition was detected after softening (see 
Tables 2 and 3). In no instance was resonance detected which could be attributed to alcohol 
radicals. With periodate in isopropyl alcohol there was no detectable resonance under any 
conditions. With chromate in isopropyl alcohol a very weak, broad band was observed with 
a g-value slightly greater than the free-spin value. The intensity of this signal corresponded 
to a “ radical’’ yield of about 0-2% based on the amount of chromate photolysed and was 
probably due to chromic ion formed in traces before irradiation. Marked increase in absorption 
in this region after warming is in accord with this postulate. Although any Cr!¥ present 
should be paramagnetic, the degeneracy of the levels containing the two electrons would almost 
certainly be lifted by zero-field forces and this effect, together with spin-orbit coupling effects, 
would smear the resonance beyond the limit of detection in a glass. 


DISCUSSION 


Chromate Photolysis.—The stoicheiometric results alone strongly support the postulate 
that monochromate esters are photolysed to give ketone and Cr'Y in one step.2* The 
alternative, that Cr™ is formed directly in the glass, would require the coincidence that a 
limit to photolysis was reached after two-thirds of the original chromate had been lost. 


* Symons and Townsend, Spectrovision, 1957, 4, 5. 
10 Gibson, Ingram, Symons, and Townsend, Trans. Faraday Soc., 1957, 58, 914. 
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Photolysis to CrY and alcohol radicals, followed by further decomposition on warming, 
would require loss of CrY at least in part by attack on the solvent. Reasonable steps, 
giving the correct stoicheiometry, are not readily formulated, and the mechanism seems 
improbable because no alcohol radicals could be detected by electron-spin resonance. 

By elimination, the blue intermediate must be a Cr'Y species. There is a considerable 
increase in optical density at the band maxima when the glass softens, but no shift (Fig. 1). 
Since, in the rigid glass, Cr'V will not be at equilibrium with its ligands, this very rapid 
change is attributed to a change in the ligand field around Cr'’.* The fact that, in the 
absence of acid, a violet colour appears on softening is in accord with this postulate since 
phosphate is expected to co-ordinate strongly to Cr'Y, and hence there should be different 
ligands in the two cases. 

The spectral changes followed at —120° suggest that the main route for loss of Cr'Y is: 


2Crt¥ ——y CrV + Crit 
Crt¥ + Cr¥ ——g» CrVI + Cri (Fast) 


There is no sign of a new band during the decomposition at —120°, other than those 
attributable to Cr¥' and Cr™@. Since hypochromate (CrO,°-) absorbs quite strongly in 
the visible and near-ultraviolet region ™ we should expect detectable absorption from 
Cr¥ under the present conditions if this species were formed in appreciable quantity. 
Rapid interaction between Cr'V and Cr was a necessary stage in the mechanism proposed 
for photolysis at room temperature,” and it is significant that Cr!Y does not react with 
alcohol at —120°.4 

If our assignment is correct, the extinction coefficient at 650 my is unusually large for 
a 3d-3d transition, and the band may instead involve transfer of ligand electrons towards 
chromium. 

The simplest detailed picture of the breakdown of isopropyl hydrogen chromate is 
by way of the cyclic transition state (see 1). 


~R Ji- ais | 
Rw —P RR’C=O+HCrOs- . . . «ss GI) 


Light absorption in the first two bands of the ester, whose spectrum closely resembles 
that of acid chromate,’ involves transfer of oxygen #-n-electrons from oxygen to 
chromium.’* Since the photolysis requires transfer of two electrons into the chromium 
3d-level this transfer facilitates the breakdown shown (1). A similar transition state can 
be written for the thermal breakdown which occurs on protonation. There has long been 
controversy regarding the mechanism of the thermal reaction, one reason being that 
a-hydrogen can be lost as either a proton or a hydride ion. These differences merge if a 
cyclic transition state is involved, since one can arbitrarily symbolise the electron flow 
in any of three possible ways. That addition of a proton facilitates breakdown of the 
ester arises because chromium thereby becomes more electrophilic. 

That the t-butyl ester is photolysed far less readily is in accord with formulation (1). 
We have not undertaken an analysis of organic products, but tentatively suggest 
formulation (2) for the transition state. 





ON O-H\_ OT oh ¢. 4 

- PR - Poa | TP HCrO5- + Mego——CHy © © © + + 
AN 
Me Me _ 


* Hagihara and Yamazaki (J. Amgr. Chem. Soc., 1959, 81, 3160) have prepared a deep blue com- 
pound thought to be chromium tetra-t-butoxide, Cr(OBut),; this is in agreement with our assignment. 


1 Bailey and Symons, J., 1957, 203. 

 Klaning, Acta Chem. Scand., 1958, 12, 807. 
‘8 Bailey, Carrington, Lott, and Symons, /J., 1960, 290. 
“* Lewis and Symons, Quart. Rev., 1958, 12, 230. 
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Periodate Photolysis.—The postulate ® that the band at 222-5 mp characteristic of 
aqueous solutions of periodate at pH 3—6 is a property of the ion IO,” rather than of 
H,I0,~ is generally accepted. However, diffuse reflectance spectra of solid KIO, in the 
ultraviolet region, although showing clearly a weak band in the 315 my region (detected 
also as a shoulder in aqueous solutions), show no sign of an intense band at 222-5 my 
The present results also appear to cast doubt upon this assignment. If the band at 222.5 
my is due to 10, and if H,IO,~ has a negligible absorption in this region,* then the change 
on addition of isopropyl alcohol must be simply a solvent shift, coupled possibly with 
further dehydration of H,IO,~. This offers no explanation for the slow build-up of the 
band at 226 my in isopropyl alcohol. We postulate instead that the new band is 
characteristic of a periodate ester, possibly (Pr'O),1O,~, formed at a measurable rate from 
aqueous periodate. It is significant that Buist, Bunton, and Miles '* observed a similar 
increase in optical density in this region during the initial stages of interaction between 
periodate and certain glycols, which they attributed to the formation of a complex, probably 
a cyclic diester. 

If this is correct, the ion H,IO,~ may be responsible for the band at 222-5 my in aqueous 
solution, since it has the same symmetry as the postulated ester. However, the problem 
is still unresolved. 

The results obtained on photolysis in rigid media seem hard to understand if the above 
postulate is incorrect. Possible modes of breakdown of simple oxyions have been 
discussed,? and those considerations, taken in conjunction with the present results, seem to 
eliminate all possibilities other than that the photo-active compound is an ester, which 
probably breaks down in a manner analogous to that of the alkyl hydrogen chromate 
discussed above. The fact that prolonged photolysis converts periodate into iodide and 
iodine, taken in conjunction with the comparative inertness of iodate, suggests a stepwise 
breakdown: 





(Pri) IO,.- —— Me,CO + IO, 
1O.- —» I- + O, J 


hy 
(PriO),IO,~- —— Me,CO + (PriO), 10, | 
(3) 


where the first and either of the subsequent steps are photoinduced. 

In light of these postulates, the mechanism for photolysis at room temperature requires 
reconsideration. A mechanism similar to that proposed for permanganate *!? seems 
ruled out. Breakdown to hydroxyl radicals, as originally postulated,* certainly does not 
seem to occur readily in rigid media; but, if a chain reaction is involved, it would be 
possible for the first stage to have a very low quantum efficiency and yet for the overall 
reaction to have a quantum yield close to unity.’ Since photolysis in the presence of 
alcohols is very rapid, there must be a change in mechanism from a free-radical chain 
process to the non-radical breakdown (3) on passage from fluid to rigid media. A similar 
change in mechanism has been observed for the photolysis of ethyl iodide.1-8 


One of us (U. K. K.) thanks the British Council for a bursary and the Technical University, 
Copenhagen, for leave of absence, during which this work was carried out. 


DEPARTMENT OF CHEMISTRY, THE UNIVERSITY, 
SOUTHAMPTON. (Received, August 25th, 1959.] 


15 Griffiths, Lott, and Symons, Analyt. Chem., 1959, 31, 1338. 
16 Buist, Bunton, and Miles, J., 1957, 4575. 

17 Zimmerman, J. Chem. Phys., 1955, 28, 825. 

18 Luebbe and Willard, J. Amer. Chem. Soc., 1959, 81, 761. 
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= 7 205. Preparation of 3-Substituted Oxazolid-2,4-diones by Cyclisation 
n the of N-Substituted N-Chloroacylcarbamates.* 
— By M. PrAnka and D. J. Potton. 
mu. 
229.5 3-Substituted oxazolid-2,4-diones have been prepared from N-substituted 
lange carbamates and «-chloroacyl chlorides. The intermediate N-substituted 
with chloroacylcarbamates cyclise at higher temperatures to the diones. The 
f the plots of the cyclisation rates of ethyl N-alkyl-N-chloroacetylcarbamates were 
nd j straight, and steric effects influenced the cyclisation. Infrared spectra of the 
f * N-substituted chloroacylcarbamates and of 3-substituted oxazolid-2,4-diones 
Tom are discussed. 
milar ; : : 
tween 3-SUBSTITUTED oxazolid-2,4-diones (III) are an important class, as several members 
bably possess analgesic * and anti-epileptic * properties. 3-Alkyl derivatives have been prepared 
by alkylation of oxazolid-2,4-dione }** or by treatment of «-hydroxy-esters with alkyl 
ueous isocyanates and cyclisation of the resulting urethanes, by which method also the 3-aryl 
»blem derivatives have been synthesised.® q 
We found that a convenient preparation of 3-alkyl- and 3-aryl-oxazolid-2,4-diones was 
above to heat at >180° lower alkyl alkyl- or aryl-carbamates (I) with an «a-chloroacyl chloride, 
been according to the scheme shown. 
em to cr , ” ” , fe O—GHR s 
, R*NH*CO,R’ + CICHR’COC] ——g CICHR”*CO*NR*CO,R’ —— RN | +R CI 
which \co—o 
ymate (D (II) (Il 
= N-«-Chloroacylcarbamates.—No difficulties were experienced in preparing N-chloro- 
P acetyl- and N-chloroacetyl-alkylcarbamates, though the yields of the desired products 
decreased when the size of the alkyl group R or R’ increased (Table 4), because of 
increased steric hindrance. However, neither ethyl isopropylcarbamate nor ethyl aryl- 
(3) carbamates yielded pure N-chloroacetyl derivatives; a large proportion of unchanged 
y! P y ge propo 8 
TABLE 1. Infrared spectra of bromoform solutions of carbamic esters. 
THe Second 
erste Carbamate NH or NH, EsterCO Amide CO amide band 
seems NGA. nceseccccedcocceccconsccscesacscnescorerss 3520, & 3380 1728 1580 “a 
»s not NS DE-DE . ncosccscacynesssrcosgecuseccep 3380 1754 1704 1488 
ld be Methyl N-chloroacetyl- .............c.sse0ee 3400 1792, 1760 1725, 1710 1485 
Ethyl N-chloroacetyl-  ...........seseeeeeee 3380 1788, 1755 1724, 1705 1486 ‘ 
verall Propyl N-chloroacetyl- ..........::ss0se0005 3350 1790, 1755 1725, 1708 1490 . 
ce of Butyl N-chloroacetyl-  ..........:.sse+++0: 3350 1790, 1758 1726, 1704 1490 
hai Hexyl N-chloroacetyl-  .............seeeeees 3350 1790, 1756 1725, 1705 1486 
Gas Dodecyl N-chloroacetyl-...........:.::000++ 3400 1792, 1758 1725, 1708 1486 
imilar Allyl N-chloroacetyl- .............sessesseees 3400 1790, 1755 1720, 1706 1482 
2-Fluoroethyl N-chloroacetyl- ............ 3350 1796, 1762 1730, 1700 1490 
p-Nitrobenzyl N-chloroacetyl- ............ 3400 1795, 1762 1730, 1704 1488 
t Ethyl N-a-chloropropionyl- ............... 3400 1786, 1758 1720, 1710 1485 
ersity, 


carbamate was always recovered. This may have been due to considerable steric 
inhibition with the N-branched alkylcarbamate and with the arylcarbamates, owing to 
959.) the lower availability of the lone electron pair on the nitrogen atom through their particip- 
ation in the resonance of the aromatic nucleus. The yields of 3-aryloxazolid-2,4-diones : 
(Table 6) follow, in general, the degree of basicity of the arylcarbamates. 


* B.P. Appn. 38,502/58. 

1 Spielman, J. Amer. Chem. Soc., 1944, 66, 1244. 

® Clark-Lewis, Chem. Rev., 1958, 58, 63. 7 
% Davies and Hook, B.P. 632,423. 
4 
6 










Davies, Fitzgerald, and Hook, J., 1950, 34. 
Iwaya, Mitsuhashi, Yoshida, and Kijima, J. Pharm. Soc. Japan, 1948, 68, 245. 
Rekker, Faber, Tom, Verleur, and Nauta, Rec. Trav. chim., 1951, 70, 113. 
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The Infrared Absorption of Acetylcarbamic Ester and of N-a-chloroacylcarbamic Esters — 
The infrared spectra we recorded of urethane and acetylurethane (Table 1) differ 
considerably from those reported by Randall e¢ a/.,? but our spectrum of urethane agrees 
with that described by Pinchas and Ben-Ishai.* Our measurements show that N-acetyl. 
urethane in bromoform solution is in the keto-form. 

The spectra of the chloroacetylcarbamates in bromoform showed the expected nitrogen- 
hydrogen stretching band at about 3500 cm., but four instead of the two expected 
carbonyl bands (Table 1). The 1710—1700 cm.* band usually appeared as a relatively 
weak shoulder on the strong 1730—1720 cm. band. The ratio of the intensities of the 
1796—1786 cm. and the 1762—1755 cm.* bands was of the same order as that of the 
1710—1700 cm. shoulder and the 1730—1720 cm.+ peak. In carbon disulphide, the 
frequencies of the four carbonyl bands are about 10 cm. higher, but their relative 
intensities are about the same as in bromoform solution. In spectra of Nujol mulls, the 
carbonyl bands tend to coalesce to one strong band at 1770—1756 cm.*. 

The 1796—1786 and 1762—1755 cm. bands are probably associated with the ester, 
and the 1730—1720 and 1710—1700 cm.* doublet with the amide group. 


TABLE 2. Infrared spectra of bromoform solutions of N-alkyl-N-chloroacetylcarbamic esters, 
Ester Amide Ester Amide 

Carbamate co co Carbamate co co 

Methyl N-chloroacetyl-N-methyl- 1732 1712 Ethyl N-butyl-N-chloroacetyl- ... 1725 1712 
Ethyl N-chloroacetyl-N-methyl-... 1730 1712 Ethyl N-chloroacetyl-N-nonyl- ... 1726 1710 
n-Butyl N-chloroacetyl-N-methyl- 1730 1710 Ethyl N-allyl-N-chloroacetyl- ... 1730 1715 
Ethyl N-chloroacetyl-N-ethyl- ... 1725 1710 Ethyl N-benzyl-N-chloroacetyl-... 1726 1710 


TABLE 3. Infrared spectra of bromoform sqlutions of oxazolid-2,4-diones. 
Oxazolid-2,4-diones 2-CO 4-CO Oxazolid-2,4-diones 2-CO 4-CO 
1748 & 1732 3-Phenyl- 1860 & 1825 1750 
1730 3-p-Tolyl- 1842 & 1817 1745 
1736 3-p-Chlorophenyl- 1836 & 1812 1748 
1738 3-p-Nitrophenyl- 1844 1752 
1740 3-1’-Naphthyl- 1845 & 1820 1750 
1750 3-2’-Naphthyl- 1840 & 1818 1745 
3,5-Dimethyl- 1730 


The frequency of the amide carbonyl should, however, depend on its steric relation to 
the adjacent chlorine atom,® and we can assign the 1710—1700 cm.* shoulder and the 
strong 1730—1720 cm. band to the gauche and the cis-form, respectively. We had some 
difficulty in explaining the unusually high ester band at 1796—1786 cm.-}, until Dr. L. J. 
Bellamy (personal communication) suggested that N-chloroacetylurethane could make a 
fairly compact structure in which a gauche chloroacetyl group brings its chlorine atom 
close to the oxygen of the ester carbonyl. This effect would push the ester carbonyl 
frequency up to about 1790 cm.. A cis-chloroacetyl group would not affect the ester 
carbonyl frequency. It thus appears that the 1796—1786 cm.+ band and the 1710— 
1700 cm. shoulder are associated with the gauche form and the 1762—1755 and 1730— 
1720 cm.* bands with the cis-form of the molecule. In the Nujol spectrum, the splitting 
of the NH band into a doublet at about 3250 and 3180 suggests enolisation. The strong 
carbonyl band at 1770—1756 cm.* is presumably an ester band. 

The ethyl N-alkyl-N-chloroacetylcarbamates in bromoform (Table 2) showed two 
strong carbonyl bands; their frequencies were unchanged in Nujol mull, but were about 
10 cm.* higher in spectra of carbon disulphide solutions. As in the spectrum of N-acetyl- 
urethane, the 1732—1725 and 1715—1710 cm.* bands are probably associated with the 


7 Randall, Fowler, Fuson, and Dangl, “ Infrared Determination of Organic Structures,” Van 
Nostrand, New York, 1949. 


§ Pinchas and Ben-Ishai, J. Amer. Chem. Soc., 1957, 79, 4099. 
® Bellamy and Williams, J., 1957, 4294. 





Chloroacetyl carbamates Cl-CH,*CO-N R-CO,R’.* 
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ester and amide carbonyl groups, respectively. The N-alkyl group sterically hinders 
rotation, so that the chlorine atom is unable to rotate to the gauche form and interact with 
the ester carbonyl group. 

The Cyclisation of N-«-Chloroacylcarbamates.—The N-alkyl-N-«-chloroacylcarbamates 
lost ethyl chloride at >180° to form the corresponding diones (Table 5). Intractable 
mixtures were obtained from ethyl N-chloroacetyl- and N-a-chloropropionyl-carbamates, 
from which diones could not be isolated. However, oxazolid-2,5-diones were prepared in 
good yields by heating N-methoxycarbonylglycyl chlorides.” This may be due to the 
higher reactivity of the chlorine in acyl chlorides than in the chloroalkyl compounds. 

McKay and Braun ™ examined the cyclisation of 2-chloroethylcarbamates, N-2-chloro- 
ethylureas, and N-2-chloroethyl-N’-nitroguanidine, and suggested the participation of 
carbonium-ion intermediates. They argued that the greater the possibilities for resonance 
the easier the formation of carbonium ion and the readier the cyclisation. We believe that 
a similar mechanism can operate in the cyclisation of N-chloroacylcarbamates which can 
exhibit a number of resonance forms. 


Fic. 1. 


\ 
9° 
° 


Time (min.) 


N 
Ss) 








% Conversion to dione 
Fic. 1. Rates of cyclisation of CICH,*CO-NR:CO,Et at 180°. 
1, R = methyl; 2, R = ethyl; 3, R = allyl; 4, R = n-butyl; 5, R = n-nonyl. 
Fic. 2. Rates of cyclisation of CICH,-CO-NEt-CO,Et. 
1, at 180°; 2, at 180° in presence of glass-wool; 3, at 210°; 4, at 240°. 


The inductive effect of the N-alkyl group would render the chlorine atom more negative 
and increase the attraction between the chlorine and the ethoxy] group. 
Rearrangement to the carbonium ion (IV) 


(IV) [*CH,*C(O)*NR*CO-:O-EtCl] — (lll; R’” =H) + EtCl 


and cyclisation with elimination of ethyl chloride would follow. 

In ethyl N-aryl-N-chloroacetylcarbamates the aryl substituent would have the effect 
of increasing the number of resonance structures. This would stabilise the electronic 
structure of the carbamate, thus facilitating the formation of the intermediate carbonium 
ion (IV; R = aryl) and its cyclisation to the dione (III; R = aryl, R’ = H). If more 
extensive resonance assists carbonium-ion formation, the yield of N-aryl-diones should 
increase. Since this is not the case (Table 6), we assume that the governing step is the 
chloroacetylation, which is affected by the decreasing basicity of the aromatic carbamates. 


1 Leuchs, Ber., 1906, 39, 857. 
™ McKay and Braun, J. Org. Chem., 1951, 16, 1829. 
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Steric Effects on Cyclisation.—Leuchs et al.2 obtained a lower yield (50%) of 4-phenyl- 
oxazolid-2,5-dione from N-methoxycarbonyl-«-phenylglycyl chloride than of the 3-phenyl 
isomer (80°) from N-ethoxycarbonyl-N-phenylglycyl chloride. Similarly we find that 
ethyl N-«-chloropropionyl-N-methylcarbamate cyclises less readily than ethyl N-chloro- 
acetyl-N-methylcarbamate (Table 5). This steric inhibition became evident also when the 
substituents were in a different position. Thus, increase in the bulk of the ester group 
affected the ease of cyclisation. 

The rate of cyclisation (Fig. 1) depended on the number of carbon atoms in the N-alkyl 
chain (II; R = alkyl, R’= Et, R’ =H). Increase in the length of that group would 
increase steric inhibition of the resonance state, which would lead to greater difficulty in 
the formation of the carbonium ion (IV) and in cyclisation. 

Rates of Cyclisation of Ethyl N-Alkyl-N-chloroacetylcarbamates.—Plots of the cyclisation 
rates of ethyl N-alkyl-N-chloroacetylcarbamates alone (Fig. 1) and of ethyl N-chloroacetyl- 
N-ethylcarbamate in the presence of glass-wool (Fig. 2) are linear (after the initial lag 
period) up to about 80% conversion. 

The non-dependence of the rate of cyclisation on concentration of reactants suggests 
reaction of zero order: as long as there is the carbonium substrate from which ethyl chloride 
can detach itself, the rate of loss of ethyl chloride would be independent of the con- 
centration of substrate. The more effective the substrate, as in the presence of glass-wool, 
the faster appeared to be the formation of the carbonium ion and the detachment of ‘the 
ethyl chloride (Fig. 2). An alternative explanation is that of a self-catalysed reaction 
in which the product catalyses the cyclisation. The alkyl halide eliminated during the 
reaction exerts no effect on the rate of cyclisation. Though n-butyl chloride was retained 
during the heating of n-butyl N-chloroacetyl-N-methylcarbamate, an excellent yield of 
dione (III; R = Me, R” = H) resulted, the butyl chloride only acting as solvent for the 
dione. Nor was there any interaction between this dione and butyl chloride in a sealed 
tube, so that the reaction is irreversible. 

The Infrared Absorption of Oxazolid-2,4-diones.—Our oxazolid-2,4-diones in bromoform 
solution (Table 3) showed two carbonyl bands, 7.e. at 1828—1812 and 1754—1730 cm.", 
probably associated with the 2- and the 4-oxo-group (t.e. the ester and amide carbonyl), 
respectively. In bromoform or carbon disulphide the intensity of the 1828—1812 cm. 
band is 10—25% of that of the 1754—1730 cm.+ band. The 1820 cm. band of the spectra 
of 3-phenyloxazolid-2,4-diones has two components, at about 1844 and 1820 cm.. The 
intensity of the former increases and that of the latter decreases with increase in polarity 
of the N-substituent. In the spectrum of the p-nitrophenyl compound, the 1844 cm.* is 
considerably stronger than the 1820 cm. band. 

The carbonyl frequencies for 5-(2,4-dimethoxyphenyl)-3-methyloxazolid-2,4-dione 
reported by Clark-Lewis,? i.e. 1835 and 1745 cm.-1, are close to our values. 


EXPERIMENTAL 

Preparation of Chloroformates.—To an ice-cooled solution of carbonyl chloride in benzene 
were added below 20° the alcohol and then dimethylaniline in equimolar proportions." 
Stirring was continued until separation of dimethylanilinium chloride was complete. The 
solution of the chloroformate was then separated by filtration or decantation, and the benzene 
solution used for the preparation of the carbamate. 

Preparation of Carbamates.—The solution of the chloroformate was treated below 50° with 
ammonia for the preparation of unsubstituted carbamic esters or with two equivalents of 
the appropriate amine in benzene for the preparation of the N-substituted compound. The 
amine hydrochloride was filtered off, the solvent distilled, and the carbamate distilled or 
crystallised from a suitable solvent. 

1 Leuchs and Manasse, Ber., 1907, 40, 3243; Leuchs and Geiger, ibid., 1908, 41, 1721. 

- — Broker, and Cook, J. Amer. Chem. Soc., 1925, 47, 2609; Raiford and Inman, ibid., 1934, 


4 Cf. Thiele and Dent, Annalen, 1898, 302, 258. 
8 Cf. Hofmann, Ber., 1870, 3, 656. 
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The following new carbamates were thus prepared: mn-Butyl methylcarbamate, b. p. 
95°/16 mm., ,* 1-4288 (Found: N, 10:9. C,H,,0,N requires N, 107%). Ethyl nonyl- 
carbamate, b. p. 104—106°/1-4 mm., n,*° 1-4429 (Found: N, 6-8. C,,H,,0,N requires N, 
6-5%). 

Preparation of Chloroacylcarbamates.—The carbamate (0-1 mole) and the chloroacy] chloride 
(0-1 mole) were heated (reflux) until evolution of hydrogen chloride almost ceased. The product 
was distilled and/or crystallised from suitable solvents. Table 4 summarises the preparation 
and physical properties of chloroacetylcarbamates. 

N-Chloroacetylurethane (No. 2). Crystallised first from an aqueous solution of potassium 
carbonate and thén from benzene, this formed short needles (Found: Cl, 21-1. Cale. for 
C;H,O,NCI1: Cl, 21-45%). 

Ethyl N-a-chloropropionylcarbamate. Ethyl carbamate (15-6 g.) and a-chloropropiony] 
chloride (22-2 g.) were heated at 120° for 3hr. The compound crystallised from ligroin in short 
white needles, m. p. 83—84° (14. g.; 44-5%) (Found: Cl, 19-5. C,H,,O,NCI requires Cl, 19-8%), 

Ethyl N-a-chloropropionyl-N-methylcarbamate. Ethyl methylcarbamate (10-3 g.) and 
«-chloropropiony] chloride (12-7 g.) were heated at 130—150° (oil-bath) for 30 min. Distillation 
gave the carbamate, b. p. 116—118°/19—20 mm., m,,”° 1-4571 (12-05 g.; 62-5%) (Found: Cl, 18-5, 
C,H,,0,NCI requires Cl, 18-3%). 

N-Acetylurethane. Prepared as described by Atkinson and Polya,’* this ester had m. p. 78° 
(from benzene-light petroleum). 

Oxazolid-2,4-diones.—The 3-substituted oxazolid-2,4-diones (Tables 5 and 6) were prepared 
by either method I [heating the ethyl N-alkyl-N-chloroacetylcarbamate and ethyl N-«-chloro- 
propionyl-N-methylcarbamate at 180° (oil bath) (Table 5)] or by method II [heating equivalent 
proportions of N-alkyl- or N-aryl-carbamate and chloroacetyl chloride first at 100° until 
evolution of hydrogen chloride nearly ceased, then at 180° for 4 hr. (Table 6)]._ The products 
were then crystallised from a convenient solvent or distilled. 

The liquid 3-ethyl-, 3-allyl-, and 3-butyl-oxazolid-2,4-diones could not be separated from 
the ethyl N-alkyl-N-chloroacetylcarbamates used; infrared spectra confirmed the presence of 
the latter contaminants. 

The tubes containing the 3-phenyl-, 3-p-nitrophenyl-, 3-1’-naphthyl-, and 3-2’-naphthyl- 
oxazolid-2,4-diones were weighed hourly; the proportional losses due to the evolution of 
hydrogen chloride and of ethyl chloride during the same time were not significantly different. 

Reactions of N-Methylcarbamic Esters with Chloroacetyl Chloride.—Effect of the ester group. 
Mixtures of (a2) methyl N-methylcarbamate (3-02 g.) and chloroacetyl chloride (3-91 g.), (b) ethyl 
N-methylcarbamate (3-40 g.) and chloroacetyl chloride (3-81 g.), and (c) butyl N-methyl- 
carbamate (2-92 g.) and chloroacetyl chloride (2-56 g.) were heated for 1 hr. at 180° (oil-bath). 
Mixtures (a) and (b) gave 60 and 68% yields, respectively, of 3-methyloxazolid-2,4-dione, 
mixture (c) yielded largely butyl N-chloroacetyl-N-methylcarbamate, b. p. 145—150°/18 mm. 

Effect of excess of chloroacetyl chloride at 140°. Ethyl N-methylcarbamate was heated with 
chloroacetyl chloride (1-0; 1-1; 1-5; 2-0 mol.) for 3 hr. at 140°. The excess of chloroacetyl 
chloride was removed at 20 mm., and 3-methyloxazolid-2,4-dione filtered off at 40°. The dione 
was 8—8-5% of the derived ethyl N-chloroacetyl-N-methylcarbamate. 

Rates of Cyclisation of Ethyl N-Alkyl-N-chloroacetylcarbamates at 180°.—The following ethyl 
N-chloroacetylcarbamates were heated (the ethyl chloride being allowed to escape) at 180° 
(oil-bath): N-methyl- (3-67 g.), N-ethyl- (3-47 g.), N-allyl- (2-61 g.), N-butyl- (3-54 g.), and 
N-nonyl- (3-47 g.). Samples were analysed for chlorine at intervals, and the % conversion into 
3-alkyloxazolid-2,4-dione calculated on the basis of simple % proportion and plotted against 
time (Fig. 1). 

Rates of Cyclisation of Ethyl N-Chloroacetyl-N-ethylcarbamate to 3-Ethyloxazolid-2,4-dione at 
210° and 240°.—Ethyl N-chloroacetyl-N-ethylcarbamate (4 g. and 3 g.) was heated at 210° 
and 240° (oil-bath) and samples were analysed for chlorine after 5 and 2-5 min., respectively. 
The % conversions into the dione were plotted against time (Fig. 2). 

Irreversibility of the Reaction.—(a) Cyclisation of butyl N-chloroacetyl-N-methylcarbamate. 
Butyl N-chloroacetyl-N-methylcarbamate (2-94 g.) was heated at 180° (oil-bath) for 2hr. After 
distillation of butyl chloride (b. p. 77°), 3-methyloxazolid-2,4-dione (1-03 g.; 81-6%) was 
obtained. 

(b) 3-Methyloxazolid-2,4-dione and butyl chloride. The dione (2-3 g.; 0-02 mole) and butyl 
16 Atkinson and Polya, J., 1954, 3319. 
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chloride (1-8 g.; 0-02 mole) were heated in a sealed tube at 180° (oil-bath) for 2 hr. Butyl 
chloride (1-8 g.) was recovered by distillation. The residue was unchanged dione (2-3 g.), m. p. 
133—134° (not depressed by the original sample). 

Infrared Determinations.—All the compounds were examined as 1-0% bromoform solutions 
in 0-8-mm. cells in the spectral range 4000—650 cm." by using a Perkin-Elmer model 21 double- 
beam infrared spectrophotometer fitted with sodium chloride optics. Compounds that were 
sufficiently soluble were also studied as 1-0% solutions in carbon disulphide; the less-soluble 
compounds were re-examined as either Nujol mulls or thin films. 


We are indebted to Dr. J. E. Page for determining and interpreting the infrared spectra and 
to Glaxo Laboratories Ltd. for the preparation of p-nitrobenzyl and allyl N-chloroacetyl- 
carbamates. We thank Mr. J. A. Clewlow for technical assistance and Mr. H. Crossley and his 
staff for chlorine determinations. 
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206. Spectroscopic Studies of Some Organoiron Complexes. 
By M. L. H. Green, L. Pratt, and G. WILKINSON. 


Infrared and high-resolution nuclear magnetic resonance spectra of the 
following organoiron compounds have been measured: arenecyclopentadiene- 
iron compounds, norbornadienciron tricarbonyl, the compounds of stoicheio- 
metry C,,H,O,Fe, C,H,O,Fe, and C,H,O,Fe first isolated by Reppe, and 
C,»H,O,F ey. 


INFRARED and high-resolution nuclear magnetic resonance spectra of several organoiron 
compounds have been measured and the structures of the compounds are discussed. 

Arenecyclopentadieneiron Compounds.—In a previous note! it was shown that 
the di-x-cyclopentadienylmetal cations, (x-C;H,;),Co(or Rh)*, can be reduced by 
sodium borohydride or lithium aluminium hydride to the cyclopentadiene compounds, 
n-C;H;(C;H,)Co(or Rh). It was also shown that hydride-ion attack gave a C;H, group 
in which the added hydrogen atom (H¢)) was in the 1-endo-position, t.e., on the metal side 
of the ring, and that this hydrogen atom was readily removed chemically and was also 
responsible for an unusually low C-H stretching frequency at ~2750 cm.+. 

Although in some other cases the hydride reduction of a di-z-cyclopentadienylmetal 
halide can lead to the formation of hydrides, e.g., (r-C;H;).WH,,? reduction of a x-C,;H, 
group to cyclopentadiene can be expected where the electronic structure of the metal atom 
is favourable, t.e., four bonding electrons are required (from the C;H, group) to give a 
formal inert-gas configuration for the metal atom. Thus the previous work can obviously 
be extended to the arene-x-cyclopentadienyliron cations which are isoelectronic with the 
di-n-cyclopentadienyl-cobalt and -rhodium cations. 

The x-cyclopentadienyl(mesitylene)iron iodide is the only compound of this type 
reported,* but the simple benzene analogue, [C,H,(x-C;H;)Fe]I, can readily be prepared 
by the same method. From these two iodides, the neutral arenecyclopentadiene- and 
1-endodeuterocyclopentadiene-iron compounds have been obtained by reduction with 
lithium aluminium hydride and lithium aluminium deuteride, respectively. 

The physical and chemical properties of these compounds (I) show that the cyclo- 
pentadiene group is bound to the iron atom in the same way as in the cobalt and rhodium 
compounds and that it retains the unusual features attributed to the >H,Hg methylene 
group. 

The orange-red benzene compound (A) decomposes slowly in air and more quickly in 

' Green, Pratt, and Wilkinson, J., 1959, 3753. 


* Green, Street, and Wilkinson, Z. Naturforsch., 1959, 14b, 738. 
® Coffield, Sandell, and Clossen, J. Amer. Chem. Soc., 1957, '79, 5826. 
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solution, giving, after a few hours, a precipitate which contains the benzene-x-cyclopenta- 
dienyliron cation together with some decomposition products and paramagnetic materia], 
The dark red mesitylene derivative (B) is more readily oxidised by air than the benzene 
compound. 

On treating the benzene compound (A) with 1:1-hydrochloric acid, the cation 
[(CsH,(x-C;H,)Fe]*, hydrogen, and olefin are obtained; the cation is also formed with 
chlorinated methanes and olefins in the reaction with carbon tetrachloride. These 
reactions are similar to those of the cobalt and rhodium compounds. 

The infrared spectra of compounds A and B (Table 1) show the intense band at ~2759 
cm. assigned to the C-H, stretching mode. In the benzene-1-endodeuterocyclopentadiene 
compound, C,H,(C;H;D)Fe, this band disappears and the C-D stretching frequency occurs 
at ~2000 cm. (vq°*/vp%* = 1-34). As with x-C;H,(C;H;D)Co there is a marked splitting 
of the C-D band. Since this splitting occurs in both compounds it is unlikely to be due to 
Fermi resonance but must be due to other couplings in the metal-C;H,;D system; no 
satisfactory explanation can be given. The assignments of the infrared spectra of com- 
pounds (A) and (B) (Table 1) and their bases are much the same as those for the cobalt 
and rhodium compounds.? 


TABLE 1. Infrared spectra of arenecyclopentadieneiron compounds (carbon disulphide 


solutions in 2700—3200 cm. region). 

C,H,(C,;H,) Fe C,H;Me,(C,H,) Fe C,H,(C,;H,D)Fe * Assignment ® 
3095w 3075w 3097w 
3047m ° 3010m 3029m 
3028m 

— 2950m — 
2944m 2909m 2947m 
2870w _ _ 

_ 2835m — 
2780s 2743s 2783w 

2124m 
2093s 
2088s(sh) 
2053s 
2033m 
* ca. 95% isotopic purity. 1 C-H stretch of C,H,; 2 “ olefinic ’’ CH-CH stretch; 3 C-H 
stretch of Me; 4 C-Hg stretch; 5 probably overtone or combination band; 6 C-H, stretch; 7 C-D 
stretch. This splitting was resolved on a lithium fluoride prism instrument; all other spectra were 
measured with sodium chloride optics. The other compounds would be expected also to give two 
peaks under high resolution. 


Ass OWoOr Oe 


The nuclear magnetic resonance spectra of compound (A) and its deutero-derivative have 
three groups of lines showing that there are at least three types of hydrogen atom in the 
molecules. The single sharp line of relative intensity six is clearly assignable to the six 
protons of the benzene ring. The remaining lines, due to the C;H, or C;H;D groups, are 
assignable as before. The band of intensity two, which is on the low-field side at 5-89 
p-p.m. (against tetramethylsilane) in both compounds, arises from the two equivalent 
protons on Cy) and Cy of the C,H, ring. It has a triplet structure which is actually an 
overlapping double doublet due to the spin coupling of each proton with those on Cy) and 
Cy). The band at ~2-0 p.p.m. arises from the remaining protons; the band structure is 
complicated since the chemical shifts between the protons in this group are of the same 
order of magnitude as the spin coupling between them. A rough assignment is as follows. 
The two peaks at ~2-02 and ~2-18 p.p.m., which are present in both the C;H, and C;H;D 
compounds, represent part of the spectrum of the two equivalent protons on Cig) and Cy. 
The separation of about 6 cycles/sec. is probably the splitting due to the nearest proton 
of Cw) and Cw. 

For the C;H, compound, the bands at 1-50 and 1-81 p.p.m. and the group of lines at 
~2-5 p.p.m. arise from the two protons on the methylene carbon atom C,,,. When Hz is 
replaced by deuterium, the first two bands disappear and the group at ~2-5 p.p.m. becomes 
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sharper. These changes show that the H, and the Hg proton are not equivalent, the Hg 
resonance occurring on the low-field side of the HyH ) group and that of H, on the high- 
field side, which might be expected from its proximity to the metal atom. In the 
deuterated derivative the Hg resonance is sharper since it is much less split by the 
deuterium nucleus than by the H, proton in the parent compound. Similar spectra were 
observed for the cobalt and rhodium compounds. 

The separation of the resonances of the protons on Cig) and C;,) from those on Ci) and Cy) 
does not necessarily mean that Cy) and C,) have formed o-bonds to the metal or that 
electron-density changes are involved; the separation could also be attributed to changes 
in the magnetic-shielding contribution of the x-electrons associated with their bonding 
to the metal atom as discussed previously. 

Norbornadieneiron Tricarbonyl.—This compound ‘ has also been reported by Pettit.® 
The reaction of norbornadiene (bicyclo[2,2,1]hepta-2,5-diene) with iron pentacarbony] is 
complex. There is no apparent reaction at temperatures below ~75—80° but thereat a 
rapid reaction sets in. Irradiation of the diene-carbonyl mixture with intense ultraviolet 
light at 25° for four hours did not cause reaction. The main products of the initial 
exothermic reaction at 80—90° are the tricarbonyl complex (in about 30% yield) and an 
organic ketone. However, if the reaction mixture is refluxed for two hours ferrocene, the 
binuclear x-cyclopentadienyliron carbonyl, [x-C;H,;Fe(CO),],, and at least two other 
organic ketones are also formed.* The formation of x-cyclopentadienyl compounds in 
addition to carbonylation is not surprising in view of the possible reorganisations that the 
diene can be envisaged to undérgo. 


TABLE 2. Infrared spectra of organoiron compounds (in cm."). 


C-H >Cc=0 
stretching M-C=O _ stretching 
Compound region stretch region Remainder of spectrum 

C;H,Fe(CO), (in 3060w™  2043vs -— 3810vw, 3770vw, 2510vw, 1438w, 1398w, 

CS, and CC\,) 3006w 1964vs 1368vw, 1308s (C-H def.), 1220vw, 1179s, 
2964m 1162w, 1104w, 1076m, 1032w, 995w, 948vw, 
2932m () 916w, 898w, 888w, 86lw, 775m. 
2846w ©) ’ 

C,H,OFe(CO), (in 3105m™ 2084vs 1634s 2340w, 1971w, 1792w, 1570m, 1463m, 1394m, 
Nujol, hexachloro- 3065m™ 2015vs 1235w, 1185m, 1162s, 1065w, 1045m, 897w, 
butadiene, and CC],) 874m, 723m, 664w. 

C;H,OFe(CO), (in 3073 2023vs 1567s 1632w, 1612w, 1502m, 1390w, 1323w, 1302w, 
(Nujol, hexachloro- 1975vs 1207vw, 1185m, 1168m, 1066w, 1055w, 
butadiene, and CC1,) 1945s 1018w, 856m, 818m, 800m, 794m, 720m, 

707w, 689m. 

C,,H,O,Fe (in Nujol, 3080m 2083s 2600m, 2480w, 2340w, 1601s“, 1580s, 
hexachlorobutadi- 3030m 2028s 1668ms“ 1512w, 1498vw, 1462w, 1393w, 1471m, 
ene, and CC),) 2910m 2009s 1393w, 1364w, 132lw, 1250m, 1219m, 

2820m 1184m, 117lm, 1098w, 1070w, 1058w, 
2745w? 1037w, 936m, 916w, 829m, 757m, 712m, 
2715w? 670m. 

C,H,Fe,(CO), (in CS, 3060w™ 2088s —_ 1543w, 1399w, 1388w, 1247s, 1224m, 1096vw, 
and CC\,) 2990m 2052vs 1079w, 103lvw, 954s, 874w, 844m. 

2014vs 
1965m 


(1) -CH=CH- stretch. (2) >CH stretch. (3) >CH stretch. (4) Not found in CCl, solution. 
(5) Found only in CCl, solution. 

The infrared (Table 2) and nuclear magnetic resonance (Table 3) spectra of C;H,Fe(CO), 
are consistent with structure (II) (cf. also ref. 5) where the diene is acting as a bifunctional 
olefin chelate as in the norbornadiene complexes of ruthenium and various other metals.® 

* These ketones and their method of formation are now being studied by Professor Cookson, 
University of Southampton. 


* Burton, Green, Abel, and Wilkinson, Chem. and Ind., 1958, 1592. 
5 Pettit, J. Amer. Chem. Soc., 1959, 81, 1266. 
* Abel, Bennett, and Wilkinson, J., 1959, 3178. 
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The nuclear magnetic resonance spectrum of norbornadiene shows three proton 
resonances centred at 6-65 (intensity = 4), 3-48 (intensity = 2), and 1-95 (intensity = 9) 
p.p.m., which are assigned to the olefinic, tertiary, and bridging methylene group protons, 
respectively, in agreement with the normal correlations between line position and bond 
type for organic molecules. The iron complex, however, shows only two bands, at ~3-] 
and 1-25 p.p.m. with intensity ratio ~3:1. The high-field band at 1-25 p.p.m. can be 
assigned to the protons of the bridging methylene group as in the parent hydrocarbon; the 


TABLE 3. Proton resonance spectra at 40 Mc./sec. at 21° + 1°. 
(Line positions are given in p.p.m. on the low-field side relative to tetramethylsilane.) 
Line 
position Rel. Splitting 
Compound (p.p.m.) Int. Structure (in c./sec.) Assignment 
(C.H,)(C,H,)Fe 5-88 2 Triplet (double 5-2 + 0:3 Protons on Cig and Cy) 
doublet) 

4-07 6 Singlet _ C,H, group 
2-50 ] (?) Triplet ~5 Part of Hg 
2-16 Singlet (width ~3) . , 
2-02" Singlet (width ~3) }Protons on Cip and Cy 
1-81 (?) Triplet ~2-3 
1-50 (2) Singlet }Part of He 


(C,H,)(C,H,D)Fe 5-91 Triplet (double 5-2 + 0-3 Protons on C;g) and Cy4) 
doublet) 
4-10 Singlet C,H, group 
2-65 
2-48 (?) Triplet Part of Hg 
2-32 
2-19 ‘ 
2-04 S } Protons on Cy) and C;) 
1-88 


Norbornadiene 3-2 Complex, width Two strong lines Protons on “ olefin ’”’ groups 
Fe(CO), ~20 c./sec. at 3-04and 3-11 and on tertiary >C-H 


p-p-m. 
1-23 Triplet 1-4 + 0-5 Protons on methylene 


Norbornadiene 6-26 Triplet (double 1-9 + 03 Olefin protons 
doublet) 
3-48 Septuplet 31:8 Protons on tertiary >C-H 
1-95 Triplet 1-7+ 03 Protons on methylene 


(C,;H,O) Fe(CO), 5-89 Triplet (not well Width Y6, split- Protons on C;,, and Cy) 
resolved) ting Y2-5 
4-08 a i sd a Protons on Ci) and C;s) 


(CsH,O)Fe(CO), 2-46 (centre Sym. double (Rel. to centre) Protons on Cy) and Cy = 
of pattern) triplet (A,B,) +15; i426 Ha+ Ha 

and +4-8 Protons on Cy, and Cy = 
Hg + Hg 


(C,H,)Fe,(CO), (weak) 6-48 Sym. double (Rel. to centre) Protons on Cj) and Cy = 
(centre of triplet (A,B,) +80; +116 Ha+ Hyg 

pattern) and + 15-6) Protons on Cy, and Cy = 
Hg + Hg 


(C,,H,O,)Fe 6-64 Singlet width ~2 Olefin protons 
5-84 Singlet ages Protons on Cy) and Cy of 
C,-ring 
4-12 Singlet » ~7 Protons on Cy and Cy of 
C,-ring 


triplet structure is produced by spin coupling of these protons with the two equivalent 
protons on the tertiary carbon atoms. The remaining six protons in the molecule give 
rise to the complex band at ~3-1 p.p.m. The position of this band is close to that of the 
protons on the tertiary carbon atoms in norbornadiene, but the resonances of the protons 
on CC) and Cy)C,,) now appear in the same place, which is outside the region (3-5—6-4 
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p.p-m.) found to be associated with protons of olefinic groups in organic molecules. How- 
ever, this does not mean that Cy), Cr), Cy), and Cy) have changed their basic sp* hybridiz- 
ation in the complex, as application of the simple correlation rules would suggest, since 
the shift of the proton resonances to higher fields in the metal compound is probably due to 
magnetic effects associated with the metal atom as noted for high-field shifts in other 
olefin-metal complexes. 

Compounds CgH,O,Fe, C,H,O,Fe, and C,,H,O;Fe.—These were prepared and isolated 
according to Reppe and Vetter’s procedure.’ Analytical and other results agree with the 
molecular formule and general properties which Reppe has reported for the C, and C, 
compounds, but the C,, compound originally reported as C,,H,O,Fe must be reformulated 

H,0,Fe. 

“ (2) C,H,0,Fe. From reactions of substituted acetylenes with iron carbonyls a variety 
of compounds have been isolated, some of which have been clearly demonstrated *” to 
have a substituted cyclopentadienone ring bound to the metal atom. C,H,O,Fe has 
spectroscopic properties which are consistent with its formulation as (III), as suggested 
by Weiss and Hiibel.** It is appreciably soluble in water, undoubtedly owing to the polar 
nature of the keto-group; water solubility has not been noticed for the substituted 
derivatives *2® but has been noted for x-cyclopentadienylcyclopentadienonecobalt.™ 
The infrared spectrum and some assignments are given in Table 2. In the nuclear 
magnetic resonance spectrum (Table 3) there are two proton resonance lines of equal 
intensity, each a poorly resolved triplet with a splitting of about 2-cycles/sec. -This 
spectrum is consistent with structure (III) if one line is assigned to the two equivalent 
protons Hy.) and Hg) and the other to Hy) and Hy. The triplet structure would arise 
from double-doublet splittings of the protons in one group by first one and then the other 
proton in the other group. As in other compounds containing a four-carbon conjugated 
diolefin system bound to the metal atom, e¢.g., the cyclopentadiene complexes discussed 
above and previously,! butadieneiron tricarbonyl,! and thiopheniron tricarbonyl,‘ there 
is a characteristic separation of the resonances of the protons on CC, and CyyCy. The 
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low-field line, which occurs at almost the same position here as that due to protons C,gyCy4) in 
the cyclopentadiene compounds, may be assigned to protons in the same relative position, 
i.€., ON Cry. ~The proton resonances for hydrogen atoms on Cy) and Cg) in cyclopenta- 
dienoneiron tricarbonyl are not shifted to as high a field as in the cyclopentadiene com- 
plexes, however; this is attributable to the presence of the >C=O rather than the >CH,Hg 


7 Reppe and Vetter, Annalen, 1953, 582, 156. 
§ (a) Hiibel, Braye, Clauss, Weiss, Kriierke, Brown, King, and Hoogzand, J. Inorg. Nuclear Chem., 
— 9, 204; (b) Hiibel and Braye, J. Inorg. Nuclear Chem., in the press; (c) Weiss and Hiibel, ibid., 
in the press. 
® Schrauzer, Chem. and Ind., 1958, 1403, 1404. 
10 Leto and Cotton, Chem. and Ind., 1958, 1592; J. Amer. Chem. Soc., 1959, 81, 2970. 
™ Markby, Sternberg, and Wender, Chem. and Ind., 1959, 1381. 
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grouping. The presence of an electron-withdrawing group, trichloromethyl, in the 1-endo- 
position also lowers the high-field shift. 

(6) C,H,O,Fe. A warm aqueous solution of C,H,O,Fe is readily oxidised by molecular 
oxygen to give carbon dioxide and the orange-brown compound, C,H,O,Fe.’? The com- 
pound is monomeric in benzene; physical and chemical properties indicate that it must 
by formulated as cyclopentadienoneiron dicarbonyl (IV, V). A formulation such as (V) 
with delocalisation of electrons from the keto-group has been proposed for a dicyclo- 
pentadienonecobalt anion by Weiss and Hiibel.*° The nuclear magnetic resonance spectrum 
consists of a double triplet centred at 4-55 p.p.m. The symmetry of the spectrum about 
its centre suggests that the four protons form a group of the type A,B, in which the 
chemical shift between protons A and B (~6 cycles/sec.) is small enough to be of the same 
order of magnitude as the spin coupling between them [J(A,B,) ~4 cycles/sec.]. The 
small shift between the two main bands is more in accord with structure (V), since the 
protons here would be expected to approximate to the complete equivalence observed in 
the x-cyclopentadienyl compounds, where only a single sharp resonance line occurs. For 
structure (IV), a larger separation of the resonances, as in the above cyclopentadiene and 
cyclopentadienone compounds, would have been expected. 

The infrared spectrum of C,H,O,Fe in carbon tetrachloride shows two very strong 
bands at 1973 and 2030 cm.* (in mulls, solid-state splitting leads to three bands at 2021, 
1973, and 1945 cm., suggesting that the molecule can occupy different sites in the lattice) 
as expected for the dicarbonyl. These frequencies are more than 50 cm.+ lower than 
those in the cyclopentadienoneiron tricarbonyl, such a shift being consistent with an 
increase in the negative charge flowing to the metal atom ™ as would be expected on the 
present formulation. The strong band at 1567 cm. may be assigned to a C-O stretching 
frequency; again this band is lower (by 57 cm.) than that of the keto-group in cyclo- 
pentadienoneiron tricarbonyl, the shift being consistent with loss of x-electron density 
from this group to the ring and metal as in structure (V). The appearance of only a 
single sharp band at 3073 cm.+ in the olefinic C-H stretching region, whereas 
(C;H,O)Fe(CO), has two, may be explained by the more extensive delocalisation in the 
unsaturated ring system. 

The compound is sparingly soluble in non-polar solvents, has a high melting point, and 
is not volatile in a vacuum, perhaps owing to intermolecular interaction in the lattice. 
Like the cyclopentadienone tricarbonyl compound, it is soluble in polar solvents but not in 
water. The loss of water solubility can be attributed to a shift in polarity of the keto- 
group compared with the cyclopentadienoneiron tricarbonyl. 

Thus it seems clear that the cyclopentadienone ring can donate x-electron density toa 
metal atom in two distinct ways owing to the ability of electron transfer in the C-O link 
behaving, formally, as either a four- or a six-electron donor system. 

(c) C,,H,O,Fe. This compound is formed in good yield in the Reppe reaction. It 
was originally formulated as C,,H,O0,;Fe; it is now formulated with six hydrogen atoms on 
the basis of its nuclear magnetic resonance spectrum. It was also shown that the compound 
is hydrolysed very readily under mild conditions (water at 70°) to give cyclopentadienone- 
iron tricarbonyl and quinol, essentially quantitatively.? This reaction suggests that in 
C,,H,O,Fe there is a five-membered carbon ring bound to an iron tricarbony] unit, together 
with a C, grouping. In view of the very mild hydrolytic conditions, it seems unlikely 
that C-C bonds are being broken. A structure such as (VI) is reasonably consistent with 
the formation of quinol via benzoquinone as an intermediate in the hydrolysis and with 
the spectroscopic evidence available; but the precise nature of the substance cannot yet 
be stated, and further work on the mechanism of hydrolysis of the compound and X-ray 
structural investigations (by R. Mason, University College) are in progress. 

The properties are those reported by Reppe and Vetter and we have shown that the 


12 Cf. Stammreich, Sala, Tavares, Krumholtz, and Behmoiras, J]. Chem. Phys., in the press; Abel, 
Bennett, and Wilkinson, J., 1959, 2323. 
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compound is not hydrogenated catalytically in presence of Adams’s catalyst at room 
temperature. The nuclear magnetic resonance spectrum shows three main bands of 
equal intensity at 4-12, 5-84, and 6-64 p.p.m. The first two bands lie at the same position 
as the two bands in cyclopentadienoneiron tricarbonyl and show similar widths; they are 
hence assigned analogously to the protons on Cy,Cg) and CigCq) respectively of the five- 
membered carbon ring. The third band (relative intensity 2) occurs at a lower field in the 
region normally associated with olefinic protons, and since no fine structure is observed, 
this peak is assigned to two equivalent olefinic protons, although this observation does not 
confirm the proposed structure, and we have no data to show whether the line positions of 
the olefin protons in cyclopropene rings occur in the normal olefin region or not. There is 
no band in the nuclear magnetic resonance spectrum in the characteristic low-field region 
for the proton resonance of aldehyde groups. 

The infrared spectrum shows three strong bands at 2083, 2028, and 2009 cm. which 
are undoubtedly associated with the Fe(CO), grouping. There is a strong band at 1668 
cm. (CCl, solution) which is in the region of >C=O and C=C stretching modes; the 
intensity is weaker than that of normal keto-bands, and may be due to a C=C stretch 
with enhanced intensity, as in cyclopropene itself.15 Bands of medium intensity are 
found in the 1150—1250 cm.* region, but no strong characteristic ether or ester C-O-C 
frequencies are observed. The C-H stretch region could be examined only with hexa- 
chlorobutadiene mulls, and although there are a number of bands, good resolution could 
not be obtained. ' 

The Compound C,H,Fe,(CO),.—If the products from the acetylene reaction are separated 
chromatographically on alumina elution with ether allows the isolation of an orange-yellow 
compound, C,,H,O,Fe,, not reported by Reppe and Vetter. The phenyl-substituted 
derivatives, however, have been prepared and characterised by Hiibel and Braye ® from 
the reactions of mono- and di-phenylacetylene with iron carbonyls. These workers have 
suggested structures for these compounds which have the same basic configurations as the 
but-2-yne compound, C,H,O,Fe,(CO),, whose structure has been determined unequivocally 
by X-ray methods.4 The present compound appears to be the corresponding 
unsubstituted derivative (VII). 

The nuclear magnetic resonance spectrum shows a symmetrical triplet similar to that 
observed for cyclopentadienoneiron dicarbonyl, but centred at a lower field (6-5 p.p.m.). 
The structure can again be interpreted in terms of an A,B, group of protons with a small 
chemical shift (ca. 24 cycles/sec.) between the groups. This separation is considerably 
smaller than those observed in the C,H, groups of the cyclopentadienoneiron tricarbonyl 
and the cyclopentadiene metal compounds. 

The infrared spectrum and assignments are given in Table 2. The band in the C-H 
stretching region at 3060 cm.* lies in the region associated with co-ordinated olefinic 
groups in other compounds (see ref. 1 for references). The lower band at 2990 cm." occurs 
at a frequency rather low for such a grouping. On the basis of formula (VII), the band at 
3060 cm." is best assigned as the C-H stretch of the hydrogen atom on Cg Cig) and the 
2990 cm. band to the C-H stretches for Cq)Ciq). The rather low frequency may thus be 
due to the influence of the bonding of C,yCj) to one of the iron atoms by o-bonds.™4 


EXPERIMENTAL 


Microanalyses and molecular-weight determinations (ebullioscopic in benzene) are by the 
Microanalytical Laboratory, Imperial College. All preparations, reactions, and chromato- 
graphic separations were carried out in nitrogen or in a vacuum. Solvents were thoroughly 
degassed before use; light petroleum was ‘‘ AnalaR,” b. p. <40°. 


8 Erskine and Jackman, personal communication. 
™ Hock and Mills, Proc. Chem. Soc., 1958, 233. 
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Preparation of Benzene-x-cyclopentadienylivon(1) Tribromide.—Dicarbonyl]-x-cyclopenta- 
dienyliron chloride * (10 g.) and finely ground anhydrous aluminium trichloride (10 g.) were 
refluxed in benzene (60 ml.) for 3hr. The mixture was carefully hydrolysed by water (200 ml), 
the aqueous layer was filtered, and the cation precipitated therefrom by addition of bromine 
water. The yellow flocculent precipitate was washed with water and dried (yield ~60%), 
A small portion of the precipitate was dissolved in warm concentrated hydrochloric acid, the 
solution filtered, and the tribromide reprecipitated, washed with water and acetone, and dried 
in a vacuum (Found: C, 30-7; H, 2-7; Br, 52-7; Fe, 13-1. C,,H,,FeBr, requires C, 30-9: 
H, 2-6; Br, 53-5; Fe, 13-1%). The tribromide is soluble in tetrahydrofuran and acetone but 
is insoluble in water; with concentrated hydrochloric or nitric acid, bromine is lost and the 
cation, [C,H,(x-C,H,)Fe]*, is obtained in solution; these solutions give the usual precipitates 
with large anions such as silicotungstate and Reineckate. 

The mesitylene derivative was similarly prepared as the tribromide (Found: C, 34-6; H, 3-5; 
Fe, 11-8. C,,H,,FeBr, requires C, 34-9; H, 3-5; Fe, 116%). 

Preparation of Benzenecyclopentadieneiron(0).—Benzene-nx-cyclopentadienyliron tribromide 
(5 g.) in ethylene glycol dimethyl ether (25 ml.) was treated with small portions of lithium 
aluminium hydride (2 g.). After } hr., an excess of water (100 ml.) was carefully added, and 
the mixture extracted with light petroleum (100 ml.). The petroleum layer was washed with 
water, dried (CaCl,), and concentrated to a small volume which was transferred to a column of 
alumina. The light-petroleum eluate was evaporated and the residue sublimed in a high 
vacuum on to an ice-cold probe. The product formed orange-red crystals (50% based on the 
tribromide), m. p. 135—-136° (Found: C, 65-6; H, 6-2%; M, 198-7. (C,,H,,.Fe requires C, 66-1; 
H, 6-1%; M, 200-2). The compound is fairly stable in air. With 5 ml. of 1: 1 hydrochloric 
acid, 39-06 mg. of the compound gave 2-71 ml. of gas at N.T.P.; this gas, which is mostly non- 
condensable and presumably hydrogen, was re-absorbed by the mixture until after 4 hr. only 
1-3 ml. remained. Infrared analysis of the residual gas showed the presence of olefins. 

The mesitylenecyclopentadieneiron, a deep-red oil, m. p. ca. —10°, was similarly prepared 
(Found: C, 69-1; H, 7-4%; M, 237-1. C,,H,,sFe requires C, 69-4; 7-4%; M, 242). 

Preparation of Benzene-(1-endodeuterocyclopentadiene)iron.—This derivative was made as 
above except that lithium aluminium deuteride was used. The yield was ~80% based on the 
deuteride. An estimate of the isotopic purity of the product by infrared measurement indicated 
over 95% purity. 

Preparation of Norbornadieneirvon Tricarbonyl.—Iron pentacarbonyl (5 g.) in excess of 
norbornadiene (~10 ml.) was gradually heated; at about 78° carbon monoxide was rapidly 
evolved, and the solution turned black. The mixture was then gently refluxed for 1 hr. and, 
after cooling, was transferred to a large column of alumina, The yellow petroleum eluate was 
evaporated to ~5 ml. and the solution cooled to —80°; the yellow crystals were recrystallised 
from isopentane. The tricarbonyl was a golden-brown liquid at normal temperatures; the 
crystals have m. p. —2° (Found: C, 51-2; H, 34%; M, 247. C,)H,O;Fe requires C, 51-7; 
H, 3-4%; M, 232). The compound decomposes slowly in air but is stable in a vacuum. 

Preparation of Reppe Compounds.—Iron pentacarbonyl (50 g.) in a solution of ethanol 
(150 ml.) and water (5 ml.) was heated with acetylene—nitrogen at 25 atmos. and 90° for 36 hr. 
Except for these slight differences, the method of preparation and isolation given by Reppe 
and Vetter” was used. 

(a) C,,H,O,Fe. This compound was purified by fractional Soxhlet extraction of the 
residue from the reaction to give yellow crystals [yield 35% based on Fe(CO);], m. p. 125° 
(Found: C, 48-3; H, 2-3; O, 29-3; Fe, 20:1%; M, 264. Calc. for C,,H,O,Fe: C, 48-3; 
H, 2-2; O, 29-2; Fe, 20:-4%; M, 273-9). 

(6) C,H,O,Fe. This compound was purified by sublimation in a vacuum to give bright 
yellow crystals (yield 70% based on C,,H,O,Fe), m. p. 113—114° (Found: C, 44-1; H, 2-1; 
O, 29-1; Fe, 25-1%; M, 220-8. Calc. for C,H,O,Fe: C, 43-7; H, 1-8; O, 29-1; Fe, 25:4%; 
M, 220-0). 

(c) C,H,O,Fe. Purified by crystallisation from acetone this gave orange-brown crystals 
(yield 70%), decomp. 160° (Found: C, 43-5; H, 2-5; O, 25-4; Fe, 29-4%; M, 196-1. Calc. for 
C,H,O,Fe: C, 43-8; H, 2:1; O, 25-4; Fe, 29:1%; M, 192-0). 

(d) CyH,Fe,(CO),. The crude reaction mixture (10 ml.) was placed on a column of alumina. 
The yellow petroleum eluate was evaporated and the residue crystallised from isopentane, 


18 Piper, Cotton, and Wilkinson, J. Inorg. Nuclear Chem., 1955, 1, 165. 
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giving orange-yellow crystals (ca. 1 g.), m. p. 53° (Found: C, 36-4; H, 1-2; O, 287%; M, 322. 

CyHOeFes requires C, 36-1; H, 1:2; O, 28-9%; M, 332-1). The compound is very soluble in 

common organic solvents, and the solid is stable in air; in carbon tetrachloride some decom- 
ition was noticeable after 1 day. 

Infrared Spectra.—Measurements were made with a Perkin-Elmer Model 21 recording 
spectrophotometer having sodium chloride optics. The compounds were examined in carbon 
tetrachloride and carbon disulphide if sufficiently soluble or as mulls in Nujol and hexachloro- 
butadiene. Although the arenecyclopentadieneiron compounds decompose in solution, 
consecutive spectra taken during a 30-minute period immediately after the preparation of the 
solution were the same. The spectra of the cyclopentadienemesityleneiron and norbornadiene- 
jron tricarbonyl were also measured as thin films of the pure liquid. Details of the spectra not 

iven in Tables 1 and 2 are as follows: 

C,H,(CsH,)Fe (in CCl, CS,): 3850vw, 2525w, 2430w, 2055w, 2020w, 1981m, 1960m, 1882vw, 
1837vw, 1798vw, 1772w, 1716w, 1688w, 1653m, 1624m, 1483m, 1445w, 1420w, 1394w, 1316w, 
1290s, 1175w, 1138w, 1109s, 1053s, 1001s, 946m, 939m, 906vw, 843s. 

C,H,(C;HsD)Fe (in CCl, CS,): 3800vw, 3720w, 2390w, 2245vw, 1943w, 1880vw, 1834w, 
177lw, 1614w, 1480m, 1420m, 1392w, 1317m, 1307vw, 1294vw, 1263m, 1724vw, 1202vw, 
1135w, 1107m, 1046w, 101lw, 998w, 927m, 914w, 899m, 865m, 659w. 

C,H,,(C;H,)Fe (as a film): 1765w, 1707w, 1695w, 1617w, 1521lvw, 1452m, 1438m, 1377m, 
1370m, 1312w, 1250vw, 1177vw, 1165vw, 1103m, 1045m, 1036m(sh), 1017m(sh), 1006m, 
1000m(sh), 972w, 923vw, 878m, 849w. 

Nuclear Magnetic Resonance Spectra.—The spectra were obtained at 40 Mc./sec. on a Varian 
Associates model 4300B spectrometer. Measurements were made at 21° + 1°, in strong 
solutions in benzene, carbon tetrachloride, acetone, dioxan, and nitromethane contained in 
§-mm. (o.d.) spinning tubes. A small amount of tetramethylsilane was added as an internal 
reference and line positions reported in p.p.m. are referred to tetramethylsilane throughout. 
Line positions were measured by the conventional side-band technique. 


We are indebted to the Department of Scientific and Industrial Research for providing the 
nuclear magnetic resonance instrument and financial support (M. L. H. G.), and the Mond Nickel 
Company Ltd. and Shell Petroleum Company Ltd. for gifts of iron pentacarbonyl and nor- 
bornadiene, respectively. We also thank Dr. L. E. Orgel and Professor H. C. Longuet-Higgins 
for suggesting the examination of the acetylene-derived complexes. 
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207. An Accurate Determination of the Crystal Structure of 
T hioacetamide. 


By Mary R. TRUTER. 


An X-ray crystal structure analysis has shown that thioacetamide is 
monoclinic, a = 11-062, b = 10-005, c = 7-170 A, 8 = 99-5°. The space 
group is P2,/a with two molecules in the asymmetric unit, both approximately 
parallel to (001). Three-dimensional anisotropic refinement was carried 
out and the bond lengths, corrected for rotational oscillations, are C-S 
1-713 + 0-006, C-C 1-494 + 0-008, and C-N 1-324+ 0-008 A, and the 
angles are S-C-C 120-7° + 0-4°, S-C-N 121-6° + 0-4°, and C-C-N 117-7° + 
0-6°. The molecules excluding hydrogen atoms are planar. 


DETERMINATION of the bond lengths of compounds which contain an apparent carbon- 

sulphur double bond, e¢.g., dithip-oxamide,! ethylenethiourea (2-thioimidazolidine),? and 

thiourea suggested that the carbon-sulphur bond has only partial double-bond character. 
1 Long, Markey, and Wheatley, Acta Cryst., 1954, '7, 140. 


? Wheatley, ibid., 1953, 6, 369. 
* Kunchur and Truter, J., 1958, 2551. 









































998 Truter: An Accurate Determination of the 


Kohlrausch and Wagner * and Spinner ® agree that the Raman and infrared spectra of 
thioacetamide indicate that the amide form, CH,*C(NH,)=S, predominates, so that this 
molecule may contain a pure carbon-sulphur double bond. 

An accurate crystal structure analysis of thioacetamide has been carried out to determine 
the bond lengths and angles as part of an investigation into the changes in bond lengths 
in a potential ligand in the free and the co-ordinated state. 

Crystal Data —C,H,;NS, M = 75:14, m. p. 109°. Monoclinic, a = 11-062, b = 10-005, 
c = 7-170, all +0-005 A, 6 = 99-5° + 0-2°, U = 782-7 A®, D,, = 1-269 (by flotation), 
Z = 8, D, = 1-273, F(000) = 320. Space group, P2,/a (C,°, No. 14). Cu-K, radiation, 
single-crystal oscillation and Weissenberg photographs, absorption coefficient, » = 84-35 
cm.1, Two molecules per asymmetric unit. 

Three-dimenstonal Structure Determination.—Eight atoms other than hydrogen were 
to be located, four in each of the molecules (I) and (II) of the asymmetric unit; these were 
designated S(1), C(1), N(1), and C(2) for (I), and S(2), C(3), N(2), and C(4) for (II), C(1) 
and C(3) being the central carbon atoms. A Patterson projection along {c] revealed the 
positions of the sulphur atoms; Fourier methods were used to find and refine the co- 
ordinates of the other atoms. In Fig. 1 the final atomic positions in this projection 
are shown. All the atoms are resolved, indicating that the molecules lie nearly parallel 
to (001). It was possible to locate the sulphur atoms from a Patterson projection along 
[b], and the other atoms by trial and error followed by Fourier difference syntheses. An 
approximate allowance was made for the markedly anisotropic thermal motion 
of the molecules by multiplying the scattering factors by a temperature factor 
exp — {1-42 sin? 0/2? + 0-85//(4c? sin? 8)}, the average motion being greatest perpendicular 
to the planes of the molecules. Two-dimensional refinement was discontinued when the 
agreement indices were Ryg=0-17 and Ry =O018 (R= >|(\Fo|—|F-|)|/S\Fi). 
Hitherto, the light atoms had been treated as carbon atoms, but before three-dimensional 
refinement was started the methyl groups were distinguished from the amine groups on 
the assumption that the interatomic distances 1-45 A (I) and 1-47 A (II) corresponded to 
C-C bonds while 1-37 A (I) and 1-38 A (II) corresponded to C-N bonds; the C-S bond 
lengths were 1-68 A (I) and 1-67 A (II). 

Three-dimensional anisotropic refinement was carried out in two stages. In the first 
stage, by using the method of differential synthesis, R was reduced in three cycles from 
0-218 (for isotropic motion) to 0-124; no further significant shifts in the parameters were 
indicated (i.e., the shifts were less than half the corresponding standard deviations). 
Attempts to locate the hydrogen atoms were unsuccessful. 

At this time, the only theoretical scattering factor for sulphur was that of James and 
Brindley. Publication of new values by Tomiie and Stam? enabled a more accurate 
structure analysis to be undertaken. The second stage of refinement was carried out by 
the method of least squares. Structure factors were calculated from the last set of para- 
meters with the new scattering factor for sulphur; R rose to 0-128; one cycle of refinement 
reduced it to 0-125 and gave no more significant shifts. Location of the hydrogen atoms 
in the amine groups was achieved by computing an electron-density difference projection 
along [c] using only planes with sin @ < 0-5; the result is shown in Fig. 1 where the 
positions marked for the hydrogen atoms are those calculated for a planar molecule in 
which N-H = 1-0 A and H-N-H = 120°. The nitrogen-sulphur distances are also 
shown; those expected to be N-H*+*++S bonds are significantly shorter than the other 
van der Waals contacts. Inclusion of these four hydrogen atoms reduced R to 0-122 
without producing significant changes in the co-ordinates of the heavy atoms; one cycle 
of refinement reduced R to 0-121. 


* Kohlrausch and Wagner, Z. phys. Chem., 1940, B, 45, 229. 

® Spinner, Spectrochim. Acta, 1959, 95. 

6 “‘ International Tables for the Determination of Crystal Structures,” Borntraeger, Berlin, 1935. 
7 Tomiie and Stam, Acta Cryst., 1958, 11, 126. 
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The hydrogen atoms of the methyl groups were located approximately by calculating 
the electron-density difference in the sections at x/a = 0-525 and x/a = 0-218 in which 
the atoms attached to C(2) and C(4) respectively would be expected (see Fig. 1). Refine- 
ment of all ten hydrogen positions was carried out by using only planes with sin 6 < 0-5; 
the shifts indicated were applied only to the hydrogen atoms, and refinement was complete 
in two cycles (R = 0-133 and 0-128). 

A final set of structure factors was calculated by using the relevant anisotropic thermal 

eters for the carbon, nitrogen, and sulphur atoms and the same isotropic temperature 
factor for all the hydrogen atoms. R was reduced to 0-117; a list of observed and calculated 
structure factors is given in Table 1. Application of the least squares procedure showed 





Fic. 1. Projection of the structure along [001]. aw 
Molecules (1) ave shown by broken lines, (11) by full : 
lines; those shown by heavy lines lie approxi- 
mately in planes at z/c = 3/4, and those shown by 
thin lines in planes at z/c = 1/4. The figures are 
distances in A from the nitrogen atoms to neigh- 
bouring sulphur atoms. Hypothetical positions for 
hydrogen atoms, on the assumption that the nitrogen 
bond angles ave trigonal, ave marked by black dots. 
On half the unit cell is imposed the difference map, 
(pe — pe) calculated from the final structure factors 
excluding hydrogen atoms; the positive contours are 5/2) 
at 0-4e/A? intervals with the zero contour shown by " 

a broken line. No 

















that no significant changes were required in the parameters of the heavy atoms as a result 
of including the hydrogen atoms. 

A rather high proportion of the reflections were too weak to be observed. The effect 
of including them among the observations and assuming their structure amplitudes to be 
half the minimum observable was to give significant shifts in some of the parameters. 
After two cycles, refinement was complete; R was 0-156 for all planes. 

Results—Comparison of the effects of vaiious procedures is most interestingly seen 
in the values of R and the bond lengths as set out in Table 2. Columns (a) and (b) show 
the results for complete refinement for the heavy atoms alone with (a) the James and 
Brindley ® and (b) the Tomiie and Stam? scattering factors for sulphur (they have also 
been derived by different computational methods). Although the agreement indices are 
the same, use of the new scattering factor gave better agreement between the independent 
C-N bond lengths and enabled the hydrogen atoms to be located. The larger standard 
deviation given by the least squares procedure (5) has been found in other examples ® and 
is probably due to omission of the unobserved planes; this view is supported by (d) the 
results including all planes. Comparison of columns (c) and (b) shows the effect of including 
the ten hydrogen atoms, and of columns (d) and (c) of using more but doubtful data. 

The final results were taken as those derived from the observed planes only and are 
shown in Tables 3 and 4. In addition to the fractional co-ordinates, Table 3 also shows 
the co-ordinates X’, Y’ and Z’ in A in a system of orthogonal axes parallel to [a], [0], 
and {c*]; the corresponding standard deviations are also shown. Table 4 shows the 
thermal parameters and standard deviations found for sulphur, carbon, and nitrogen; 
Uy, Ugg, and Ug are the mean square amplitudes of oscillation parallel to the [a*], [b*], 


* Sparks, Ph.D. Thesis, University of California, Los Angeles, August, 1955. 
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TABLE 1. Observed and calculated structure factors. 
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1002 Truter: An Accurate Determination of the 
TABLE 1. (Continued.) 

hkl = Fol = Fe hkl =IFol— Fe hkl Fol Fe hkl \Fol Fe eke SIF) BF 
183 9-1 71 «493 45 —46 10,90 110 —13-4 5,10, 3 87 —92 411-3 37 
o-3 81 -e lc tlCUCWO OCS -3 195 -141 |” oa 

4 ¢3 -60 4, "35 —%S 1100 143 117 = To ae 
009 «=s«181 — 18-9 -1 222 182 7,100 225 -198 _3 ‘g2 8 
4 160 199 690 155 -149 -2 103 —1-12 2 19 121 “4 
6 64 —8-4 — 2s me -—3 186 —17-5 —2 16-9 15-6 1,12,0 96 —91 

" —2 22:7 20-4 4 10-3 —10-5 —3 79 7701 10-9 ~184 

291 246 -23-7 3 ie = + H en 

—-l1 24 239 —4 17-7 —15-3 3,100 19:0 —18-5 -3 140 187 

—2 105 121 1 8-9 —11-2 2,11,0 7-1 5-1 

3 106 106 890 116 —10-9 2 127 186 ° '} 9-8 9-9 3,12,0 19:2 945 

—3 116 —11-4 1 20-6 19-1 —2 74 8-9 —1 110 —125 1 11-5 123 

> 2 we oy. Ge me ee 0 ee St =F ; Be oe 

490 196 —16-9 3 66 —9-9 is 8 Tek | ee 360 sC«dS = ADS 

2 20 20 —3 5-5 3-9 6,10,-1 114 109 —4 6-4 5-2 5,12,-1 10-1 —169 
Reflections which were too weak to be observed have been omitted. 
TABLE 2. Comparison of the results of refinement procedures. 
(a) (6) (c) @) 

R 0-124 0-125 0-117 0-156 
C(1)-S(2) 1-701 40-007A 1-70240010A 1-69240008A 1-683 + 0- om A 
C(3)-S(2) 1-690 + 0-007 1-690 + 0-010 1-694 + }¢ 008 1-703 + 0-00 
C(1)—C(2) 1-497 + 0-012 1-490 + 0-013 1-479 + 0-011 1-486 + 0- a0 
C(3)-C(4) 1-486 + 0-012 1-481 + 0-013 1-480 + 0-011 1-481 + 0- — 
C(1)-N(1) 1-286 + 0-009 1-303 + 0-014 1-308 + 0-011 1-311 + 0-00 
C(3)-N(2) 1-331 + 0-009 1-332 + 0-014 1-313 + 0-012 1-306 + 0-00 

TABLE 3. Atomic co-ordinates. 

(I) xla yb zc x’ o(X) ar, o( Y) 2’ o(Z) 
S(1) 0-2531 00-1850 0-1804 2-587A 0-002A 1-850A 0-002A 1-276A 0-003A 
C(1) 0-3565 0-0590 0-2163 3-688 0-007 0-590 0-008 1-529 0-008 
C(2) 0-4889 0-0896 0-2386 5-126 0-008 : 0-896 0-011 1-687 0-013 
N(1) 0-3224 —0-0659 0-2228 3-303 0-008 — 0-659 0-008 1-575 0-010 
H(1) 0-3836 —0-1342 0-2000 4-00 0-1 — 1-34 0-1 1-41 0-1 
H(2) 0-1893 —0-0914 0-2091 1-85 0-1 —0-91 0-1 1-48 0-1 
H(5) 0-5147 —0-0122 0-2538 5-39 0-1 —0-12 0-1 1-79 0-1 
H(6) 0-5147 0-1466 0-3454 5-29 0-1 1-47 0-1 2-44 0-1 
H(7) 0-5196 0-1276 0-1018 5-63 0-1 1-28 0-1 0-72 0-1 

(II) 

S(2) — 0-0365 0-1878 —0-2756 —0-077 0-002 1-878 0-002 — 1-949 0-003 
C(3) 0-0644 0-0597 —0-2678 1-030 0-007 0-597 0-008 — 1-894 0-008 
C(4) 0-1851 0-0766 —0-3284 2-436 0-009 0-766 0-010 — 2-322 0-011 
N(2) 0-0393 —0-0596 —0-2080 0-680 0-007 — 0-596 0-008 — 1-471 0-008 
H(3) 0-1224 —0-1370 —0-1610 1-545 0-1 —1-37 0-1 —1-13 0-1 
H(4) —0-0809 —0-0711 —0-1389 —0-73 0-1 —0-71 0-1 —0-98 0-1 
H(8) 0-2068 0-1382 —0-4460 2-82 0-1 1:38 0-1 —3-15 0-1 
H(9) 0-2362 0-1384 —0-2188 2-87 0-1 1-38 0-1 — 1-55 0-1 
H(10) 0-2106 0-0020 —0-3692 2-77 0-1 0-02 0-1 — 2-61 0-1 
TABLE 4. Thermal parameter (all units are 10+ A?). 

(I) Uy e Use Ll Uss og Uy, o Uns Gg Uis o 
S(1) 278 9 257 ll 665 15 —6 10 39 ll 84 9 
C(1) 339 37 285 42 410 45 —49 36 — 67 35 105 32 
C(2) 215 35 416 61 1099 91 —57 43 —25 60 147 44 
N(1) 353 35 235 40 1045 69 —57 36 —24 41 160 39 
(II) 
$(2) 259 9 252 ll 751 17 6 9 77 ll 99 10 
C(3) 223 31 303 39 455 46 —4l1 32 —30 34 90 30 
C(4) 343 39 517 58 707 62 —18 47 —85 50 232 4l 
N(2) 356 33 311 41 661 49 40 34 32 36 174 33 


For all H atoms, isotropic U assumed 0-05 A*; standard deviation found, 0-03 A*. 


and [c*] axes respectively and with U,., U,3, and U4, give the magnitude and orientation 
of the ellipsoid of vibration with respect to the crystallographic axes. 
The co-ordinates in Table 3 give the bond lengths in Table 2 column (c); 


these are not 


the final bond lengths because they have not been corrected for systematic errors due to 
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rotational oscillation. The corrections are determined by analysis of the anisotropic 
thermal motion. ; ps 

Analysis of the Anisotropic Thermal Motion.—A detailed description of the use of 
Cruickshank’s ® methods for determining the correction for rotational oscillation has been 
given® for the similar molecule, thiourea, so that only the results for thioacetamide 
will be quoted. 

Molecular axes were chosen : 


Se 
(P) <——._ S—o—-C 
\n 


(Q) 


where o is the mass centre and (R) is the normal to the plane of the molecule. 

For both molecules (I) and (II), the translational motion was the same (to 0-001 A2), 
the mean square amplitudes of vibration being 0-032 A? along (P), 0-025 A? along (Q), 
and 0-039 A? along (R), so that the main translational motion is along the normal to the 

lane. 
‘ The rotational motions of the two molecules are not significantly different (standard 
deviation 1°) about (R) for which the r.m.s. angular oscillations are 3-6° and 4-2° for (I) 
and (II) respectively, nor for those about (Q) which are 7-9° and 8-9°. However, for 
molecule (I) the largest rotational oscillation is about (P) with a r.m.s. value of 9-5° while 


TABLE 5. Molecular dimensions. 


(I) A (I) A 
C-S 17104 0-008 S-C-C 119-7° + 06° C-S 1-71640-008 S-C-C 121-7° + 0-6° 
C-C 149740011 S-C-N 1217406 CC 149040011 S-C-N 121-6 + 0-6 
C-N 1324+ 0-011 C-C-N 1186+0-7 C-N 132340012 C-CN 116-7 + 0-7 
N-H(1) 1-0 + 0-1 C-N-H(1) 11646 N-H(3) 1-2 + 0-1 C-N-H(3) 11945 
N-H(2) 1-5 + 0-1 C-N-H(2) 11744 N-H(4) 1:5 +4 0-1 C-N-H(4) 11544 
H-N-H 12647 H-N-H 122 + 6 
C-H(5) 1140-1 C-H(8) 11401 C-C-H(8) 12845 
C-H(6) 1-0 + 0-1 C-C-H(5) 9346 C-H(9) 1140-1 C-C-H(9) 10445 
C-H(7) 1-24 0-1 C-C-H(6) 11246 C-H(10) 0® + 0-1 C-C-H(10) 11147 
C-C-H(7) 114+6 H(8)-C-H(9) 95 +7 
H(5)-C-H(6) 117 + 8 H(8)-C-H(10) 96 + 8 
H(5)-C-H(7) 107 + 7 H(9)-C-H(10) 125 + 8 
H(6)-C-H(7) 113 + 8 


for molecule (II) there is no oscillation about this axis. The motion of molecule (I), with 
the principal oscillation about the C-S bond as axis is similar to that of thiourea; the 
behaviour of (II) is hard to understand, the only obvious difference between the environ- 
ments of the two molecules being the proximity of (II) to the centrosymmetrically related 
one (see Fig. 1). 

The corrections to the bond lengths for (I) are C-S + 0-0175, C-N + 0-0163, C-C + 
0-0179 A, and for (II) C-S + 0-0220, C-N + 0-0096, C-C + 0-0107 A. 

Molecular Dimensions.—Table 5 shows the corrected values for the bond lengths 
between the heavy atoms, the uncorrected values for bonds to hydrogen atoms, and the 
corresponding standard deviations; the bond angles and their standard deviations, which 
are not significantly affected by the corrections, are also given. The independent values 
for the two molecules agree; the final mean values and their standard deviations in 
parentheses are in Fig. 2. 

For clarity the hydrogen atoms of the methyl groups have been omitted; for these the 
mean C-H distance is 1-04 A and the angles do not differ significantly from those of a 
regular tetrahedron. The standard deviations do not allow for uncertainties in the 
corrections for rotational oscillation. 


* Cruickshank, Acta Cryst., 1956, 9, 754, 757. 
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Both molecules are planar, except for the hydrogen atoms of the methyl groups. For 
(I) the equation of the plane S-C-C-N (related to the orthogonal axes parallel to {a}, 
[bd], and [c*}) is: 
0-1304X’ — 0-0783Y’ — 0-9884Z’ + 1-0720 = 0 


the maximum deviation of any heavy atom from this plane being 0-005 A; for the amine 
hydrogen atoms the departures from the plane are +0-30 A for H(1) and —0-07 A for H(2), 





Fic. 2. 
? CH, CH, 
> \ i bd 
x oO (O'4 ) 
. fe) 120-7° 
S = \ oO c ° ° 
ae © 4 pagal aaiy 
Ne (04) 
8 - n7? 
“A 13H a 
N (O-\) > N 4. 
oF 123 
H H 


the former being just significant. One of the hydrogen atoms, H(5), of the methyl group 
also lies in this plane (deviation +-0-01 A). 
For molecule (II) the plane is given by the equation: 


0-2515X" +- 0-2593Y’ +- 0-93252’ +- 1-3528 = 0 


with a maximum deviation of 0-003 A for the heavy atoms, +-0-32 A for H(3), and +0-07A 
for H(4); these results are similar to those for (I) but the methyl groups are oriented 
differently: none of the hydrogen atoms lies in the plane, H(9) is at +-1-0 A, and the other 
two at —0-4 and —0-5 A. 

The angle between the normals to the two molecular planes is 24-6°. 

All the intermolecular contacts of less than 3-5 A were calculated: the shortest ones of 
various categories and those conngcted with S---+H-N hydrogen-bonding are shown 
in Table 6. - 


TABLE 6. Interatomic distances and angles in possible N + + + S hydrogen bonds. 


(Single primes refer to atoms in molecules at positions —*/a, —y/b, —z/c, and double primes to 
molecules at 4 — x/a, 4 + y/b, —z/c.) 
S(2)’-H(2) 2-07 A S(2)’-N(1)-S(2)” 111-4° S(1)"-H(4) 2-20A S(1)’-N(2)-S(1)”” 110-3° 


S(2)"-H(1) 2-46 S(2)’-H(2)-N(1) 155° S(1)”-H(3) 2-27 S(1)’-H(4)-N(2) 142° 
S(2)’-N(1) 3-469 S(2)”-H(1)-N(1) 158° S(1)’-N(2) 3-504 S(1)”—N(3)-N(2) 137° 
S(2)’-N(1) 3-396 S(1)’-N(2) 3-420 
Shortest intermolecular distances (A) 
S-S or C >3-5 N-N N(2)’-N(2) 3-454 
S-H on N, not H-bonded, S(2)-H(4) 3-26 N-H on N N(2)-H(4) 2-78 
S-H in CH, group, S(1)-H(8) 2-85 N-H in CH, N(1)’-H(9) 3-03 
C-C or N >3-5A H on N-H on N H(2)’-H(4) 2-0 
C-H on N C(3)’"-H(4) 2-89 H on N-H in CH, H(1)’-H(7) 2-6 
C-H in CH, C(2)’-H(7) 3-26 H on C-H on C H(5)’"-H(7) 2-8 
DISCUSSION 


The structure as a whole consists of layers of planar molecules probably held by 
N-H «++S hydrogen-bonds within the layers and by van der Waals forces between the 
layers. Because the standard deviations in the positions of the hydrogen atoms are large, 
the existence of hydrogen bonds is not proved conclusively but their presence would explain 
the comparatively poor packing and the interatomic distances observed. Pauling’s 
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yalues 1° for the van der Waals radii of hydrogen, nitrogen, and sulphur are 1-0—1-4, 1-5, 
and 1:85 A respectively. The minimum H - «+ H distance, 2-0 A, and the S+++H (CH), - 
9-85 A, agree with these values whereas the average S +++ H which might be bonded is 
92A. The hydrogen atoms do not lie on the line joining the sulphur and nitrogen atoms 
because they are displaced by 0-3—0-4 A from the S’-N-S” plane; a similar departure 
from linearity is common in hydrogen-bonded structures. 

Apart from the statistical standard deviation, the agreement between the independent 
values for the bond lengths between the heavy atoms leads to the conclusion that they 
are reliable to at least 0-01 A; it is not surprising that the agreement between the bond 
angles is less good because angles are more readily deformed by environmental factors. 
The crystal structures of four thioamides +3 have now been determined, but only for 
thiourea and thioacetamide have the anisotropic thermal motions been determined and 
the consequent systematic errors corrected; experience has shown that these have such 
comparatively large effects on the molecular dimensions that, at present, we can only say 
that for the other thioamides the carbon-nitrogen and carbon-sulphur bond lengths do 
not differ significantly from those in thioacetamide. 

The C-S and C-N bond lengths in thioacetamide are the same as those (1-713 and 
1329 A respectively) found in thiourea at room temperature by Kunchur and Truter.® 
Other values (1-61 and 1-28 A) for thiourea have been reported by Zvonkova and Tash- 
pulatov; “ the large difference probably arises through omission by the Russian workers 
of corrections for finite series effects and through neglect of the anisotropic thermal motion 
and corrections for systematic errors. Although the agreement index is not an absolute 
guide to the accuracy of structure determinations, the difference between their value 
of R (0-23) and ours (0-11) suggests that our results, which are supported by White’s !” 
results for thiourea at 121° kK, are more reliable. 

As more accurate bond lengths become available it is apparent that bond order—bond 
length relations must be reappraised along the lines originally suggested by Coulson % 
and elaborated by Dewar and Schmeising,4* Brown, and others. There are now 
sufficient results 1° of high accuracy (reliable to at least 0-01 A) for some carbon bond 
lengths to indicate that the apparent single-bond radius of a carbon atom in a bond C-X 
depends (a) upon its state of hybridisation, (b) upon the electronegativity of X, and (c) 
upon the other atoms bound to it. Although for carbon-carbon bonds a consistent 
scheme can be proposed }5 on the basis that the single-bond radii are 0-773 A for sf, 0-733 A 
for sp?, and 0-687 A for sp-hybridisation, the same values for the radii do not give the 
observed carbon—hydrogen and carbon-chlorine bond lengths. The useful concept of 
fixed radii may have to be replaced by a series of standard bond lengths between atoms 
in specified hybridisations. 

Application of these new ideas to thioamides suggests that the structures of thio- 
acetamide and thiourea correspond to the purely amide forms, S=C(CH,)-NH, and 
S=C(NH,)"NH,. The trigonal arrangement of bonds about the central carbon atom 
indicates sp®-hybridisation. The carbon-carbon bond length (1-494 + 0-008 A) does not 
differ significantly from a single C(sp*)-C(sp%) bond length (1-505 A). If we postulate 
that 1-325 A (+0-005 A) is the C(sp?)—N(sp*) single-bond length while 1-713 A represents 
a double bond C(sp*)=S(?) in both compounds, the total bond order round the central 
carbon atom is four. This simple hypothesis has the advantage not only of agreeing 
with the latest interpretation > of the infrared spectra of thiourea, thioacetamide, and the 
corresponding cations, but also of removing an anomaly in the bond lengths of amides. 


1 Pauling, ‘‘ The Nature of the Chemical Bond,” Cornell University Press, 1945. 

1 Zvonkova and Tashpulatov, Kristallografia, 1958, 3, 553. 

12 White, 1959, personal communication. 

18 Coulson, “‘ Contribution a l’Etude de la Structure Moleculaire,” Victor Henri, Desoer, Liége, 1948. 
4 Dewar and Schmeising, Tetrahedron, 1959, 5, 166. 

8 Brown, Trans. Faraday Soc., 1959, 55, 694. 

18 “ Interatomic Distances,’’ Chem. Soc. Special Publ. No. 12, 1958. 
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For these the average value 1° of C-N is 1-322 + 0-003 A; if this represents a pure single 
bond then the carbon-oxygen bonds should be pure double bonds and it is no longer 
surprising that their average length, 1-23 A, is the same as the C=O distance in ketones 
and in carboxylic acids and esters." 

Because the new ideas do not postulate double-bond character for the carbon-nitrogen 
bonds it is not possible to explain the trigonal hydridisation of the nitrogen atoms in 
amides and thioamides by delocalisation of the lone-pair electrons to take part in the 
n-bond system; a similar difficulty arises in explaining the planarity of the oxalate ion, 
oxamide, and butadiene if their central bonds are regarded as single bonds and this problem 

: 5 is still unresolved (but it is likely that there is interaction between the 
] isolated x-bond systems or between the x-bonds and the lone pair electrons), 

ZV G4 There is only one experimental observation at variance with the proposed 

. F standard bond length for a C(sf?)=S(?) double bond and that is a value of 

(III) CH, 1-627 A in 4-methyl-1,2-dithiacyclopent-4-ene-3-thione (III) ; 1” in this com- 

. pound, however, the carbon (sf?) atom is not bonded to a nitrogen atom, so 

the difference may be another example of the change in one bond length when the 
substituents on one of the atoms is changed.® 

More investigations of high accuracy are required to solve the problems raised by the 
new theories. 





EXPERIMENTAL 

Thioacetamide recrystallised from benzene as colourless acicular crystals. A film of Vaseline, 
so thin that it did not produce a diffraction halo, was effective in preventing decomposition of 
the crystal under the combined influence of air and X-rays. 

The unit-cell dimensions were measured by the Straumanis method. The crystals were 
approximately spherical and 0-2 mm. in diameter; no absorption correction was applied. 

Equi-inclination Weissenberg photographs were taken about the three principal axes for all 
the available layer lines (i.e., up to 6k/, h6l, and hk4); of the 1407 possible reflections 927 gave 
measurable intensities. A multiple-film technique was used and the intensities of the spots 
were estimated visually with the aid of a calibration strip. Lorentz and polarisation factors 
were applied by use of a Cochran chart. For the (#0) reflections the approximate scale factor 
was obtained by Wilson’s method.® After two-dimensional refinement this scale was adjusted 
to make }|F,| = >|F,|, and the absolute values of F*, were used to correlate and reduce to an 
approximately absolute scale the observed arbitrary values of F*,,;; during three-dimensional 
refinement the scale factor was one of the parameters. 

The first stage of the three-dimensional anisotropic refinement was carried out with 
McWeeny’s scattering factors 7° for carbon and nitrogen, and James and Brindley’s ° for sulphur; 
the co-ordinates were refined by differential Fourier syntheses with back-shift corrections for 
finite series errors and the thermal parameters by Cruickshank’s method,”! the equations given 
in Section 3 of his paper being used. These computations were carried out on the Manchester 
University electronic computer with programmes devised by Dr. D. W. J. Cruickshank and Miss 
D. E. Pilling. In the second stage the scattering factors used were those of Tomiie and Stam’ 
for sulphur and Berghuis e¢ a/.2* for the other atoms. Refinement was carried out by the method 
of least squares on the Leeds University Pegasus computer with programmes devised by Dr. 
D. W. J. Cruickshank and Miss D.E. Pilling. The function minimised was R’ = 
>w(|F.| — |F-|) * where the weighting factor, w, was at first taken as 1/|F,|. It was modified 
by using the criterion that R’/n, where n is the number of planes within a given range of |F,|, 
should be constant for different ranges; this criterion was satisfied by w = 1/(8|F,| + 
0-3|F,|?) for the observed planes and 1/30 for the unobserved planes. 


It is a pleasure to thank Professor E. G. Cox, F.R.S., for his advice and interest, Dr. D. W. J. 
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208. Chloromolybdenum(1) Compounds. 
By J. C. SHELDON. 


X-Ray diffraction studies have shown that molybdenum(m) chloride 
derivatives contain the octachlorohexamolybdenum(1) group, (Mo,Cl,)**, 
which acts as a centre for octahedral complexes analogously to a single-atom 
ion.+* Preparative work, cryoscopy, molecular conductivity, ultraviolet 
spectroscopy, and magnetic susceptibility support the octahedral co-ordin- 
ation of this group. The existence of [(Mo,Cl,)X,]?~— (X = Cl, Br, I, or OH) 
ions in solution have been demonstrated. These complexes are starting 
materials in the preparation of compounds (Mo,Cl,)X, which are considered 
to be polymeric. Evidence is given for the existence of octahedral com- 
plexes [(Mo,Cl,)Cl,,2C;H;N], [(Mo,Cl,)Cl,,2NEt,], [(Mo,Cl,)(OH),,2H,O], and 
[(Mo,Cl,)Cl,-OH,2H,O]. The stability, ultraviolet spectra, and diamagnetism 
of Mo,Cl, compounds, and the co-ordination number nine for each 
molybdenum atom,'* can be explained by regarding molybdenum as sexi- 
valent in chloromolybdenum(m1). 


DERIVATIVES of molybdenum(t1) chloride are best regarded as a novel type of octahedral 
co-ordination complex containing the octa-y,-chlorohexamolybdenum(t1) group, (Mo,Cl,)**, 
centre.2 The absence of typical transition-metal properties in octachlorohexamolybdenum- 
(1) compounds has been explained by the formation of molybdenum—molybdenum bonds. 
Although the established oxidation number is two, it has been suggested that the presence 
of such bonds requires that molybdenum should be considered as effectively sexivalent in 
these compounds. The established co-ordination number of molybdenum in octachloro- 
hexamolybdenum(t1) is nine,!»? and this supports the view that molybdenum is sexivalent. 
A prominent member of the octachlorohexamolybdenum(I1) complex series is the crystal- 
line acid, (H,O),[(Mo,Cl,)Cl,],6H,O. This paper is concerned with a physical and chemical 
study of this compound, and those conveniently prepared from it, and justifies regarding 
octachlorohexamolybdenum(i1) compounds as octahedral complexes of the type 
[(Mo,Cl,)X,]. Much of the chemistry of these compounds which has hitherto appeared 
unusual and unsystematic then appears simple. 


Molecular Conductivity and Cryoscopy.—The empirical formula for the chloro-acid was 
established as early as 1910.4 That work also indicated that the oxidation number of 
molybdenum was two and that only six of the fourteen chlorine atoms were easily removed 
by alkali. The importance of this acid is two-fold. First, it is easily obtained pure by 
dissolving crude molybdenum(t11) chloride in hydrochloric acid from which the chloro-acid 
crystallises on cooling. Secondly, heating the chloro-acid im vacuo gives pure molybdenum- 
() chloride, i.e., [(Mo,Cl,)Cl,], an observation not recorded by previous workers. The 
related bromo- and iodo-acids are conveniently prepared by dissolving the chloro-acid in 
hydrobromic or hydriodic acid respectively. Crystals of the other halogeno-acids readily 


1 Brosset, Arkiv Kemi, Min., Geol., 1946, 20, A, No. 7. 
2 Brosset, Arkiv Kemi, Min., Geol., 1947, 22, A, No. 11. 
* Sheldon, Nature, 1959, 184, 1210. 

* Rosenheim and Kohn, Z. anorg. Chem., 1910, 66, 1. 
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appear and decompose, when heated im vacuo, to octachlorohexamolybdenum(i1) tetra. 


bromide and tetraiodide. 


Though it is easy to formulate the halogeno-acids as octahedral complexes, which should 
be 2: 1 electrolytes, these halides can only be octahedral complexes if they are polymeric 
with respect to (Mo,Cl,), some of the ligand groups acting as bridges between octachloro. 


hexamolybdenum(II) groups. 


compounds in nitrobenzene solution are summarised in Table 1. 


Molar conductivity at 25° 


TABLE 1. 


Cryoscopy 


Conductivity and cryoscopic measurements for these 





Condy.* Concn. (10-*m) —AT Concn. (10-*m) M 

(H,O),[(Mo,Cl,)Cl,],6H,O ... 49 1-03 0-320° 1-94 420 
51 0-665 

(H,O),[(Mo,Cl,) Br,],6H,O 56 0-862 0-133 0-905 575 
53 0-590 

(H,O),[(Mo,Cl,)I,],6H,O ... 59 0-566 0-260 1-56 600 
59 0-378 

GES E | isn cdsii cccisitves 9 3-34 ~0-002 0-56 S10 

GIT dics verve rivsndinesss 23¢ 0-935 ~0-02 0-35 ~10 
22¢ 0-54 

* Molar conductivity in nitrobenzene at 25°: 1:1, ~25 mho; 2:1, ~50 mho.§ (Mo,Cl,)C\, is 


insoluble. * After standing. 


The conductivity data establish that the halogeno-acids are 2:1 electrolytes. The 
ratios of the theoretical to experimental molecular weights for the hexachloro-, hexabromo., 
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and hexaiodo-acids are 2-9, 2-6, and 2-9 respectively, indicating the production of three 
ions per molecule. Thus the existence of [(Mo,Cl,)Cl,]?~, [(Mo,Cl,) Br,]?-, and [(Mo,Cl,)I,}*- 
ions in nitrobenzene solution is certain. As the difference between the theoretical and the 
experimental molecular weights is best explained by electrolytic dissociation, the molecules 
of water shown in Table 1 must be bound to the ions. The halogeno-acids may be 
recovered from nitrobenzene solution by the addition of excess of light petroleum, and the 
crystalline precipitates give X-ray powder photographs identical with those of the original 
materials. 

No simple deductions can be made from the results in Table 1 concerning the con- 
stitution of these halides. The insolubility of octachlorohexamolybdenum(11) tetra- 
chloride in nitrobenzene may be attributable to the chloride’s polymeric nature. The 
molecular weights found for the bromide and iodide indicate that the degree of polymeris- 
ation decreases from the bromide to the iodide. The molar conductivity of the iodide 


* Harris and Nyholm, J., 1956, 4375; Harris, Ph.D. Thesis, New South Wales, 1955; Phillips, 
Ph.D. Thesis, London, 1958. 
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increases for some time after the solution’s preparation. The final value is close to that 
ed for a 1:1 electrolyte and it cannot be ruled out that the tetraiodide exists 
predominantly as [(Mo,Cl,)I,(Ph*NO,),]*I- in nitrobenzene solution. 

Hygroscopic Nature of the Halides.—A typical consequence of the tendency of octa- 
chlorohexamolybdenum(11) to complete an octahedral arrangement of ligands is the 
formation of hydrates by the halides. The freshly prepared halides are amorphous but 
gradually acquire X-ray powder patterns in moist air. Simultaneously, the weights 
increase, eventually corresponding to the gain of several water molecules per halide 
molecule. The chloride and bromide, but not the iodide, then lose weight, indicating the 
evolution of hydrogen halide, and another characteristic X-ray powder pattern appears, 
indicating partial hydrolysis. Fig. 1 shows typical plots of weight increase against 
time. The maxima suggest that the chloride and bromide may give tetrahydrates 
(Mo,Cl,)X4,4H,O before significant hydrolysis occurs. The iodide gives a stable 3-5- 
hydrate. It is possible that owing to incomplete reaction the number of water molecules 
given above does not correspond to maximum hydration. The hydrates, like the halogeno- 
acids, yield the anhydrous tetrahalides when heated in vacuo. It is noteworthy that the 
lowest reported hydrates of the chloride and bromide are the dihydrates,*® which can 
conveniently be formulated as octahedral complexes. The anhydrous halides become 
paler in damp air, which is additional evidence of chemical change. Octachlorohexa- 
molydenum (II) compounds are thermochroic and darken reversibly with increase of temper- 
ature. The approximate colours of the halides under different conditions are given in 
Table 2. 


TABLE 2. 
Room temperature 200° 
In moist air Freshly prepared in vacuo In vacuo 
Ss ho Se rere Pale yellow Deep yellow Medium brown 
oR) Seren Medium yellow Yellow-brown Dark brown 
SIL ° Nekdcxcindenaae Medium brown Dark brown Almost black 


Molecular Addition Compounds.—Although the halides possess low solubilities in weak 
electron-donors, ¢.g., nitrobenzene and methyl cyanide, they are freely soluble in strong 
donor solvents, ¢.g., ethanol and pyridine. © This is consistent with their tendency to 
complete an octahedral arrangement of ligands. The solvates may be isolated from strong 
donor solvents by addition of excess of diethyl ether or light petroleum ether. E.g., 
[(Mo,Cl,)Cl,,2EtOH] was isolated earlier,* and [(Mo,Cl,)Cl,,2C;H;N] and [(Mo,Cl,)Cl,,2NEt,] 
in the present work. The halides are insoluble in water, undoubtedly owing to the 
insolubility of the hydrates immediately formed; nevertheless, no definite hydrate has 
been characterised owing to the incomplete reaction with water and concurrent hydrolysis. 

Hydrolysis of the Halogeno-acids.—In keeping with their ionic character, the halogeno- 
acids and their salts are somewhat soluble in many polar solvents, including water. How- 
ever, the initially clear aqueous solutions rapidly give precipitates. Such a precipitate 
from the chloro-acid, and the amount of chloride liberated on its formation, have been 
reported by others,** but its nature has remained obscure. It was supposed that several 
chlorine atoms were successively lost, first by the soluble acid, then by the suspended 
precipitate, yielding octachlorohexamolydenum(t) tetrahydroxide as an end-product. 
We confirm that the extent of hydrolysis increases with temperature and length of 
digestion; however, the precipitate cannot be homogeneous if obtained under the more 
extreme conditions, since the dark colour of some of the samples suggests the formation of 
Mo(v) hydroxide. The freshly formed and dried precipitate is amorphous (X-rays). 
When heated to 250° in vacuo the, precipitate yields octachlorohexamolybdenum(1) tetra- 
chloride. The amount of chloride that is found in solution after the precipitation always 
indicates that at least two chloride groups are hydrolysed per [(Mo,Cl,)Cl,J*- ion. Thus 
the initial precipitate is (Mo,Cl,)Cl,,#H,O, which on further digestion gives a 
* Lindner, Haller, and Helwig, Z. anorg. Chem., 1923, 180, 209. 
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material possessing an X-ray powder pattern characteristic of partially hydrolysed 
chlorohexamolybdenum(11) tetrachloride. One of the secondary products may be 
[(Mo,Cl,)Cl,-OH,2H,O] (after drying at 130°), for which there is some analytical evidence, 

Octachlorohexamolybdenum(u1) Tetrahydroxide—tIn dilute alkaline solution the 
[(Mo,Cl,)Cl,|?- ion is completely hydrolysed to the soluble [(Mo,Cl,)(OH),]?~ complex. Jf 
the pH of the solution is adjusted below 8-5, a yellow gelatinous precipitate, probably 
(Mo,Cl,)(OH),,nH,O, appears. A crystalline form of the hydroxide is prepared by the 
action of dilute ammonia buffer on the original chloro-acid. The exact water content of 
the crystalline hydroxide cannot be settled by analytical means as it loses water very 
easily and cannot be safely dried. Lindner and his co-workers favoured a composition 
corresponding to (Mo,Cl,)(OH),,16H,O,° and yet in summarising Lindner’s and his own 
analyses, Brosset gave four molybdenum and five chlorine determinations, the mean of 
which agreed favourably with (Mo,Cl,)(OH),,14H,O.1 The present work indicates a 
composition (Mo,Cl,)(OH),,15H,O, although it must be regarded approximate, like those 
given above. A decision in favour of the 14-water composition was made by Brosset on 
the grounds of crystal symmetry and some confirmation was obtained by the agreement of 
the experimental X-ray diffraction intensities with those calculated for this composition! 

The crystalline hydroxide gives two interesting products, (Mo,Cl,)(OH),,2H,O and 
(Mo,Cl,)(OH),, on dehydration. The conditions of preparation and analyses are given 
below. Experiments A refer to the present work, and experiments B to those of Lindner 
and his co-workers,* who formulated these hydroxides as (Mo,Cl,)(OH),,4H,O and 
(Mo,Cl,)(OH),,2H,O respectively. It is significant that (Mo,Cl,)(OH),,2H,O can be 


Proposed product Conditions of prep. Found (%) Cale. (%) 
(Mo,Cl,)(OH),,2H,O (A) (Mo,Cl,)(OH),,14H,O in vacuo at 25°, ~10 hr. Cl, 29-2 29:5 
Orange, amorphous (B) Heating (Mo,Cl,)(OH),,14H,O at 67—100° Wt. loss, 18-2 18-3 
(Mo,Cl,)(OH), (A) (Mo,Cl,)(OH),,14H,O i” vacuo at 200° Cl, 30-8 30-6 


Brown, amorphous (B) Heating (Mo,Cl,)(OH),,14H,O at 200—300° Wt. loss, 21-0 21- 


regarded as an octahedral complex. The compound (Mo,Cl,)(OH), is probably polymer- 
ised with respect to (Mo,Cl,) in the manner proposed for the halides, and is in fact hygro- 
scopic and becomes paler on hydration. 

Hexahydroxo-octachlorohexamolybdenate(11) Ion.—The existence of the [(Mo,Cl,)(OH),)* 
ion has been shown by the pH titration of a known alkaline octachlorohexamolybdenum(t) 
solution by standard acid.* The typical curve shows a rapid decrease of pH in the region 
of 9, after the neutralisation of the excess of alkali, with a cusp at pH 8-5. At this point 
precipitation of the tetrahydroxo-compound commences and the pH remains constant for 
most of the remainder of the precipitation. At the equivalence point, corresponding to 
complete precipitation, the curve passes through the usual wave, with half-wave pH 5:5. 
Five such titrations are summarised in Table 3. The solutions were prepared from weighed 


TABLE 3 
A B Cc B/A C/A 
Compound 10‘ mols. 10 equivs. 10* equivs. 
(H,O),[(Mo,Cl,)Cl,],6H,O .,.......... 3-29 26-0 6-60 7-9 2-0 
3-74 29-2 6-75 7-8 1-8 
1-00 7-8 1-85 7-8 1-85 
(Mo,Ci,)(OH),,14H,O  ...........00. 1-61 3-11 1-95 
0-43 0-85 1-95 


quantities of the chloro-acid or the crystalline tetrahydroxo-compound (given in moles in 
column A) dissolved in known volumes of 0-1N-sodium hydroxide and titrated with 0-1y- 
nitric acid. Column B gives the equivalents of hydroxide consumed by dissolving the 
octachlorohexamolybdenum(I1) compound in the known alkali. This is given by the 
difference of the number of equivalents originally taken and the number neutralised up to 
the cusp at pH 8-5. Column C gives the equivalents of neutralisable hydroxo-groups in 
the hydroxo-complex and is found from the equivalents of acid added between the cusp 
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and the half-wave point at pH 5-5. Quantities B and C are identical for the crystalline 
hydroxo-compound but not for the chloro-acid. The ratio B/A is eight for the chloro- 
acid, in agreement with the reaction of two hydroxonium and six chloride groups with 
alkali. The ratio C/A for both starting compounds is close to two, confirming the view 
that the hydroxo-complex is [(Mo,Cl,)(OH),]*~. 

The reaction of the hexahydroxo-complex might have been expected to proceed in two 
steps to the tetrahydroxide, [(Mo,Cl,)(OH);H,O]~ being the intermediate. The large size 
of the octachlorohexamolybdenum(11) group renders such a stepwise reaction unlikely, for 
the trans-hydroxo-groups (the most likely to be protonated successively) are separated by 
several molybdenum atoms. The protonation of one hydroxo-group will have little effect 
on the basicity of the ¢vans-group, and the titration curves establish that the two hydroxo- 

ups react with indistinguishable basicity. 

Ultraviolet Absorption Spectra.—Absorption spectra have been published ° for the range 
250—400 my. of octachlorohexamolybdenum(1) solutions in 5N-hydrochloric and -hydro- 


Fic. 2. Absorption spectra of Mo,Cl, compounds 
in (A) 2m-H,SO, and (B) 2m-HCI1O,. 














300 350 
Wavelength(myz) 
bromic acid and in 0-01N-sodium hydroxide. - The spectra for 2m-perchloric and -sulphuric 


acid solutions are given in Fig. 2 and Table 4. At wavelengths shorter than 300 my the sol- 
vents and the solutions are intensely absorbing, and beyond 400 my the solutions possess no 


TABLE 4. 
Band I Band II Band I Band II 
Solvent A(mp) 10%ce A(mp) 10%¢e Solvent A(mp) 10%e¢ A(mp) 10%e 
Ge-HC) ...... 307-5 2-93 345 (sh) 2-68 2N-HCIO, ... 298 3-2 ~330(sh) 2-4 
5n-HBr ...... 305 (sh) 3-8 352-5 3-4 2m-H,SO, ... 298 3-05 ~330(sh) 2-4 


00ln-NaOH 300 3-8 ~330 (sh) ¢ 
sh = shoulder. * Very weakly defined. 


absorption bands. The intensities of these bands indicate that they are not ligand field 
transitions, and the failure to observe them supports the view that molybdenum(1) is 
sexivalent in these complexes. It is consistent with the chemistry of octachlorohexa- 
molybdenum(11) that aqueous solutions of this group in the presence of excess of chloride, 
bromide, hydroxide, or perchloric acid should contain [(Mo,Cl,)X,] complexes. It is 
perhaps unexpected that the spectra assigned to these different complexes are similar. 
The bands may be assigned to charge transfer associated mainly with the octachlorohexa- 
molybdenum(11) group. The intense absorption of the chloro-ion at 250 my appears at 
progressively longer wavelength for the bromo- and iodo-ions, and masks bands I and 
II almost completely in the last case. 

Magnetic Susceptibility—The molar susceptibilities of the chloride, hexachloro-acid, 
and diammonium salt have been found to be —230, —360, and —240 x 10 c.g.s. units 
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at 25°. In addition, the bromide and iodide, and the bromo- and iodo-acid are found to 
be diamagnetic. 

The diamagnetism and effective co-ordination number nine of molybdenum are st 
evidence that molybdenum is formally sexivalent in octachlorohexamolybdenum(n), 
Ultraviolet spectra and the stability of the compounds towards oxidation support this, 
The thesis that molybdenum exists in a lower effective valency, and thus possesses nop- 
bonding d-electrons and empty d-orbitals, is more difficult to rationalise with the observed 
properties of octachlorohexamolybdenum(II) compounds. 


EXPERIMENTAL 


Preparation of Octachlorohexamolybdenum(1) Compounds.—Octachlorohexamolybdenum(n) 
tetrachloride. (a) A thick-walled Pyrex tube was constricted at two points to give three com. 
partments. In the first two were placed equal quantities of molybdenum powder. Moisture 
and oxygen were removed by heating the whole with passage of nitrogen. The molybdenum 
in compartment 1 was heated in chlorine, and the resulting molybdenum(v) chloride condensed 
before reaching compartment 2. The chloride was gently warmed in a nitrogen stream, and 
the vapour passed over the molybdenum in compartment 2 at red heat. The molybdenum(m) 
chloride produced sublimed into compartment 3 and there disproportionated to octachlorohexa- 
molybdenum(i1) and molybdenum(v) chloride when heated to the softening point of Pyrex 
glass, the former product remaining as a residue, the latter distilling from the tube. The tetra- 
chloride in compartment 3 is tolerably pure (Found: Cl, 42-3; Mo, 57-3; Mo,Cl,, 85-8. Cale. 
for Cl,,.Mo,: Cl, 42-5; Mo, 57-5; Mo,Cl,, 85-9%), but is frequently paramagnetic and leaves a 
dark residue on dissolution in hydrochloric acid. The main impurity is molybdenum(mn) 
chloride owing to the incomplete disproportionation. Excessive heating is to be avoided, 
however, as the tetrachloride itself disproportionates to metal and higher halide at very high 
temperatures. 

(b) The crude tetrachloride was dissolved in hot 17% hydrochloric acid, and any residue 
filtered off. The solution was concentrated, refiltered, and cooled in ice. A good yield of the 
chloro-acid, as bright yellow needles, was obtained on stirring. The crystals were filtered off 
and were heated in vacuo, appearing to decompose stepwise with vigorous decomposition at 200°. 
The residue was octachlorohexamolybdenum(t1) tetrachloride. It was diamagnetic and soluble 
in hydrochloric acid without residue. The compound should be stored in anhydrous conditions 
(Found: Cl, 42-6; Mo, 57-2; Mo,Cl,, 85-2%). 

Dihydvroxonium hexachloro[octachlorohexamolybdate(t1)| 6-Water (Chloro-acid) 
(H,;0),[(Mo,Cl,)Cl,],6H,O.—The solubility of the acid (cf. b above) depends on the temperature: 
1% in 1:1 hydrochloric acid at 25°, <0-1% at 0°, though supersaturation is frequently 
observed. The acid rapidly loses water and hydrogen chloride if exposed and must be stored 
in a stoppered vessel after gentle drying in air (Found: Cl, 40-8; Mo, 47-6. H,,Cl,,Mo,0, 
requires Cl, 40-8; Mo, 47-2%). 

Dihydroxonium Hexabromo([octachlorohexamolybdate(11)| 6-Water and Dihydroxonium Hexa- 
iodo[octachlorohexamolybdate(11)] 6-Water (Bromo- and Iodo-acid).—These were prepared analo- 
gously to the chloro-acid. The tetrachloride (or chloro-acid) was dissolved in hot ~5n-hydro- 
bromic or -hydriodic acid; the corresponding halogeno-acid separated. Recrystallisation is 
difficult owing to the low solubility of these complex acids, and it is best to use pure tetra- 
chloride. The bromo-acid separates as plates which pack together and so do not dry 
satisfactorily. These complex acids are unstable and should be stored in closed vessels [Found: 
(a) equivs. of halogen per g., 0-00943; Mo,Cl,, 58°8%. H,,Br,Cl,Mo,O, requires equivs. of 
halogen per g., 0-00943; (Mo,Cl,), 57:°9%. (b) Found: Cl, 15-8; I, 43-1; Mo,Cl,, 49-9. 
H,,Cl,I,Mo,O, requires Cl, 16-0; I, 43-1; Mo,Cl,, 48-6%]. 

Octachlorohexamolybdenum(t1) Tetrabromide and Tetraiodide.—These compounds are obtained 
as residues by heating the appropriate halogeno-acid to 200° in vacuo, and should be stored in 
anhydrous conditions [(a) Found: Br, 27-8; Cl, 23-2; Mo,Cl,, 74:1. Br,Cl,Mo, requires Br, 
27-2; Cl, 24-0; Mo,Cl,, 72-9. (b) Found: Cl, 21-0; I, 37-1; Mo,Cl,, 63-0. Cl,I,Mo, requires 
Cl, 20-8; I, 37-2; Mo,Cl,, 63-0%]. 

Diammonium Hexachloro[octachlorohexamolybdate(11)] 1-Water.—This sparingly soluble 
crystalline salt separates from a concentrated ammonium chloride solution on the addition of 
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the chloro-acid. It appears to be stable in air and, though evolving ammonium chloride when 
strongly heated, does not give the tetrachloride with the same ease as the chloro-acid does 
(Found: Cl, 44-4; Mo, 50-9. Hy 9Cl,,Mo,O requires Cl, 44:2; Mo, 51-1%). 

Bistriethylaminetetrachloro[octachlorohexamolybdenum(t1)] and Bispyridinetetrachloro[octa- 
chlorohexamolybdenum(t1)].—Mixing ethanol solutions of triethylamine or pyridine and of the 
tetrachloride, followed by addition of light petroleum, gives a pale yellow finely divided 
precipitate which may be dried in vacuo. Both addition compounds are amorphous to X-rays 
and when strongly heated in vacuo give the tetrachloride [(a) Found: C, 11-0; H, 2-6; Cl, 35-6; 
Mo,Cl,, 71-8. CygHg9Cl,2Mo,N, requires C, 11-9; H, 2-5; Cl, 35-4; Mo,Cl,, 71-5. (6) Found: C, 
10-1; H, 1-0; Cl, 36-8; Mo,Cl,, 73-6; N, 2-6. CoH 9Cl,,Mo,N, requires C, 10-35; H, 0-85; Cl, 
36:8; Mo,Cl,, 74:1; N, 2-4%]. 

Octachlorohexamolybdenum(t1) Tetrahydroxide 14-Water.—The tetrahalides, and the halogeno- 
acids and their soluble salts, dissolved in a minimum of aqueous ammonia—ammonium nitrate 
buffer solution, gave a precipitate of the tetrahydroxide which was filtered off and dried carefully 
in air (Found: Cl, 23-9; Mo, 48-0; Mo,Cl,, 71-7. H ,Cl,Mo,O,, requires Cl, 24-0; Mo, 48-8; 
Mo,Cl,, 72°9%). 

Analytical Techniques.—Carbon, hydrogen, and nitrogen analyses were done by standard 
micro-procedures. Determination of halogens and molybdenum required hydrolysis to 
molybdenum(v) hydroxide and its conversion into molybdate by hydrogen peroxide. Halogens 
were determined potentiometrically, by titrating the acidified hydrolysis solution with standard 
silver nitrate. 

Molybdenum was determined as lead molybdate. This procedure was particularly time- 
consuming and a rapid, though less accurate, spectrophotometric estimation of octachlorohexa- 
molybdenum(11) was adopted. A weighed quantity of compound was dissolved in hot 5n- 
hydrochloric acid and converted into a hexachloro[octachlorohexamolybdenum(t1)] solution. 
The optical densities of the solution, determined from 300 to 400 mu, were converted into 
molarities by the extinction coefficients listed in the Table for the hexachloro-anion. If this ion 
is the only absorbing species, the molarities should be substantially independent of wavelength 
and the mean was taken as that of the octachlorohexamolybdenum(r1!) in the prepared solution. 


A (mp) ........- 300 310 320 330 340 350 360 370 380 390 86400 
BS iewiesses 2:87 292 282 2-70 268 266 248 214 167 #£«®°41:23 0-86 


Product of the Hydrolysis of the Chloro-acid.—The precipitate from a solution of the acid in 
warm water was rapidly filtered off and dried in vacuo at 200° (Found: Cl, 42-5; Mo,Cl,, 85-5%). 
A large number of analyses on the digested precipitates indicates the product of moderate 
hydrolysis of the precipitated hydrated tetrachloride to be (Mo,Cl,)Cl,-OH,zH,O, which dries 
at 130° to give (Mo,Cl,)Cl,,OH,2H,O. A typical experiment is given. 0-8021 g. of chloro-acid, 
when boiled in water for 5 min., gave quantitatively a precipitate which after drying at 130° 
weighed 0-6648 g. The filtered solution contained 2-03 x 10% mole of chloride and the 
precipitate 7-21 x 10° mole. Thus 3-07 mol. of chloride are liberated and the molecular weight 
of the dried product determined by the yield is 1010 (theor., 1018) (Found: Cl, 38-5. Calc. for 
H,Cl,,Mo,0,: Cl, 38-3%). 

Cryoscopic Determination of Molecular Weights.—The freezing points of air-jacketed and 
stirred samples of ‘“‘ AnalaR’”’ nitrobenzene were determined at least in duplicate by the 
warming-curve technique, Temperatures were read by a thermometer calibrated to 0-01° and 
K; for nitrobenzene was taken as 6-9. 

Molecular Conductivity—Approx. 0-05 g. of the compound was made up to 25 ml. with 
“AnalaR’” nitrobenzene. The conductivity cell, having shiny platinum electrodes and a 
constant 0-235, was kept at 25° and conductance readings were taken by a Wayne Kerr 
Universal B221 bridge. 

Ultraviolet Absorption Spectra.—It was demonstrated that only one absorbing molybdenum 
species, presumably the [(Mo,Cl,)Cl,]*~ ion, was present in an octachlorohexamolybdenum(1!) 
solution in 2—5n-aqueous chloride. A number of compounds, namely, the tetrachloride, the 
chloro-acid, the diammonium chloro-salt, and the crystalline hydroxide, gave the same spectrum 
in 2—5n-hydrochloric acid and 2—5n-sodium chloride. In view of the purity with which the 
chloro-acid and its ammonium salt could be prepared, these were taken as standards, and the 
molar extinction coefficients for the chloro-anion determined from optical density—molarity 
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plots at various wavelengths. These coefficients are listed in the preceding Table. A similar 
survey of octachlorohexamolybdenum(11) compounds in concentrated perchloric or sulphuric 
acid, diluted to 2m-acid, showed that the spectra were reproducible in the particular acid, 
indicating a common absorbing species in these solutions and plausibly this is the 
[(Mo,Cl,)(H,O),]** ion, but a small divergence between spectra in the two acids. Spectra 
reported for [(Mo,Cl,) Br,]?~ and [(Mo,Cl,)(OH),|?~ are the mean of a few concordant spectra of 
various octachlorohexamolybdenum(1) compounds in 5N-hydrobromic acid or 4N-sodium 
bromide, and in 0-1—0-01N-sodium hydroxide. It was possible to obtain only a rough spectrum 
of octachlorohexamolybdenum(11) in aqueous iodide. Potassium iodide solution gives a 
precipitate of the potassium chloro-salt, and hydriodic acid is too rapidly oxidised for reliable 
results. 

Magnetic Susceptibility ——This was determined at ~25° by the Gouy method, employing a 
permanent magnet and Pyrex glass tubes calibrated with powdered copper(I) sulphate 5-water, 


The author thanks Professor R. S. Nyholm and Dr. J. Lewis for valuable discussions. This 
work was carried out during the tenure of an I.C.I. Research Fellowship at the University of 
London. 
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209. The Permanganate Oxidation of Thymine and Some 
1-Substituted Thymines. 


By M. H. Benn, B. CHATAMRA, and A. S. JONES. 


Thymine was oxidised by potassium permanganate at 37° and pH 9 to 
“thymine glycol.’”” The latter was then hydrolysed and oxidised further 
to give urea, acetol, pyruvaldehyde, pyruvic acid, and formic acid. When 
the oxidation was carried out at pH 7 the degradation of the glycol was much 
slower than at pH 9. 1-Methyl-, 1l-phenyl-, and 1-benzyl-thymine were 
synthesised and subjected to the same oxidation procedures. The formation 
of glycols from 1l-substituted thymines could not be established, but N- 
substituted ureas were identified, the other oxidation products being acetol, 
pyruvic acid, and formic acid. 


TREATMENT of deoxyribonucleic acid with potassium permanganate at 37° and pH 9 
oxidised almost completely the cytosine, thymine, and guanine residues, but left 95% of 
the adenine residues unaffected.1_ In order to elucidate the nature of this reaction, simple 
derivatives of purines and pyrimidines have been oxidised under the same conditions. 
This paper reports the results obtained with thymine derivatives. 

Numerous studies have been made of the action of oxidising agents, other than perman- 
ganate, on thymine. The products usually detected were urea, acetol, pyruvic acid, and 
formic acid.? Little is known about the permanganate oxidation of thymine apart from 
the early work of Steudel * who claimed to have detected the formation of urea and oxalic 
acid. 

In the present work, oxidation of thymine (I; R = H) with potassium permanganate 
(1 mol.) at 37° and at pH 7 gave a glycol (II; R = H) as the major product. This was 
identified by comparison (m. p., infrared spectrum, and Ry value) with authentic “ thymine 
glycol” synthesised by Baudisch and Davidson’s method * from thymine via 5-bromo- 
5,6-dihydro-6-hydroxythymine (III; R =H). Its formation by permanganate oxidation 


Bayley and Jones, Trans. Faraday Soc., 1959, 55, 492. 
Bendich in “‘ Nucleic Acids,”’ Vol. I, by Chargaff and Davidson, Academic Press, 1955, p. 120. 


1 

a 

* Steudel, Z. physiol. Chem., 1901, $2, 241. 

* Baudisch and Davidson, J. Biol. Chem., 1925, 64, 233; Baudisch and Bass, J]. Amer. Chem. Soc., 
1924, 46, 184. 
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indicated that it was a cis-glycol. The presence of five other oxidation products including 
a little unchanged thymine was detected chromatographically. 


° ° Me 9 Me 
HS Me i. a p Aven 
R R 
(11) 


(I) (111) 


When the oxidation was carried out at pH 9, although the same products were obtained, 
the amounts of these differed from those obtained by oxidation at pH 7. Thus, much 
more unchanged thymine was present despite the fact that all the permanganate had been 
consumed and thymine glycol could not be isolated and was only detectable chromato- 
graphically. The other oxidation products were identified as follows: (i) acetol, pyruv- 
aldehyde, and pyruvic acid were identified chromatographically and by the formation of 
characteristic derivatives with 2,4-dinitrophenylhydrazine, (ii) formic acid was identified 
by reduction to formaldehyde and detection of the latter by means of chromotropic acid, 
and (iii) urea was detected by the use of urease and chromatographically by the use of a 
fructose spray. The presence of lactic and acetic acid could not be excluded, but no 
definite evidence of their presence was obtained. 

When thymine glycol was treated at pH 9 at 37° hydrolysis occurred, with the produc- 
tion of acetol and urea (cf. Baudisch and Davidson*). It appeared therefore that 
potassium permanganate oxidised thymine to the glycol and that the latter was then 
slowly hydrolysed at pH 7 and more rapidly at pH 9 to give acetol, carbon dioxide, and 
urea * (see scheme). An alternative route is that proposed by Baudisch and Davidson * 
for the oxidation of thymine with oxygen, namely, oxidation of the glycol to N-formyl-N’- 
pyruvylurea (IV) followed by hydrolysis to formic acid, pyruvic acid, and urea. This 
mechanism explains the formation of formic acid but does not account for that of acetol 
and pyruvaldehyde or for the higher yield of thymine glycol obtained at pH 7 than at 
pH 9. It is possible that the oxidation proceeds by both pathways. 


Oo Me CO,H co; 
HN OH H,N ‘CMe-OH | —> CHMe-OH COMe 
1 —> | + | ] — | 
oN OH OCLs, CHO CHO CH,*OH 
2 


H H Acetol 
Glycol 


Scheme for the hydrolysis of thymine glycol. 
The synthesis of 1-methylthymine was first attempted by Johnson and Clapp’s 


method. The product was found chromatographically to contain 1-methyl-2-thiothymine 
(V) asan impurity. This could not be removed by fractional crystallisation, but treatment 


co © 
HN* “COMe HN* Me 
o¢ CHO 1 
(IV) ‘Na S*S\n (V) 
Me 


of the impure 1-methylthymine with chloroacetic acid followed by acid hydrolysis gave 
a pure product identical with 1-methylthymine synthesised by Shaw and Warrener’s 
method.® 


5 Johnson and Clapp, J. Biol. Chem., 1908, 5, 49. 
* Shaw and Warrener, J., 1958, 153. 
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1-Phenylthymine (I; R= Ph) was synthesised by Shaw and Warrener’s method, 
and 1-benzylthymine by both the above procedures. 

Attempts were made to synthesise a glycol (II; R = Me) from 1-methylthymine by 
treatment of the bromohydrin (presumably III; R = Me), with moist silver oxide. The 
glycol was not isolated, however, nor could its formation be detected chromatographically, 
but N-methylurea was obtained as the product of the reaction. Treatment of 1-methyl- 
thymine bromohydrin with moist silver carbonate gave a number of products which were 
detected on paper chromatograms by the fructose and silver nitrate sprays. One of these 
products may have been the required glycol, but it was present in only small yield and 
could not be isolated. Oxidation of the l-methylthymine with osmium tetroxide in 
hydrogen peroxide and t-butyl alcohol gave a spot on the chromatogram which corre- 
sponded with this component, but again the required glycol could not be isolated. 

Oxidation of the 1-substituted thymines with potassium permanganate at 37° at pH 7 
and pH 9 gave N-substituted ureas, acetol, pyruvic acid, and formic acid. No 1-substituted 
thymine glycols were isolated, although in each case a component which may have been 
the glycol was detected chromatographically. It was evident that if l-substituted thymine 
glycols were formed they were much more unstable than thymine glycol and readily 
decomposed into substituted ureas. 

These results suggest, therefore, that oxidation of deoxyribonucleic acids with 
potassium permanganate at pH 9 at 37° converts the thymine residues into ureido- 
residues. Other results’ indicate that the ureido-residues would probably be stable 
under the conditions of the oxidation. 


EXPERIMENTAL 


Unless otherwise stated, paper chromatograms were developed by the descending method, 
with Whatman No. 1 paper and butan-l-ol-ethanol—water (4: 1:5). The compounds were 
generally located by the very sensitive method of Trevelyan e# al.8. This procedure is indicated 
here by “silver nitrate spray.” Urea derivatives were located by a method based on the 
location of fructose with urea hydrochloride. The moist paper was exposed to hydrochloric 
acid fumes, dried, sprayed with a dilute aqueous solution of fructose, and heated at 100° for 
15 min. 

“‘ Thymine glycol,” 4,5-Dihydro-4,5-dihydroxythymine.—This compound was prepared from 
thymine via 5-bromo-5,6-dihydro-6-hydroxythymine as described by Baudisch and Davidson ‘ 
and was obtained as colourless prisms, m. p. 214—216° (decomp.) [lit.,4 m. p. ca. 220° (decomp.)]. 
Paper chromatography gave a single, dark brown spot, Rp 0-28, with the silver nitrate spray. 
The compound reduced ammoniacal silver nitrate and Fehling’s solution slowly in the cold and 
rapidly on heating. 

Periodate oxidation. The periodate oxidation of thymine glycol (80 mg., 0-5 mmole) was 
examined by Jeanes and Wilham’s method.” 0-1 mol. of periodate was consumed in the first 
5 min., 0-07 mole in the second 5 min., and 0-77 mole in the third 5 min. No further uptake 
was observed during the next 48 hr. This induction period of 10 min. was repeatedly observed 
but no detailed examination of the reaction was made. 

Hydrolysis. Thymine glycol (0-25 g.) was dissolved in water (10 ml.) containing sufficient 
sodium hydrogen carbonate to bring the pH to 9, and the mixture was kept at 37° for 19 hr. 

(i) Urea was detected by the use of urease followed by the Nessler reagent, and acetol was 
detected by the use of o-aminobenzaldehyde.™ 

(ii) The mixture was acidified with 4N-hydrochloric acid and treated with excess of 2,4-di- 
nitrophenylhydrazine in dilute hydrochloric acid. The 2,4-dinitrophenylosazone of acetol ™ 
was obtained. No other carbonyl compounds could be detected. 


7 Benn and Jones, Chem. and Ind., 1959, 997. 

* Trevelyan, Proctor, and Harrison, Nature, 1950, 166, 444. 

* Hough, Jones, and Wadman, J., 1950, 1702. 

1© Jeanes and Wilham, J]. Amer. Chem. Soc., 1950, 72, 2655. 

11 Baudisch, Biochem. Z., 1918, 89, 279. 

12 Biilow and Seidel, Annalen, 1924, 489, 55; Neuberg and Kobel, Biochem. Z., 1928, 208, 466; 
Strain, J. Amer. Chem. Soc., 1935, 57, 758. 
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Permanganate Oxidation of Thymine.—(i) At pH 7. A solution of potassium permanganate 
(1-28 g., 8-1 mmole) in water (40 ml.) was mixed with one of thymine (1-00 g., 8-1 mmole) in 
phosphate buffer (pH 7), and the mixture was kept at 37° for 19 hr. The precipitated 
manganese dioxide was filtered off and washed with warm water, the combined filtrate and 
washings were treated with sufficient sodium metabisulphite to destroy the unconsumed 
permanganate and were then concentrated under reduced pressure at <40° to ca. 10 ml. 
Thymine glycol, m. p. (on recrystallisation) 214—216° (decomp.) (0-25 g.) (Found: C, 37-2; 
H, 5-3; N, 17-3. Calc. for C;H,N,O,: C, 37-5; H, 5-0; N, 17-6%), separated as colourless 

A mixed m. p. with authentic thymine glycol was undepressed, the infrared spectrum 
in Nujol mull was superimposable on that of the authentic glycol, and in all other respects these 
two compounds were identical. 

Paper chromatography of the mother-liquors showed that the solution contained a complex 
mixture similar to that obtained in the oxidation at pH 9 (see below). 

(ii) AtpH 9. A solution of potassium permanganate (2-75 g.) in water (100 ml.) was added 
to a solution of thymine (2-0 g.) in water (400 ml.) containing sufficient sodium hydrogen 
carbonate to buffer the mixture at pH 9. The mixture was treated in the way described 
above and concentrated to a final volume of ca. 20 ml., from which only inorganic salts could 
be isolated crystalline. Paper chromatography revealed seven compounds with the following 
Ry’s and colours with silver nitrate spray. A, 0-01, white; B, 0-03, brown; C, 0-05, brown; 
D, 0-26, brown; E, 0-31, white; F, 0-36, brown; G, 0-56, pink-brown. The hydrochloric 
acid—fructose spray produced a single blue-black spot, Rp 0-32; ultra-violet light revealed a 
single spot, Rp 0-56. 

Identification of the Products of Oxidation at pH 9.—Components G, D, and E were chromato- 
graphically identical with thymine, thymine glycol, and urea respectively. 

Carbonyl compounds. (a) The solution containing the oxidation products (10 ml.) was made 
faintly acid with 4n-hydrochloric acid and treated with a solution of 2,4-dinitrophenylhydrazine 
in dilute hydrochloric acid until no further precipitation occurred. The crude precipitate was 
extracted with boiling ethanol (4 x 5 ml.), and the red crystalline residue recrystallised from 
nitrobenzene to give acetol 2,4-dinitrophenylosazone, red prisms, m. p. and mixed m. p. 299— 
300° (Found: C, 41-7; H, 2-55; N, 26:3. Calc. for C,,H,.N,O,: C, 41-7; H, 3-0; N, 25-9%). 
Concentration of the ethanol extracts of the crude hydrazones yielded yellow crystals which 
after several recrystallisations from ethanol gave yellow prisms, m. p. 218° undepressed with 
pyruvic acid 2,4-dinitrophenylhydrazone # (Found: C, 40-6; H, 3-05; N, 20-75. Calc. for 
C,H,N,O,: C, 40-3; H, 3-0; N, 20-9%), Amax in 0-2mM-aqueous sodium hydrogen carbonate 378 mu 
(lit.,* 378—380 my). On paper chromatography of this substance and authentic pyruvic 
acid 2,4-dinitrophenylhydrazone each gave two spots, Rp 0-40 and 0-60, both yellow, the 
former much more intense than the other, both giving a red colour with a methanolic potassium 
hydroxide spray. 

(6) The solution containing the oxidation products gave a strong positive test for acetol 
when treated with o-aminobenzaldehyde. 

(c) The solution of oxidation products was compared chromatographically with acetol and 
pyruvaldehyde. The components were located by silver nitrate spray, but the chromatograms 
were then kept at room temperature overnight before being sprayed with ethanolic sodium 
hydroxide. Spots corresponding to both acetol and pyruvaldehyde were obtained, though the 
latter spot was barely detectable in the chromatogram of the oxidation products. 

Acids. (a) A solution of the oxidation products (10 ml.) was run down a column of 
Amberlite I.R.-120 (H form) (1-5 x 25 cm.) and eluted with water until the eluates were no 
longer strongly acid. Paper chromatography of the eluate by the ascending method in ethanol- 
water—-ammonia (d 0-88) (70: 30: 5-5) for 20 hr., followed by spraying the dried paper with 
buffered Bromophenol Blue ™ revealed two spots, one yellow and the other blue. The 
first spot was identical with pyruvic acid and the other corresponded to acetic, formic, or 
lactic acid. 

(6) The carbonyl compounds were removed from a portion (10 ml.) of the solution of the 
oxidation products by treatment with 2,4-dinitrophenylhydrazine in dilute hydrochloric acid 
as described above. The filtrate obtained after removal of the dinitrophenylhydrazones was 


3 James and Martin, J. Biol. Chem., 1952, 50, 679. 
4 Clingman and Sutton, Fuel, 1952, $1, 259. 
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distilled and the first 5 ml. of distillate were tested for formic and acetic acid by the methods 
of Eegriwe * and Vogel.4* The tests were positive for formic acid but inconclusive for 
acetic acid. 

(c) Comparison of the chromatograms of the solution of oxidation products with appropriate 
markers showed that spot A corresponded to sodium hydrogen carbonate, spot B to sodium 
pyruvate, and spot C to sodium formate and acetate. 

1-Methylthymine.—(i) As prepared by the method of Shaw and Warrener,® 1-methylthymine 
was obtained as colourless needles, m. p. 288—289° (decomp.) [lit., m. p. 280—282° (decomp,),é 
281° (decomp.) *]. This product was chromatographically homogeneous, Ry 0-62, and had 
Amax. in H,O 272 (e 10,000), Anin. 238 my (¢ 1560) (Found: C, 51-6; H, 5-8; N, 20-3. Cale, 
for C,H,N,O,: C, 51-4; H, 5-75; N, 20-0%). 

(ii) The preparation of l-methylthymine was also attempted by Johnson and Clapp’s 
method. The product, m. p. 280—282°, obtained by boiling 2-ethylthio-4-hydroxy-1,5- 
dimethylpyrimidine with hydrobromic acid was, however, not homogeneous when examined 
by paper chromatography. In addition to l-methylthymine, Ry 0-62, a compound of Rp 0-75 
was detectable with ultraviolet light. The contaminant was identified as 1-methyl-2-thio- 
thymine by chromatographic comparison with an authentic sample.’ Repeated recrystal- 
lisation from water failed to remove this compound and purification was therefore effected as 
follows. The crude product (1-75 g.) was boiled under reflux with chloroacetic acid (1-50 g) 
in water (20 ml.) for 2 hr. The cold solution was made faintly alkaline by addition of sodium 
hydroxide and then ammonia. The solution was boiled to expel excess of ammonia and 
allowed to cool slowly. Crystals of 1-methylthymine, m. p. 288—289° (decomp.) separated. 
This product was chromatographically homogeneous, and identical with the product obtained 
by the other route. 

1-Phenylthymine.—This compound was obtained® as colourless needles, m. p. 200° 
(decomp.), chromatographically homogeneous (Ry 0-85), Amax in water 275 (e 12,000), Agin 
240 mu (e 4520). 

1-Benzylthymine.—(i) N-Ethoxycarbonyl-8-methoxy-«-methylacrylamide*® (5 g.) and 
redistilled benzylamine (3 ml.) were heated on a steam-bath for 2 hr. 2N-Aqueous sodium 
hydroxide (50 ml.) was added and the mixture heated for a further 10 min. with frequent 
shaking. The supernatant liquid was decanted, leaving a viscous syrup, and made just acid 
with 4n-hydrochloric acid. The precipitated solid was filtered off and recrystallised from 
water to give plates of 1-benzylthymine, m. p. 164—166° (decomp.) (2-17 g.) (Found: C, 67-0; 
H, 5-8; N, 12-8. C,,H,,N,O, requires C, 66-65; H, 5-6; N, 12-95%). Additional material 
was obtained by extracting the residual syrup with ethanol and concentrating the extracts. 
The product was chromatographically homogeneous, Ry 0-89, had Apax in H,O 270 (e 10,000), 
Amin. 240 my (e 1930). 

(ii) Benzyl chloride (12 g.) was boiled with 2-ethylthio-4-hydroxy-5-methylpyrimidine ” 
(15 g.) and potassium hydroxide (4-9 g.) in ethanol (80 ml.) for 8 hr. The mixture was filtered, 
the residual salts were washed with ethanol, and the combined filtrate and washings concen- 
trated to dryness under reduced pressure. The residual solid was extracted with 5% aqueous 
sodium hydroxide (50 ml.) and then with ether (3 x 100 ml.). The residual crystals recrystal- 
lised from benzene, to give 1-benzyl-2-ethylthio-4-hydroxy-5-methylpyrimidine, m. p. 123° 
(10-1 g.) (Found: N, 11-0. C,,H,.N,OS requires N, 10-8%). This product was heated with 
concentrated hydrochloric acid (25 ml.) until the evolution of ethanethiol ceased (ca. 10 hr.). 
The mixture was evaporated to dryness, more hydrochloric acid (25 ml.) added, and the whole 
evaporated to dryness. The residue was extracted with ethanol, and the extracts were filtered 
and concentrated to yield colourless prisms, m. p. 167—168° (decomp.) (8-31 g.). The infrared 
spectrum in Nujol mull was superimposable on that of the 1-benzylthymine prepared by 
method (i), the mixed m. p. was undepressed and in all other respects the two compounds were 
identical. 

5-Bromo-5,6-dihydro-6-hydroxy-1-methylthymine.—1-Methylthymine (1 g.) was suspended 
in water (15 ml.) and bromine (0-40 ml.) added. Reaction took place rapidly in the cold and 
the 1-methylthymine went into solution. Excess of bromine was removed by boiling, and the 
solution concentrated under reduced pressure. Crystals separated and were recrystallised 

16 Eegriwe, Z. analyt. Chem., 1937, 110, 20, 22. 


Vogel, “‘ Qualitative Analysis,” 3rd edn., Longmans Green, London, 1947, p. 335. 
17 Vogel, “ Practical Organic Chemistry,” 3rd edn., Longmans Green, London, 1957, p. 894. 
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from water to give colourless prisms of the bromohydrin, m. p. 158° (decomp.) (Found: C, 30-7; 
H, 4:0; Br, 33-9; N, 11-6. C,H,BrN,O, requires C, 30-4; H, 3:8; Br, 33-7; N, 11-8%). 

Attempted Preparation of 5,6-Dihydro-5,6-dihydroxy-1-methylthymine.—(i) Moist, freshly 
prepared silver oxide (5 g.) was shaken with the bromohydrin (1-10 g.) in water (25 ml.) for 
16 hr. The combined filtrate and washings from the silver salts were concentrated under 
reduced pressure at room temperature. A little crystalline material separated, having m. p. 
157° undepressed by starting material. Paper chromatography of the mixture revealed that, 
in addition to unchanged bromohydrin, there was present methylurea, Ry 0-55, which reacted 
white to the silver nitrate spray and blue-black to the hydrochloric acid—fructose spray. The 
solution did not reduce Fehling’s solution even after prolonged heating and there was no spot 
on the chromatogram that could be assigned to the glycol. 

Replacing silver oxide by silver carbonate gave a component identical in Rp with an 
unidentified product of the permanganate oxidation of l-methylthymine. No crystalline 
]-methylthymine glycol could be isolated. The reaction mixture, however, reduced Fehling’s 
solution on warming. 

(ii) 1-Methylthymine (1 g.) was oxidised with potassium permanganate (1-24 g.) in pH 7 
buffer under the conditions used for thymine (see above). Working up in an identical manner 
gave no crystalline glycol. 

(iii) 1-Methylthymine (200 mg.) was dissolved in 6% hydrogen peroxide in dry t-butyl 
alcohol 1? (30 ml.), osmium tetroxide (15 mg.) added, and the mixture kept at 25° for 24 hr. 
After filtration and concentration under reduced pressure, final traces of the alcohol and 
peroxide were removed by adding water (20 ml.) and again concentrating under reduced 
pressure at room temperature. A little 1-methylthymine separated, having m. p. and mixed 
m. p. 288° (decomp.). The solution reduced Fehling’s solution fairly rapidly in the cold, but 
only slowly gave a faint colour with Schiff’s reagent. The solution (1 ml.) was treated with 
aqueous 0-2M-sodium metaperiodate (2 ml.) and after 10 min. with Schiff’s reagent. A strong 
colour was immediately produced. A control, in which water replaced the solution of reaction 
products, gave a negligible colour. Paper chromatography of the reaction mixture followed 
by location of the components with silver nitrate spray revealed several faint white spots, one 
of which corresponded with unchanged 1-methylthymine, and an intense brown spot Rp 0-55. 
No crystalline glycol could be obtained. 

An attempt was made to hydroxylate l-methylthymine (300 mg.) with osmium tetroxide 
(540 mg.) in dioxan (200 ml.). After 5 days at room temperature the starting material was 
recovered in nearly quantitative yield. 

Permanganate Oxidation of 1-Substituted Thymines at pH 9.—(i) 1-Methylthymine. 1-Methyl- 
thymine (1 g., 7-2 mmoles) was oxidised with potassium permanganate (1-25 g., 7-9 mmoles) in 
sodium hydrogen carbonate buffer (200 ml. of pH 9) under the conditions, and with the working 
up, described for thymine. Paper chromatography of the solution containing the products 
which reduced warm Fehling’s solution revealed 6 spots with the following Rp’s and colours 
with silver nitrate spray; A, 0-00, white; B, 0-04, brown; C, 0-09, brown; D, 0-42, white; 
E, 0-55, brown; F, 0-62, faint white. The procedures described previously identified: 1-methyl- 
thymine, spot F; formic acid (sodium formate), spot B; and sodium hydrogen carbonate, 
spot A. Acetol and pyruvic acid were found to be present, but urea was absent. N-Methyl- 
urea was detected as follows: The chromatogram was treated with the hydrochloric acid— 
fructose spray. A single blue-black spot, Rp 0-55 (spot E), was obtained, identical in Rp with 
N-methylurea. The latter, however, unlike spot E, gave a white spot with silver nitrate spray. 
Paper chromatography of the reaction mixture in propan-1l-ol—water (6: 4) resulted in partial 
separation of spot E into two spots, one white and the other, slower-running, brown to the 
silver nitrate spray. Complete resolution was obtained as follows. The solution containing 
the oxidation products was run down a column of Zeo-Karb 225 (H form) ion-exchange resin 
(1-5 x 25 cm.), and eluted with water; the eluates were collected until no longer acid, concen- 
trated under reduced pressure at room temperature, and examined by paper chromatography. 
Spot E was now white to silver nitrate spray and blue-black to hydrochloric acid—fructose and 
chromatographically identical with N-methylurea. Further washing of the ion-exchange 
column with water and concentration of the eluates as before gave a material in the paper 
chromatogram of which spot E appeared as a dark brown spot with silver nitrate spray. This 
other component of spot E, from the nature of its reaction with the silver nitrate, appeared 
possibly to be l-methylthymine glycol. It corresponded in Ry value with one product from the 
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action of silver carbonate on 5-bromo-5,6-dihydro-6-hydroxy-1l-methylthymine, and from the 
hydrogen peroxide osmium tetroxide oxidation of 1-methylthymine. 

(ii) Oxidation of 1-benzyl- and 1-phenyl-thymine similarly gave mixtures. By the use of 
paper chromatography, sodium formate, sodium pyruvate, the N-substituted urea, and a 
little unchanged 1l-substituted thymine were detected. Acetol and pyruvic acid were also 
found. A compound which may have been the l-substituted thymine glycol was detected on 
chromatograms but no crystalline glycol was isolated. 


The authors thank Professor M. Stacey, F.R.S., for his interest in this work. 
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210. Ionization Constants of Heterocyclic Substances. PartIV1 The 
Effect of a Tautomerizable «-Substituent on the Ionization of a Second 
Substituent. 

By ADRIEN ALBERT. 


It is found that the -NH-CO- group in 2-pyridone (I «+» II) exerts an 
acid-strengthening effect on a further substituent, and that it is at least as 
electron-attracting as the -N=C- group of pyridine. This behaviour of the 
molecule in its ground state is contrasted with the electrophilic substitution 
of 2-pyridone and its N-methyl-derivative (III), which proceeds so very much 
more readily than in pyridine. It is concluded that electrophilic substitution 
of (II) and (III) involves an electromeric change in the polarity of the 
-NH:-CO- group, to give a transition state such as (VI). By contrast, 2- 
aminopyridine is found to be electron-releasing in both ground and transition 
states. 


THE electrophilic substitution of a hydrogen atom in pyridine is difficult because of the 
lack of available electrons on all the carbon atoms. Thus a temperature of 300° is 
required for nitration of pyridine, and the yield is only 5%.2. However, in all monoamino- 
and hydroxy-pyridines, electrophilic substitution proceeds readily, even at room temper- 
ature, a facility which is usually attributed to the electron-releasing properties of these 
substituents. Nevertheless, there are in 2- and 4-hydroxypyridine respectively 340 and 
2200 molecules of the amide form, ¢.g., (II), to each molecule of the enol form, ¢.g., (I),? 
and analogues in which the amide form is fixed, as in (III), are no less easily substituted 
electrophilically. 


ae ne Sy ts ye Sa Se 
Nn? OH n~o no n~o NM O we ° te o~ nN NH, 
H Me H H, H H 


(I) (II) (111) (IV) (V) (VI) (VID) (VIID) 


For example, 1,2-dihydro-l-methyl-2-oxopyridine (N-methyl-2-pyridone) (III) is 
nitrated so readily to give the 5-nitro-derivative, at 40°, that the nitric acid must be 
diluted to prevent formation of the 3,5-dinitro-derivative (the latter is exclusively formed 
at 100°).4 Again, the compound (III) is converted by bromine in acetic acid, without 


1 Part III, Albert and Barlin, J., 1959, 2384. 

2 den Hertog and Overhoff, Rec. Trav. chim., 1930, 49, 552. 

* Albert and Phillips, J., 1956, 1294. 

4 Fischer and Chur, J. prakt. Chem., 1916, 98, 363; Tschischibabin and Konovalova, Ber., 1925, 58, 
1712. 
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warming, into the 3,5-dibromo-derivative. 1,4-Dihydro-1-methyl-4-oxopyridine marisa! 
gives a 3,5-dibromo-derivative.® 

Thus the ~-NH-CO- group of (II) and (III) acts as an electron-releasing group in 

response to the approach of a cationic reagent. This is reminiscent of the acetamido- 
group in acetanilide which accelerates the bromination of the benzene ring by a factor of a 
million. But under static conditions aromatic amide-groups are electron-attracting. 
Thus m-acetamidobenzoic acid has been reported as 0-1 or 0-35 unit of pK stronger than 
benzoic acid (refs. 6a and }, respectively). Also, in the present work, m-acetamidophenol 
(see Table) is found to be 0-5 unit of pK stronger than phenol. Hence it was thought that 
the -NH*CO- group of (II) and (III) might also be electron-attracting under static 
conditions. As no relevant data for the effect of this group on the ionization of a second 
group could be found in the literature, model substances were prepared. The 5-position 
was chosen for the substituent, the ionization of which was to be examined. The 5-position 
is sufficiently remote from other groups to eliminate steric effects, and it is one of the 
positions where a hydroxy! group cannot take part in the type of tautomerism peculiar to 
a- and y-hydroxypyridines.’ 
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Ionization constants of pyridines in water at 20°. 
Spread Concn.* 


No. Pyridine pK, + (M) 
SPRINT ‘cnvsqnnscssapesdsegs conceesiondbonequsnsopesusnpecsegeuleren ten 5-23° B4é 
-62° 
SIIEIININY Ssiistescnancipianumibiinies Pee Sakti oe vis re tt 
8-729 A 
TNE, dans vicdesccsnvsess ghovequsiveowsadbapeatansessaabibectuetabosedubles 4-86°B 
4 1,2-Dihydro-1-methyl-2-oxo (III) (N-Me derivative of No. 2) 0-32°B 
DP CITE © cccnssceghnsccccnssecnesetdesoctconcvecectabsecdapineesbesubeus 851 A 0-01 0-005 
7 . 4:81°A 
i PEA OUEEEE GOED cncscnpcpecaesscsocscncpssdqabesbonesesansese 3-75 ¢ 
IEE ofS ncntionsdtnuchsdesosessbeessasseccegeolboviadaneesseoss 3-82 A 0-02 0-005 
8 6-OH-3-CO,Me (Methyl ester of No. 7) ..........csssceeeesseseees 9-92 A 0-04 0-01 
9 3- -Carboxy-1, 6-dihydro-1-methyl-6-oxo (N-Me derivative of 3-84 A 0-02 0-005 
Bs UP Wes cdbicvviviscidccceearntecstinncsenktbedbbcepseukeossvonven iil {1-7 B 0-1 0-0001 
BP: DetE ig ckiccn eg cagicccccaniavcndgugegneccescenetecpapapagetcne seeneceueeele 686° B 
: 6-07 B 0-05 
BP even sniinnsthicivenieciieycnnenineninnestcciinneshadiniaientiimaiiinaniaanttiis {_15 B 0-0001 
. 655 B 0-03 0-05 
Be SDs ssnracinbedereirssesencsnssocinnennennserbiebaseotorunieanien 2-13 B’ 0-07 0-059 
BR we-Acotammidophenl .........9:ccccescseccscosssesgesssssoveccocsssons 949 A 0-04 0-005 
OES ech cecceakibbedlidatlibhetediertiubedinarebtencdesbeecbhboeebabes 9-98* A 


* From ref. 8. * From ref.3. ¢ From ref. 9; the higher figure is for the zwitterion. * B means 
“basic pK ”’ (i.e., proton gained by titration with acid); A means “ acidic pK ”’ (i.e., proton lost by 
titration with alkali). * An entry in this column shows that the constant was determined during 
present studies. / Spectrometric determination (all others, potentiometric). % Appropriate activity 
correction used. * From Bordwell and Cooper, J. Amer. Chem. Soc., 1952, 74, 1058. 


It is seen from the Table that 2,5-dihydroxypyridine (No. 5) has an acidic pK of 8-51. 
Comparison with the pK’s of 2- and 3-hydroxypyridine (Nos. 2 and 3) shows that this pK 
is too low to represent the ionization of the 2-hydroxy-group (which would be weakened 
to more than 12 by the mesomeric effect of the 5-hydroxy-group). Thus the value 8-5 
refers to the ionization of the 5-hydroxy-group. A closer comparison of this value with 
that of 3-hydroxypyridine enables us to estimate the polarity of the -NH-CO- group of 
(II) in the ground state of the molecule. It is evident that No. 5 is no less acidic than 

5 Decker and Kaufmann, J prakt. Chem., 1911, 84, 440; Haitinger and Lieben, Monatsh., 1885, 6, 


307. 
7 * (a) Ostwald, Z. phys. Chem., 1889, 3, 369; (b) Bordwell and Boutain, J. Amer. Chem. Soc., 1956, 
, 854, 


7 Albert, “‘ Heterocyclic Chemistry,” London, Athlone Press, 1959, pp. 52—62. 

§ Albert, Goldacre, and Phillips, J., 1948, 2240. 

® Green and Tong, J. Amer. Chem. Soc., 1956, 78, 4896; Evans, Herington, and Kynaston, Trans. 
Faraday Soc., 1953, 49, 1284; Jaffé, J. Amer. Chem. Soc., 1955, 77, 4445, 
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No. 3 (in fact, 0-21 logarithmic unit stronger). Thus it appears that the -NH-CO- group 
in (II) is strongly electron-attracting, like the -N=C- group in pyridine. 

Next, 6-hydroxypyridine-3-carboxylic acid (No. 7) has an acidic pK of 3-82 which is 
hardly changed on N-methylation (No. 9). The methyl ester (No. 8) has an acidic pK of 
9-92, which must represent the ionization of 2-hydroxypyridine (No. 2) strengthened, by 
1-7 units, through the inductive effect of the ester group. Thus the value of 3-82 for No.7 
must refer to the carboxyl group. 

It is necessary to decide between formule (IV) and (V) for the acid [it is known that 
2-pyridone (II) forms salts by protonation on the nitrogen atom "*]. Nicotinic acid is 
known to be an equilibrium mixture of zwitterion and neutral molecule ® in the ratio of 
11:1. But it is evident that 2-pyridone, with its tautomeric ratio of 340: 1 (see above), 
has the hydrogen atom more firmly attached to the ring-nitrogen atom than nicotinic acid 
has. Thus in 6-hydroxypyridine-3-carboxylic acid, the assumption of a form correspond- 
ing to (II) rather than to (I), must make the ring-nitrogen atom too weak for zwitterion 


Ultraviolet spectra of 3-aminopyridine. 1, molecule at pH 8; II, monocation at pH 3-5; III, dication 
at pH —4-2 (H,). 
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formation by the carboxylic acid group (see No. 9 for an indication of this weakness). 
Thus the acid has structure (IV), and the pK (3-82) is to be compared with the carboxylic 
acid value for the molecule (3-75) of nicotinic acid (No. 6) and not with that for the 
zwitterion (4-81). Hence once again the -NH-CO- and -N=C- groups are found to be 
qualitatively and quantitatively similar. 

Thus the electron-releasing effect of the -CO*-NH- group during the electrophilic 
substitution of pyridines is opposed to the electron-attracting effect of this group in the 
ground state of the molecule. Electrophilic substitution may involve an electromeric 
transition state similar to (VI) which can be derived from both (II) and (VII) [canonical 
forms of a resonance hybrid to which (II) is the major contributor]. 

In contrast to 2-pyridone, 2-aminopyridine is known to have a 200,000-fold 
preponderance of the tautomer without hydrogen on the ring-nitrogen atom, #.e., (VIII), at 
equilibrium in aqueous solution.4 The ionization of 2-aminopyridine is known simul- 
taneously to involve both nitrogen atoms in a resonance hybrid of the cation,® but both 
nitrogen atoms of 3-aminopyridine ionize independently. The determination of both 
ionization constants of the latter enables the spectrum of each of its cations to be isolated 
and measured for the first time. It is evident from the Figure that the first ionization, 


1° Spinner, J., in the press. 
4 Angyal and Angyal, J., 1952, 1461. 
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which involves a bathochromic shift, must correspond to protonation of the ring-nitrogen 
atom,!* but addition of the second proton must correspond to the protonation of the 
primary amino-group because it is hypsochromic and gives the spectrum of pyridine 
hydrochloride, which has Amax. 260 my. 

This information enables the ionization of 2,5-diaminopyridine to be discussed. If the 
more basic pK (6-55) (compared with those of Nos. 10 and 11) corresponds to the combined 
jonization of the ring-nitrogen atom and the 2-amino-group, the less basic pK (2-13) refers 
to the ionization of the 3-amino-group which is seen to be 3-6 logarithmic units stronger 
than in 3-aminopyridine. Thus the amino-group in 2-aminopyridine is highly electron- 
releasing in the ground state, just as it is during electrophilic substitution. Even if the 
pK 6-55 of No. 12 is assigned to the ionization of the 3-amino-group, the same qualitative 
conclusion is reached. 


EXPERIMENTAL 


Microanalyses were carried out by the analytical section of this Department, under Dr. J. E. 
Fildes. 

2,5-Dihydroxypyridine was made by persulphate oxidation of 2-pyridone * and recrystallized 
from 100 parts of ethanol (Found, for material dried at 20°/15 mm.: C, 54-6; H, 4:7; N, 12-45. 
Calc. for C;H;O,N: C, 54-05; H, 4-5; N, 12-6%). The Amax im water were 230 and 320 my, 
in agreement with the literature. 

6-Hydroxypyridine-3-carboxylic acid was made by the action of ammonia on 2-pyrone-5- 
carboxylic acid.44 It was recrystallized from water (100 parts) and dried at 110° (Found: C, 
51-5; H, 3-7; N, 9-85. Calc. for CJSH,O,N: C, 51-8; H, 3-6; N, 10-1%). The methyl ester, 
m. p. 166°, was made by the successive reaction of the above with thionyl chloride and 
methanol * afid recrystallized from acetone. 1,6-Dihydro-1-methyl-6-oxopyridine-3-carboxylic 
acid was made by the action of methylamine on 2-pyrone-5-carboxylic acid.*"* Recrystallized 
fromm 9 partsiof water, then 18 parts of alcohol, it gave colourless crystals, m. p. 241° (lit., 239°) 
(Found: €,55-1; H, 4:8; N, 9-15. Calc. for C,H,O,N: C, 54-9; H, 4-6; N, 9-15%). 

3-Aminopyfidine, m. p. 64°, was purified by recrystallization from light petroleum (b. p. 
60—70°). 2,6-Diaminopyridine was obtained by hydrogenating 2-amino-5-nitropyridine, m. p. 
189°, in alcohol over Raney nickel. The product, sublimed at 80°/0-005 mm., had m. p. 106° 
(lit., 104°) .17 : 

The ionization constants were determined as in ref. 3. 


Dr. E. Spinner is thanked for helpful discussion; and Mr. F. V. Robinson, Mr. K. Tratt, 
Mr. D. T. Light for experimental assistance. 
DEPARTMENT OF MEDICAL CHEMISTRY, 


AUSTRALIAN NATIONAL UNIVERSITY, 
CANBERRA, AUSTRALIA. (Received, July 21st, 1959.] 


12 As Ref. 7, p. 303. Some spectra of 3-aminopyridine were measured by Steck and Ewing, J. 
Amer. Chem. Soc., 1948, 70, 3397, but without reference to ionization constants. 

18 Behrman and Pitt, J. Amer. Chem. Soc., 1958, 80, 3717. 

™ Pechmann and Welsh, Ber., 1884, 17, 2384. 

15 Meyer, Monatsh., 1901, 22, 440. 

16 Meyer, Monatsh., 1905, 26, 1318. 

17 den Hertog and Jouwersma, Rec. Trav. chim., 1953, 72, 125. 
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211. Some Carbohydrate Episulphides. 
By A. M. CREIGHTON and L. N. OwEN. 


Syntheses are described of some episulphides related to L-iditol, L-gulitol, 
and L-idose; these represent a new type of carbohydrate derivative. Thiols 
are formed by reductive fission of these episulphides, whilst by reaction with 
xanthate they furnish known, but previously incorrectly formulated, trithio- 
carbonates. 


ALTHOUGH epoxides are well known in carbohydrate chemistry, where they have played 
important synthetical réles, the corresponding episulphides have apparently not been 
reported. Since such compounds should show interesting and useful properties, and 
could probably act as intermediates in syntheses of thio-sugars and deoxy-sugars, we have 
carried out some exploratory investigations in this field. 

It is known } that the primary tosyl group in 1,3:2,4-di-O-ethylidene-5,6-di-O-tosyl-p- 
glucitol (I) reacts readily with potassium thiolacetate and gives 6-acetylthio-6-deoxy- 
1,3:2,4-di-O-ethylidene-5-O-tosyl-p-glucitol (II). Such a compound is an obvious source 
of a terminal episulphide, and on treatment with base it gave an excellent yield of 5,6-di- 
deoxy-5,6-epithio-1 ,3:2,4-di-O-ethylidene-1-iditol (III), the configuration being based on 
the inversion at C;,) which must occur when it is attacked by the neighbouring thiol anion. 
Desulphurisation of the episulphide with Raney nickel gave the known? 5,6-dideoxy- 
1,3:2,4-di-O-ethylidene-p-glucitol (X). 

Reaction of 1,2:3,4-di-O-isopropylidene-5,6-di-O-tosyl-p-mannitol? (V) with potass- 
ium thiolacetate followed a course similar to that observed! in the p-glucitol series and 
gave 6-acetylthio-6-deoxy-1,2:3,4-di-O-isopropylidene-5-O-tosyl-D-mannitol (VI), which 
with base furnished 5,6-dideoxy-5,6-epithio-1,2:3,4-di-O-isopropylidene-L-gulitol (VII). 
Similarly, 3-O-acetyl-1,2-O-isopropylidene-5,6-di-O-tosyl-«-D-glucose * gave successively 
3-O-acetyl-6-acetylthio-6-deoxy-1,2-0-isopropylidene-5-O-tosyl-«-D-glucose'{XIX) and 5,6- 
dideoxy-5,6-epithio-1,2-O-isopropylidene-«-L-idose (XX). 

A recognised method * for the preparation of episulphides is the reaction of an epoxide 
with thiourea or an alkali-metal thiocyanate. Application of this procedure to 5,6- 
anhydro-1,3:2,4-di-O-ethylidene-p-glucitol (IV),5 thiourea being used under Bordwell 
and Andersen’s modified conditions,” gave the episulphide (III) identical with that 
obtained from the thiolacetate (II); this result is in agreement with the mechanism of the 
reaction,“%® which when stereoisomerism is possible leads to the episulphide of opposite 
configuration. The yield by this route was, however, much lower than that obtained from 
the thiolacetate. 

The alkaline hydrolysis of acetylated vicinal hydroxy-thiols is often accompanied by 
cyclisation to give episulphides,”* the extent to which this occurs being greatly influenced 
by structural factors. In some cases %® the reaction is of preparative value, and it was 
therefore of interest to discover whether it could be usefully applied to the synthesis of 
carbohydrate episulphides. 3,5-Di-O-acetyl-6-acetylthio-6-deoxy-1,2-0-isopropylidene-a- 
p-glucose (XXII), conveniently synthesised from the known toluene-p-sulphonate (XXI),? 


1 Chapman and Owen, /., 1950, 579. 
2 Bladon and Owen, /., 1950, 598. 
* Ohle, Euler, and Lichtenstein, Ber., 1929, 62, 2885. 
* (a) Dachlauer and Jackel, G.P. 636,708/1936; (6) Culvenor, Davies, and Pausacker, J., 1946, 
1050; (c) Snyder, Stewart, and Ziegler, J. Amer. Chem. Soc., 1947, 69, 2672; (d) Culvenor, Davies, and 
Heath, J., 1949, 278; (e) van Tamelen, J. Amer. Chem. Soc., 1951, 78, 3444; (f) Price and Kirk, ibid., 
1953, 75, 2396; (g) Bordwell and Andersen, ibid., p. 4959. 
Vargha and Puskas, Ber., 1943, 76, 859. 
Culvenor, Davies, and Savige, J., 1952, 4480. 
Miles and Owen, J., 1952, 817. 
Harding and Owen, J., 1954, 1528; Fitt and Owen, J., 1957, 2240. 
Goodman, Benitez, and Baker, J. Amer. Chem. Soc., 1958, 80, 1680. 
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was treated with sodium methoxide in chloroform—methanol, but although the episulphide 
(XX) was readily isolated the yield was only 10%; consequently the analogous hexitol 
derivatives (IX) and (XIII), each of which was synthesised by ring-fission of the 
appropriate 5,6-epoxide (IV) ® or (VIII) # with thiolacetic acid, followed by acetylation, 
were not further examined. 

The three episulphides (III), (VII), and (XX) appear to be stable, and show no change 
in properties after storage for two years. Each, on reduction with lithium aluminium 
hydride, afforded the respective 5,6-dideoxy-5-mercapto-compound (XI), (XIV), or (XXV), 
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ting-fission being assumed to occur, as with terminal aliphatic episulphides," at the 
primary position. Each episulphide, on reaction with potassium methyl xanthate,” gave 
a crystalline trithiocarbonate which, attack at the primary position again being 


#0 Bladon and Owen, J., 1950,-591. 
1 Bordwell, Anderson, and Pitt, J. Amer. Chem. Soc., 1954, '76, 1082. 
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assumed,*>!2 must have the same configuration at C;,) as the episulphide from which it was 
derived. These products are therefore 5,6-dideoxy-1,3:2,4-di-O-ethylidene-5,6-(thio- 
carbonyldithio)-L-iditol (XII), 5,6-dideoxy-1,2:3,4-di-O-isopropylidene-5,6-(thiocarbony]- 
dithio)-L-gulitol (XV), and 5,6-dideoxy-1,2-O-isopropylidene-5,6-(thiocarbonyldithio)-a-1- 
idose (XXIV). McSweeney and Wiggins ™ briefly reported the formation of trithio- 
carbonates by the action of potassium methyl xanthate on each of the 5,6-anhydro- 
compounds (IV), (VIII), and (XXIII), but they assigned to them the same configurations 
as the original epoxides. This, however, cannot be so, because the reaction of an epoxide 
with xanthate involves the formation, as an intermediate, of an episulphide of opposite 
configuration at the carbon atoms concerned, and if this is a terminal episulphide the 
altered configuration is retained in the trithiocarbonate; the complete mechanistic sequence 
can thus be formulated as shown. 


R R R 
“CS-S7 ] | 
Heo Lao WoO" HCO OMe —> 4.cL5-cs-ome 
“™s . ‘ 
A CH, +S-C-OMe CH, -S4Ss* CH,+S~ 
" 
s2 | 
t i ) i 
MeO-CS-S~ 
SCH <— MeO) Us-c-H <— CCH OH 
sc, an - 
S-CH, S S*CH, MeO-C-S-CH, CH, 


> 


In accordance with this scheme, we find that the trithiocarbonates prepared from these 
epoxides are respectively identical with (XII), (XV), and (XXIV) prepared from our 
episulphides. Furthermore, a different trithiocarbonate (XVIII) was obtained by the 
action of xanthate on 5,6-anhydro-1,3:2,4-di-O-ethylidene-t-iditol (XVII), synthesised 
from the known ™ 6-0-benzoyl-1,3:2,4-di-O-ethylidene-5-O-tosyl-p-glucitol (XVI). The 
reductive fission of trithiocarbonates to give dithiols is described in the following paper. 


H_ CH,-OTs 





(XXVI) (XXVII) (XXVIII) 


The formation of a trimethylene sulphide ring, by displacement of a toluene-- 
sulphonyloxy-group by a suitably placed thiol anion, has been encountered in the 
pentaerythritol series. This reaction has now been applied to 1,6-diacetylthio-1,6-dideoxy- 
2,5-O-methylene-3,4-di-O-tosyl-p-mannitol (XXVII) [prepared by selective replacement 
of the primary groups in the tetra-O-tosyl compound (XXVI) !*], which on treatment with 
base gave a crystalline product, presumably 1,3,4,6-tetradeoxy-1,3:4,6-diepithio-2,5-0- 
methylene-p-iditol (XXVIII), since the methylene bridge renders impossible the altern- 
ative 1,4:3,6-diepithio-structure. Although Baker!” has claimed to have prepared 


12 Cf. Davies and Savige, J., 1950, 317; 1951, 774. 

13 McSweeney and Wiggins, Nature, 1951, 168, 874. 

4 Matheson and Angyal, J., 1952, 1133. 

18 Bladon and Owen, /J., 1950, 585. 

18 Ness, Hann, and Hudson, J. Amer. Chem. Soc., 1943, 65, 2215. 
1” Baker, Canad. J. Chem., 1953, $1, 821. 
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1,4:3,6-dianhydro-2,5-O-methylene-p-iditol, his product was almost certainly the 1,3:4,6- 
dianhydro-compound; his isolation of 1,4:3,6-dianhydro-p-iditol after acid hydrolysis 
could be explained by rearrangement to the more stable system after removal of the 
restrictive methylene bridge. 


EXPERIMENTAL 


Microanalyses were by Miss J. Cuckney and the staff of the Organic Chemistry Micro- 
analytical Laboratories. Absorption spectra, recorded in ethanol for the ultraviolet and in 
carbon disulphide for the infrared region, were by Mr. R. L. Erskine, B.Sc., A.R.C.S., and 
Mrs. A. I. Boston. Optical rotations were determined in chloroform. 

5-O-A cetyl-6-acetylthio-6-deoxy-1,3:2,4-di-O-ethylidene-p-glucitol (IX).—A solution of 5,6- 
anhydro-1,3:2,4-di-O-ethylidene-p-glucitol ® (1-0 g.) in thiolacetic acid (3 c.c.) was boiled under 
reflux for 1} hr. and then distilled. The lower-boiling fractions, which contained excess of acid 
and some unchanged epoxide, were followed by an oil (0-16 g.), b. p. 100°/0-005 mm., which 
after acetylation (pyridine—acetic anhydride) gave the compound (IX), m. p. 113° (from ethanol) 
(Found: C, 50-2; H, 6-8; S, 9-5. C,,4H,,0,S requires C, 50-3; H, 6-6; S, 9-6%); Amax, 230 mp 
e 4300). 

: FP OT ae ORF eee POP AT, ae Mee niggas (XIII).—A _ solution 
of 5,6-anhydro-1,2:3,4-di-O-isopropylidene-p-mannitol ! (1-0 g.) in thiolacetic acid (3 c.c.) was 
boiled under reflux for 6 hr. and then distilled. The main fraction (0-7 g.), b. p. 115— 
125°/0-002 mm., on acetylation gave the compound (XIII), m. p. 67—68° (from methanol) 
(Found: C, 53-0; H, 7-4; S, 8-8. C,,H,,0,S requires C, 53-0; H, 7-2; S, 8-9%); Amex, 230 mp 
e 3350). 

3,5-Di-O-acetyl-6-acetylthio-6-deoxy-1,2-O-isopropylidene-a-D-glucose (XXII).—A mixture of 
3,5-di-O-acetyl-1,2-O-isopropylidene-6-O-tosyl-«-D-glucose * (5-6 g.), potassium thiolacetate 
(1:7 g.), and acetone (100 c.c.) was boiled under reflux for 7 hr., then cooled, filtered, con- 
centrated, and diluted with water. Recrystallisation of the precipitate from methanol gave 
needles (1-6 g.), m. p. 86—87°, of the compound (XXII); further recrystallisation from light 
petroleum (b. p. 40—60°) raised the m. p. to 88—89°; [a],2° +38° (c 4) (Found: C, 49-9; H, 
6-4; S, 8-7. Calc. for C,;H,,0,S: C, 49-7; H, 6-1; S, 89%); Amax 229 my (ec 3900). Ohle and 
Mertens ** report m. p. 69°, [aJ,,3® +44° (c 3 in chloroform). 

6-A cetylthio-6-deoxy-1,2:3,4-di-O-isopropylidene-5-O-tosyl-D-mannitol (VI).—A mixture of 
1,2:3,4-di-O-isopropylidene-5,6-di-O-tosyl-p-mannitol * (29 g.), potassium thiolacetate (6-3 g.), 
and acetone (250 c.c.) was boiled under reflux for 6 hr., then filtered and concentrated. The 
residue was diluted with ether, and the solution washed with water, dried (Na,SO,), and 
evaporated to a solid, which on recrystallisation from methanol gave the compound (VI) (14-5 g., 
60%), m. p. 74—75°, raised on further recrystallisation to 76—77° (Found: C, 53-2; H, 6-5; 
S, 13-5. C,H 3 90,5, requires C, 53-2; H, 6-4; S, 13-5%); Amax 228 and 262 my (ce 13200 
and 550). 

3-O-A cetyl-6-acetylthio-6-deoxy-1,2-O-isopropylidene -5-O-tosyl-a-D-glucose (XIX).—Similar 
treatment of 3-O-acetyl-1,2-O-isopropylidene-5,6-di-O-tosyl-«-p-glucose * (10-3 g.) with potass- 
ium thiolacetate (2-3 g.) in boiling acetone (125 c.c.), but with chloroform for the working-up, 
gave the compound (XIX) (7-8 g., 91%), m. p. 131—133° (from ethanol) (Found: C, 50-7; H, 
5-8; S, 13-6. C,.9H,,0,S, requires C, 50-6; H, 5-5; S, 13-5%); Amex, 226 and 262 my (ce 13,800 
and 665). 

5,6-Dideoxy-5,6-epithio-1,3:2,4-di-O-ethylidene-t-iditol (III).—{i) Methanolic sodium meth- 
oxide [from sodium (1-0 g.) and dry methanol (40 c.c.)] was added at 0° to a stirred 
solution of 6-acetylthio-6-deoxy-1,3:2,4-di-O-ethylidene-5-O-tosy]-p-glucitol ! (20 g.) in chloro- 
form (150 c.c.). The resulting gel was vigorously stirred for 10 min., then neutralised with 
carbon dioxide and quickly washed with water. Evaporation of the dried (Na,SO,) chloroform 
solution, and recrystallisation of the product from ethanol, gave large needles (9-5 g., 89%) of 
the episulphide (III), m. p. 150—151°, [a]? +3° (c 5) (Found: C, 51-8; H, 7:0; S, 13-9. 
CyoH,,0,S requires C, 51-7; H, 6-9; S, 138%); Amex. 257 my (c 60); Vmax, 666, 672, 801, 816, 
887, 945, 952, 1037, and 1057 cm.7}. 

(ii) A solution of 5,6-anhydro-1,3:2,4-di-O-ethylidene-p-glucitol 5 (2-2 g.) and thiourea 


* Prepared by Bladon and Owen’s method,? but with a reaction time of 3 days at room temperature. 
18 Ohle and Mertens, Ber., 1935, 68, 2176. 
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(0-76 g.) in dioxan (25 c.c.) containing sulphuric acid (0-01 g.) was boiled under reflux for 7 hr., 
then concentrated, diluted with chloroform, and washed with water. Evaporation of the 
dried solution left an oil, which when heated at 0-001 mm. gave a sublimate (0-7 g.), m. p. 121— 
128°. Two recrystallisations from ethanol gave the above episulphide, m. p. and mixed m. p, 
150—151°, [aJ,,* +3-3° (c 5). 

Desulphurisation. The episulphide (1-0 g.) and Raney nickel (ca. 8 g.) were boiled under 
reflux in ethanol (25 c.c.) for 3 hr. Filtration and evaporation gave a solid (0-8 g.) which was 
recrystallised from light petroleum (b. p. 60—80°), giving needles of 5,6-dideoxy-1,3:2,4-di-0- 
ethylidene-p-glucitol, m. p. and mixed ? m. p. 85°. 

5,6-Dideoxy-5,6-epithio-1,2:3,4-di-O-isopropylidene-t-gulitol (VII).—Reaction of 6-acetyl- 
thio-6-deoxy-1,2:3,4-di-O-isopropylidene-5-O-tosyl-p-mannitol (18-5 g.) in chloroform (200 c.c.) 
with sodium methoxide [from sodium (0-91 g.) and methanol (38 c.c.)], at 0°, followed by isol- 
ation as for (III), gave the episulphide (VII) (7-6 g., 72%), b. p. 90—92°/0-01 mm., n,** 1-4790, 
(a],,** +30° (c 1) (Found: C, 55-4; H, 7-8; S, 123. C,,H,90,S requires C, 55-4; H, 7-8; S, 
12-3%); ~Amax. 275 mu (c 74); vingx 664, 796, 815, 893, 962, 1043, and 1072 cm.*}. 

5,6-Dideoxy-5,6-epithio-1,2-O-isopropylidene-a-L-idose (XX).—(i) Reaction of 3-O-acetyl-6- 
acetylthio-6-deoxy-1,2-O-isopropylidene-5-O-tosyl-a-p-glucose (5-5 g.), in chloroform (60 c.c.) 
with sodium methoxide [from sodium (0-26 g.) and methanol (11 c.c.)], initially at —30°, but 
with the temperature rising to 0° in 30 min., gave, after isolation as for (III), the episulphide 
(XX) (1-85 g., 73%) which after recrystallisation from methanol and then from carbon tetra- 
chloride formed long needles, m. p. 164—165°, [a],,** —16° (c 5) (Found: C, 49-5; H, 6-7; S, 
14-5. C,H,,0,S requires C, 49-5; H, 6-5; S, 14:7%); Amex, 258 my (ec 48); vnax 672, 816, 887, 
944, 958, 1040, 1053, and 1060 cm.*. 

(ii) 5N-Methanolic potassium hydroxide (1-0 c.c.) was added to a solution of 3,5-di-O-acetyl- 
6-acetylthio-6-deoxy-1,2-O-isopropylidene-«-p-glucose (0-65 g.) in chloroform (5 c.c.) at —10°. 
The temperature was allowed to rise to 20° during 30 min. and the solution was then quickly 
washed with n-sodium hydroxide, and then with water, dried (Na,SO,), and evaporated to a 
solid, which on recrystallisation from methanol gave needles (0-04 g., 10%) of the episulphide, 
m. p. and mixed m. p. 164—165°. 

Reduction of the Episulphides with Lithium Aluminium Hydride.—(i) 5,6-Dideoxy-5,6-epi- 
thio-1,3:2,4-di-O-ethylidene-t-iditol (1-5 g.) and lithium aluminium hydride (1-2 g.) in ether 
(60 c.c.) were boiled under reflux for 6 hr. The excess of hydride was destroyed with ethyl 
acetate, and the mixture was then poured into Nn-acetic acid (420 c.c.) at 0° and quickly 
extracted with ether. The extracts were washed with aqueous sodium hydrogen carbonate, then 
dried (Na,SO,), and evaporated to give a solid thiol (1-1 g.). Recrystallisation from ethanol- 
light petroleum (b. p. 40—60°) gave 5,6-dideoxy-1,3:2,4-di-O-ethylidene-5-mercapto-L-iditol (XI) 
as stout needles, m. p. 128°, [a],,2* +37° (c, 3) (Found: C, 51-5; H, 8-1; S, 13-7; thiol S, 13-8. 
Cy9H,,0,S requires C, 51-3; H, 7-8; S, 13-7%). 

(ii) 5,6-Dideoxy-5,6-epithio-1,2:3,4-di-O-isopropylidene-t-gulitol (5-5 g.) was similarly 
reduced with lithium aluminium hydride (2-0 g.) in ether (70 c.c.), and gave 5,6-dideoxy-1,2:3,4- 
di-O-isopropylidene-5-mercapto-L-gulitol (XIV) (4-9 g.), b. p. 67—68°/0-002 mm., m. p. 48—49°, 
n,* 1-4621, [a],,2*> +46° (c 5) (Found: C, 55-0; H, 8-6; S, 12-1. C,,H,,0,S requires C, 55-0; 
H, 8-5; S, 12-2%). 

(iii) 5,6-Dideoxy-5,6-epithio-1,2-O-isopropylidene-«-L-idose (1-1 g.) in tetrahydrofuran 
(30 c.c.) was added to lithium aluminium hydride (0-3 g.) in ether (30 c.c.), and the mixture was 
boiled under reflux for 2 hr. Isolation as above gave 5,6-dideoxy-1,2-O-isopropylidene-5- 
mercapto-a-L-idose (X XV) (0-55 g.), prisms [from ethanol—light petroleum (b. p. 40—60°)], m. p. 
93—94°, [a],,2* —24° (c 4) (Found: C, 49-2; H, 7-4; thiol S, 14-4. C,H,,0,S requires C, 49-1; 
H, 7-3; S, 14:5%). 

Trithiocarbonates.—(a) From episulphides. (i) 5,6-Dideoxy-5,6-epithio-1,3:2,4-di-O-ethyl- 
idene-L-iditol (1-16 g.) was dissolved in a solution of potassium hydroxide (1-4 g.) and carbon 
disulphide (3 c.c.) in methanol (10c.c.). The mixture was boiled under reflux for 2 hr. and then 
cooled and diluted with water, giving yellow needles of 5,6-dideoxy-1,3:2,4-di-O-ethylidene-5,6- 
(thiocarbonyldithio)-t-iditol (XII) (1-43 g., 93%), m. p. 182—183° unchanged on recrystallis- 
ation from methanol (lit.,1* m. p. 182—183°). 

(ii) Similar treatment of 5,6-dideoxy-5,6-epithio-1,2:3,4-di-O-isopropylidene-t-gulitol (0-15 
g-) gave yellow needles of 5,6-dideoxy-1,2:3,4-di-O-isopropylidene-5,6-(thiocarbonyldithio)-L- 
gulitol (XV) (0-18 g., 94%), m. p. 95—96° (lit.,1* m. p. 95—96°). 
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(iii) Similar treatment of 5,6-dideoxy-5,6-epithio-1,2-O-isopropylidene-a-L-idose (0-14 g.) 
gave yellow needles of 5,6-dideoxy-1,2-O-isopropylidene-5,6-(thiocarbonyldithio)-a-L-idose 
(XXIV) (0-18 g., 95%), m. p. 179—180° (lit. m. p. 179-5—180-5°). 

(b) From epoxides. (i) 5,6-Anhydro-1,3:2,4-di-O-ethylidene-p-glucitol® (0-29 g.) was 
treated as above (but under reflux for 4 hr.) with a solution of potassium hydroxide (0-35 g.) 
and carbon disulphide (1 c.c.) in methanol (8 c.c.), and gave the trithiocarbonate (XII) (0-25 g., 
61%) identical (m. p. and mixed m. p. 182—183°) with that described above. 

(ii) 5,6-Anhydro-1,2:3,4-di-O-isopropylidene-p-mannitol (3-0 g.), with potassium hydr- 
oxide (3-0 g.), carbon disulphide (3 c.c.), and methanol (25 c.c.), similarly gave the trithio- 
carbonate (XV) (2-1 g., 51%), m. p. and mixed m. p. 95—96°. 

(iii) 5,6-Anhydro-1,2-O-isopropylidene-a-p-glucose ™ (0-1 g.) on similar treatment gave the 
trithiocarbonate (XXIV) (0-1 g.), m. p. and mixed m. p. 179—180°. 

(iv) 6-O-Benzoyl-1,3:2,4-di-O-ethylidene-5-O-tosyl-p-glucitol * (1-5 g.) in chloroform (30 
c.c.) was treated at — 10° with sodium methoxide [from sodium (0-07 g.) and methanol (3 c.c.)]. 
The temperature was allowed to rise to 20° during 2 hr., and the solution was then washed with 
water, dried (MgSO,), and evaporated. Crystallisation of the residue from ethanol-light 
petroleum (b. p. 60—80°) gave hexagonal plates (0-38 g., 61%) of 5,6-anhydro-1,3:2,4-di-O- 
ethylidene-L-iditol, m. p. 150—151°, [a),24 —28° (c 7) (Found: C, 55-7; H, 7-7. CyH,,0, 
requires C, 55-5; H, 7-5%). 

This anhydro-compound (0-32 g.) on treatment as above with potassium methyl xanthate 
gave 5,6-dideoxy-1,3:2,4-di-O-ethylidene-5,6-(thiocarbonyldithio)-p-glucitol (XVIII) (0-12 g.) as 
a yellow glass, b. p. 100—110° (bath)/0-005 mm. (Found: C, 43-0; H, 4-9. C,,H,,0,S, requires 
C, 42:9; H, 5-2%). 

1,6-Diacetylthio-1,6-dideoxy-2,5-O - methylene -3,4-di-O-tosyl-D-mannitol (XXVII).—2,5-0- 
Methylene-1,3,4,6-tetra-O-tosyl-p-mannitol 1 (16-5 g.), potassium thiolacetate (12 g.), and ethyl 
methyl ketone (400 c.c.) were boiled under reflux for 44 hr. The dark red mixture was cooled, 
poured into water, and extracted with chloroform to give a solid, which on recrystallisation 
from ethanol gave needles (7-2 g., 57%) of the bisthiolacetate (X XVII), m. p. 112°, [aJ,*4 —30° 
(c 18) (Found: C, 48-7; H, 5-1; S, 20-8. C,;H 390,9S, requires C, 48-5; H, 4:9; S, 20-7%); 
Amax. 226 and 262 my (e 34,000 and 1500). 

1,3,4,6-Tetvadeoxy-1,3:4,6-diepithio-2,5-O-methylene-D-iditol (XX VIII).—To the above bis- 
thiolacetate (X XVII) (1-5 g.) in chloroform (25 c.c.), sodium methoxide [from sodium (0-115 g.) 
and methanol (4-8 c.c.)] was added at —10°. The mixture was set aside for 4 days, 
then neutralised with carbon dioxide, washed with water, dried (MgSO,), and evaporated to a 
solid. Recrystallisation from ethyl acetate-light petroleum (b. p. 40—60°) gave a first crop, 
m. p. 140—150°, which on further recrystallisation from ethyl acetate gave fine needles (0-11 g.), 
probably of di-(4,6-dideoxy-4,6-epithio-2,5-O-methylene-3-O-tosyl-p-talitol) disulphide, m. p. 
162—163° (Found: C, 46-4; H, 5-0; O, 21-9. C,,H3,0,9S, requires C, 46-5; H, 4-7; O, 22-1%); 
Amax, 262 my (e 1900 in chloroform). Concentration of the combined mother-liquors, and 
sublimation at 100° (bath)/1 mm. afforded large rhombs of the diepithio-compound (XXVIII) 
(0-12 g.), m. p. 146—147° (Found: C, 44-3; H, 5-2; S, 33-5. C,H,,90,S, requires C, 44-2; H, 
5:3; S, 337%); Amax, 260 my (ec 780). Trimethylene sulphide showed Aja, 270 my (e 380). 


ORGANIC CHEMISTRY LABORATORIES, IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY, 
SoutH KENSINGTON, Lonpon, S.W.7. [Received, July 23rd, 1959.]} 


1 Ohle and Vargha, Ber., 1929, 62, 2435. 
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212. Dithiols. Part XXI.* Dithiols from Cyclic Trithio- 
carbonates. 


By S. M. Igpat and L. N. Owen. 


The reductive fission of cyclic trithiocarbonates provides a useful method 
for the synthesis of dithiols, and is applicable to the preparation of vicinal 
disecondary thiols which may not be readily accessible by other routes. 
The method offers particular advantages in the carbohydrate field, and has 
been used to synthesise three dithiols and one tetrathiol related to the 
hexitols. 

Although cyclopentene oxide does not give a trithiocarbonate with 
xanthate, cyclopentene sulphide readily gives trans-1,2-(thiocarbonyldithio)- 
cyclopentane (XXX), a compound containing two trans-fused five-membered 
rings. Reasons for this difference in behaviour are discussed. 


ALKALINE hydrolysis of cyclic trithiocarbonates is reported +? to give only poor yields 
of dithiols. It is known, however,’ that thiols can be prepared very satisfactorily by the 
reductive fission of xanthates with lithium aluminium hydride, and this procedure should 
evidently be applicable to trithiocarbonates, though the only report * is of the small-scale 
reduction of the unsaturated cyclic trithiocarbonate (I) to give ethane-1,2-dithiol in 
unspecified yield. 


4 
HC—s_ S, SH is 
| ‘es So — co —-, —> ‘cme 
¢ / fr 
HC— mS SH PS 
H H 
(V) 


s 
(I) (II) (IIT) (IV) 


In some trial experiments, ethane-1,2-, propane-1,3-, propane-1,2-, and cyclohexane- 
trans-1,2-dithiol were obtained by reduction of the corresponding trithiocarbonates with 
lithium aluminium hydride in yields of 86, 37, 75, and 90%, respectively; for the last two 
compounds the reported * yields by alkaline hydrolysis are 26 and 14%. The configur- 
ation of the cyclohexane-trans-1,2-dithiol (IV) was not specified by the earlier workers, 
but since the reductive fission does not affect any asymmetric centre it must be the same 
as that of the trithiocarbonate (III) from which it is derived; the latter is trans, since it is 
formed through the intermediate episulphide (II).t The dithiol obtained ° by fission of the 
episulphide (II) with potassium hydrogen sulphide must also be trans. Although cyclo- 
hexane-trans-1,2-diol does not condense with aldehydes or ketones under normal 
conditions,’ the dithiol (IV) readily gave the crystalline isopropylidene derivative (V) on 
treatment with acetone and a trace of sulphuric acid at room temperature; this is no doubt 
due to the great stability of the resulting dithiolan system. The corresponding benzylidene 
and piperonylidene derivatives have already been described,” but without comment. 

Conventional methods for the synthesis of simple thiols often fail when attempts are 
made to prepare vicinal dithiols in which both groups are secondary. Thus many vicinal 
disecondary halides undergo dehalogenation to the olefin, rather than substitution, on 


* Part XX, Fitt and Owen, J., 1957, 2250. 
+ The mechanism of the formation of cyclic trithiocarbonates is outlined in the preceding paper.® 


1 Frassetti, Ber., 1905, 38, 488. 

* Culvenor and Davies, Austral. J. Sci. Res., 1948, 1, A, 236. 

8 Djerassi, Gorman, Markley, and Oldenburg, J]. Amer. Chem. Soc., 1955, 77, 568. 
* Challenger, Mason, Holdsworth, and Emmott, /., 1953, 292. 

5 Creighton and Owen, preceding paper. 

* Culvenor, Davies, and Heath, /., 1949, 282. 

? Cf. Christian, Gogek, and Purves, Canad. ]. Chem., 1951, 29, 911. 
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treatment with sodium hydrogen sulphide, potassium thiolacetate, etc. ; ®® occasionally,!® 
though not always,® the difficulty can be surmounted by the use of thiolacetic acid in 
pyridine, but there is undoubtedly a need for a new method in these difficult cases. The 
excellent yield obtained in the above preparation of cyclohexane-trans-1,2-dithiol indicated 
that the reduction of a trithiocarbonate should prove particularly useful in this connection, 
and a further example was provided by the synthesis of DL-threo-butane-2,3-dithiol (VIII). 
Reduction of 3-bromobutan-2-one with potassium borohydride gave the threo-bromo- 
hydrin, which was converted successively into the cis-2,3-epoxide (VI) ™ and the trans- 
trithiocarbonate (VII), which when reduced with lithium aluminium hydride afforded the 
dithiol (VIII). 


Me, H Me. H Me CH*SH 
\ . HS-C-H H-SH 
| (e) > | cs -——> | 
4 ers H+C-SH [SHH], 
(VI) Me” H H “Me (VIT) Me (VIII) CH,-OH (IX) 


Although a-dithiols, of known configuration, derived from erythritol, p1-threitol, 
galactitol, and D-mannitol have been described,” vicinal dithiols of the type (IX) have 
been obtained *8 only as derivatives of unknown configuration. One pure stereoisomer 
of 2,3-dimercaptobutane-1,4-diol, and derivatives of both forms, have been prepared,“ 
but again the configurations were not established. Since trithiocarbonates related to the 
carbohydrates are readily made from the appropriate epoxides 5" or episulphides ® such 
compounds can clearly provide a useful route to polyhydroxy-dithiols. If the trithio- 
carbonate group engages a terminal position its configuration, and hence that of the 


O-CH, O-CH, JO'CH, OCH, 
I I Me,cc | Me,CZ | 
Mech H-C-0. Mech H-C-0 O-C:-H OCH 
O-C-H CHMe O-C-H ‘CHMe O:C-H OnC-H 
ws ae i.e, > — CMe, 
H¢-0 HCO H-€-0 H:C-O 
' SCH HSCH gc G'H Hs-C+H 
Re 
(X)  -~S*CH, (XI) CH,*SH- “S-CH, (XII) CH,*SH (XIII) 
CHS. CH,-SH CH)*SAc JO°CH, 
we l l Me,C< 
H-C+S H-C-SH H-C+SAc O-C-H 
O-C-H O-C:H AcO:C+H O-¢-H 
es, ~~] Cre, re —>CMe, 
H-C-O CO H-C-OAc H-C-O 
sco GH HS*C-H AcS-C-H Mec 9H 
(XV) “S*CH, (XVI) CH,*SH (XVII) CH,+SAc 2™'Ss*CH, (XIV) 


resulting dithiol, is unequivocal, though if it is derived from a non-terminal epoxide or 
episulphide two stereoisomers may be possible. Using this approach we have now 
obtained three dithiols and one tetrathiol related to the hexitols. 


8 Rosenheim and Stadler, Ber., 1905, 38, 2687; Danielli, Danielli, Fraser, Mitchell, Owen, and Shaw, 
Biochem. J., 1947, 41, 325; Gavrilov and Tishchenko, J. Gen. Chem. U.S.S.R., 1948, 18, 1687; Pavlic, 
Lazier, and Signaigo, J. Org. Chem., 1949, 14, 59. 

® Evans, Fraser, and Owen, J., 1949, 248. 

1 Pavlic, U.S.P. 2,408,094/1946. 

1 Winstein and Lucas, J. Amer. Chem. Soc., 1939, 61, 1576. 

1 Bladon and Owen, J., 1950, 585. 

13 Bladon and Owen, /., 1950, 598. 

M4 Fitt and Owen, /., 1957, 2240. 

18 McSweeney and Wiggins, Nature, 1951, 168, 874. 
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Reduction of 5,6-dideoxy-1,3:2,4-di-O-ethylidene-5,6-(thiocarbonyldithio)-1-iditol (X)§ 
with lithium aluminium hydride gave an excellent yield of crystalline 5,6-dideoxy- 
1,3:2,4-di-O-ethylidene-5,6-dimercapto-t-iditol (XI). Similar treatment of 5,6-dideoxy- 
1 ,2:3,4-di-O-isopropylidene-5,6-(thiocarbonyldithio)-L-gulitol (XII)*® gave 5,6-dideoxy- 
1,2:3,4-di-O-isopropylidene-5,6-dimercapto-L-gulitol (XIII) as a liquid, which readily 
afforded the crystalline tri-isopropylidene compound (XIV). Reaction of 1,2:5,6-di- 
anhydro-3,4-O-isopropylidene-D-mannitol 1* with potassium methyl xanthate gave 1,2,5,6- 
tetradeoxy-3,4-0-isopropylidene-1 ,2:5,6-di(thiocarbonyldithio)-L-iditol (XV), from which 
the liquid tetrathiol, 1,2,5,6-tetradeoxy-3,4-O0-isopropylidene-1,2,5,6-tetramercapto-L-iditol 
(XVI) (characterised as the tetra-S-acetyl derivative) was obtained in good yield; 
hydrolysis, followed by acetylation, gave the crystalline hexa-acetyl compound (XVII). 

The non-terminal epoxide, 3,4-anhydro-1,2:5,6-di-O-isopropylidene-p-talitol (= -p- 
altritol) (XVIII), which is known” to be much less reactive than a terminal epoxide, 
reacted slowly with xanthate to give a trithiocarbonate which appeared to be homogeneous 
and which on reduction gave a crystalline dithiol. The intermediate episulphide (XIX) 
(which in this instance clearly has the same configuration as the epoxide) could give the 
two trithiocarbonates (XX) and (XXI), and consequently the dithiol has either the 
p-mannitol (XXII) or the D-iditol configuration (XXIII). 


JO'CH, O°CH, OCH, 
Me,C. | Me,Cz | Me,C. | 
O-C-H a ts O-C'H 
H- S-C-H HS:C:H 
To Me a ie 
“> ws 759 pen 
H-¢-O H-C-O ; H:C-O 
TOcmte, I ~>CMe, | —~>CMe, 
(XVIII) CH,-O (XX) CHO CH,-O (XXII) 
OCH, Oo’ H, O'CH, 
Me,C. | Me,C Me,C | 
OG oye =e 
GH H:C:S H-C:SH 
sc] sc—T- od l 
7: ne ts HS-C:H 
H-C-O H:C:O H:C:O 
I ~>CMe, | _>CMe, |  ~>CMe, 
(XIX) CH,-O (XXI) CHO CH,-O (XXIII) 


Treatment of cyclopentene oxide (XXV) with potassium methyl xanthate gave trans-2- 
mercaptocyclopentanol as the only recognisable product, but when cyclopentene sulphide 
(XXVIII) was used in place of the epoxide the trithiocarbonate (XXX) was obtained in 
good yield. The failure to obtain the trithiocarbonate from the epoxide must therefore 
be due to non-formation of the episulphide. It is known that cyclopentene oxide, unlike 
cyclohexene oxide, cannot be converted into the episulphide by reaction with thiourea * 
or thiocyanate,” and this has been attributed to the fact that the necessary intermediate 
(e.g. XXIV), containing two trans-fused five-membered rings, would be highly strained and 
consequently not formed. A similar explanation is applicable to the present case, in 
which attack by the anionic oxygen in the ester (XX VI) on the thiocarbonyl carbon atom, 
which would give the required intermediate (XXVII), evidently does not occur. The 
formation of the trithiocarbonate (XXX), which itself contains precisely this type of 
strained system, involves an attack (cf. XXIX) which is identical with that in the ester 

6 Wiggins, J., 1946, 384. 

1? Bladon and Owen, /., 1950, 604. 


18 Bordwell and Andersen, J. Amer. Chem. Soc., 1953, 75, 4959. 
1” van Tamelen, J. Amer. Chem. Soc., 1951, 78, 3444. 
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(XXVI) except that it involves a thiol anion instead of the oxygen anion. This striking 
difference in behaviour can probably be attributed mainly to the much greater nucleophilic 
reactivity of the thiol anion,” but ring closure may also be facilitated by an enhanced ease 
of deformation of bond angles when oxygen is replaced by sulphur. 


H 4 
a a L OMe H Qo ome 
aN oO —_ L£ 

Ts mage Gs fe. ys 


Fs 
(XXIV) (XXV) (XXVI) (XXVID) 
4 
- OMe _ S. 
5S Cc aoe oss 
mSpS a “" s 
4 
(XXVIII) (XXIX) (XXX) 


A trithiocarbonate could not be obtained from either trimethylene oxide or trimethylene 
sulphide by treatment with xanthate, even under drastic conditions; the greater stability 
of the four- compared with the three-membered ring system is of course well known. 

The C=S stretching frequency in the infrared region is dependent upon the molecular 
environment of the group. Whilst simple acyclic trithiocarbonates show absorption #4 
at 1058—1053 cm.-1, ethylene trithiocarbonate is reported by Haszeldine and Kidd ™ to 
absorb at 1078 cm. and by Jones, Kynaston, and Hales ™ at 1074 cm.+. With the 
exceptions of (VII) and (XXX), all our cyclic trithiocarbonates, including the six- 
membered trimethylene trithiocarbonate, showed a band in the range 1081—1071 cm.*; 
most of the compounds exhibited multiple high-intensity maxima near this region 
(see Table). 


Infrared absorption maxima (in carbon tetrachloride) in the range 1125—1000 cm.*. 


Trithiocarbonate Vmax. (cm.~*) Trithiocarbonate Vmax. (cm.~) 
IG sas iasics stitinscisrsieess 1081 GIR) . cn eccasyes dxsnteineckstillnan aay 1117, 1095, 1081, 
PUMGGUNG  cccesecrecsevcccosepscee 1081, 1058, 1036- 1046 
IID nncceneccsenoeecncess 1081, 1033 TIRE. sccccckeesennsssnevenningnmenl 1074 
Cyclohexene (III) ............ Th | , eee 1081, 1071 

1052 GES Oe CITED cssccicsseniseceen 1074 
threo-But-2-ene (VII) ......... 1093, 1058 tvans-Cyclopentene (XXX)... 1099, 1062 
EXPERIMENTAL 


Microanalyses were by Miss J. Cuckney and the staff of the Organic Chemistry Micro- 
analytical Laboratories, and infrared spectra (recorded in carbon tetrachloride) by Mr. R. L. 
Erskine, B.Sc., A.R.C.S., and Mrs. A. I. Boston. 

Optical rotations were measured in chloroform. 

General Method of Reduction of Trithiocarbonates.—The trithiocarbonate in anhydrous ether 
or anhydrous tetrahydrofuran was added dropwise during ca. 30 min. to a stirred slurry of 
lithium aluminium hydride in anhydrous ether at a rate such that the yellow colour was 
continuously discharged; the heat of reaction was sufficient to cause gentle refluxing. The 
mixture was then cooled to 0°, cautiously treated with water to decompose excess of hydride, 
then acidified with ice-cold 6N-hydrochloric acid and immediately extracted with ether. The 
extracts were washed with sodium hydrogen carbonate solution, dried (MgSO, or Na,SO,), and 
concentrated under reduced pressure. 

Ethane-1,2-dithiol_—2-Thio-1,3-dithiolan *4 (20 g.) in tetrahydrofuran (100 c.c.) was reduced 
with lithium aluminium hydride (9 g.) in ether (75 c.c.) to give ethane-1,2-dithiol (12 g., 86%), 
b. p. 68—70°/24 mm., ,” 1-5582, (Found: thiol-S, 66-7. Calc. for C,H,S,: thiol-S, 68-2%). 


*© Cf. Quale and Royals, J. Amer. Chem. Soc., 1942, 64, 226; de la Mare and Vernon, J., 1956, 41. 
*t Mecke, Mecke, and Liittringhaus, Z. Naturforsch., 1955, 105, B, 367. 

* Haszeldine and Kidd, J., 1955, 2901. 

*8 Jones, Kynaston, and Hales, J., 1957, 614. 

** Culvenor, Davies, and Pausacker, J., 1946, 1050. 
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Propane-1,2-dithiol.—4-Methy]-2-thio-1,3-dithiolan * (11-5 g.) in ether (75 c.c.) was reduced 
with lithium aluminiumhydride (5-7 g.) in ether (150 c.c.) to give propane-1,2-dithiol (6-18 g,, 
75%), b. p. 72—74°/25 mm., n° 1-5335 (Found: thiol-S, 57-7. Calc. for CsH,S,: thiol-S, 59-2%). 

Propane-1,3-dithiol_—2-Thio-1,3-dithian * (15 g.) in tetrahydrofuran (100 c.c.) was reduced 
with lithium aluminium hydride (7 g.) in ether (70 c.c.) to give propane-1,3-dithiol (4-06 g_, 
37%), b. p. 76°/24 mm., n,** 1-5414 (Found: thiol-S, 57-2. Calc. for C,H,S,: thiol-S, 59-2%). 

Cyclohexane-trans-1,2-dithiol.—2-Thio-trans-cyclohexanodithiolan (III) ** (8 g.) in tetra- 
hydrofuran (75 c.c.) was reduced with lithium aluminium hydride (2-6 g.) in ether (50 c.c.), to 
give cyclohexane-trans-1,2-dithiol (5-6 g., 90%), b. p. 104—106°/18—19 mm., m,,”° 1-5515 
(Found: thiol-S, 43-05. Calc. for C,H,,S,: thiol-S, 43-2%). 

A mixture of the dithiol (0-86 g.), acetone (8 c.c.), and sulphuric acid (50 mg.) was left at 
room temperature for 12 hr. (a test portion then ceased to give a reaction for free thiol). The 
solvent was removed under reduced pressure, and the residue was taken up in chloroform, 
washed with sodium hydrogen carbonate solution, dried (MgSO,), and evaporated to a solid. 
Recrystallisation from aqueous methanol gave 2,2-dimethyl-trans-cyclohexanodithiolan (V) 
(0-79 g., 73%), as long needles, m. p. 37—38° (Found: C, 57-5; H, 8-6; S, 33-8. CyH,,S, 
requires C, 57-4; H, 8-6; S, 34:0%). 

DL-threo-3-Bromobutan-2-o0l.—Potassium borohydride (7-2 g.) in water (100 c.c.) was added 
gradually (45 min.) to a stirred solution of 3-bromobutan-2-one (kindly provided by Mr. R. 
Grice) (50 g.), in methanol (150 c.c.), at 15—18°. The mixture was then neutralised with cold 
2n-sulphuric acid, stirred for a further 15 min., and filtered to remove potassium sulphate. The 
latter was washed with ether, and the filtrate was saturated with salt and extracted with ether. 
The combined ether solutions were dried (MgSO,) and distilled to give DL-thveo-3-bromobutan- 
2-ol (25 g., 50%), b. p. 60—62°/20 mm., n,”° 1-4733 (lit.,%* b. p. 50°/13 mm., »,*° 1-4771). 

cis-2,3-Epoxybutane.—DL-threo-3-Bromobutan-2-ol (35 g.) was added during 1-5 hr. toa 
vigorously stirred solution of potassium hydroxide (55 g.) in water (27 c.c.) heated at 110—120°, 
The distillate, b. p. 58—60°, which was collected in an ice-cooled receiver, was dried (MgSO,) 
and redistilled to give cis-2,3-epoxybutane (15-3 g., 96%), b. p. 59°, ,1* 1-3812 (lit.," b. p. 
59-7°, n,,”° 1-3828). 

trans-4,5-Dimethyl-2-thiodithiolan (VI1).—cis-2,3-Epoxybutane (6 g.) was slowly added 
(15 min.) with shaking to a solution of potassium hydroxide (11-7 g.) and carbon disulphide 
(19 g.) in methanol (50 c.c.); the mixture was then set aside for 5 days. The solid which had 
gradually formed was collected and washed with water. Recrystallisation from light petroleum 
(b. p. 40—60°) gave the trans-trithiocarbonate (3-72 g., 27-2%), as yellow prisms, m. p. 40—41° 
(Found: C, 36-4; H, 5-3; S, 58-7. C;H,S, requires C, 36-6; H, 4-9; S, 585%); for vmax see 
Table. 

threo-Butane-2,3-dithiol.—The trithiocarbonate (VII) (4-8 g.) in ether (50 c.c.) was reduced 
with lithium aluminium hydride (2-1 g.) in ether (30 c.c.) to give threo-butane-2,3-dithiol (1-65 g., 
42%), b. p. 50—51°/22 mm., n,,™* 1-5315 (Found: C, 39-1, 40-1; H, 7-3, 8-2; S, 52-5; thiol-S, 
51-8. CHS, requires C, 39-3; H, 8-2; S, 52-5%). It formed a bisphenylurethane which 
crystallised from aqueous methanol in long needles, m. p. 208—209° (Found: C, 60-0; H, 5-6; 
S, 17-8. CygHoN,0,S, requires C, 60-0; H, 5-6; S, 17-8%). 

5,6-Dideoxy-1,3:2,4-di-O-ethylidene-5,6-dimercapto-L-iditol (XI).—5,6-Dideoxy-1,3:2,4-di- 
O-ethylidene-5,6-(thiocarbonyldithio)-L-iditol 5 (5 g.) in tetrahydrofuran (50 c.c.) was reduced 
with lithium aluminium hydride (1-3 g.) in ether (50 c.c.) to give a solid, which on recrystallis- 
ation from light petroleum (b. p. 60—80°) gave the dithiol (XI) (3-8 g., 88%) as granules, m. p. 
80—81°, [a],,2* —3-0° (c, 5) (Found: C, 44-9; H, 7-1; S, 24-4; thiol-S, 23-9. C, 9H,,0,S, requires 
C, 45-1; H, 6-8; S, 241%). 

5,6-Dideoxy -1,2:3,4-di-O-isopropylidene-5,6-dimercapto-L-gulitol (XIII).—5,6-Dideoxy- 
1,2:3,4-di-O-isopropylidene-5,6-(thiocarbonyldithio)-L-gulitol 5 (3-5 g.) in ether (40 c.c.) was 
reduced with lithium aluminium hydride (0-9 g.) in ether (40 c.c.) to give the dithiol (XIII) 
(1-1 g., 33%), b. p. 92—94°/0-0005 mm., m,,”° 1-4963, [a],,2* +37° (c, 10) (Found: C, 48-9; H, 7-7; 
S, 21-3; thiol-S, 18-7. C,,H,.,0,S, requires C, 49-0; H, 7-5; S, 21-8%). 

5,6-Dideoxy-1,2:3,4-di-O-isopropylidene-5,6-isopropylidenedithio-L-gulitol (XIV).—A _ solu- 
tion of the above dithiol (0-15 g.) in acetone (3 c.c.) containing sulphuric acid (0-02 g.) was set 
aside for 24 hr. and then evaporated under reduced pressure. The residue was taken up in 


*8 Mills and Saunders, J., 1931, 537. 
%¢ House, J. Amer. Chem. Soc., 1955, 77, 5083. 
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chloroform, washed with sodium hydrogen carbonate solution and with water, then dried 

,), and evaporated to a solid, which on recrystallisation from aqueous methanol gave 
the tri-isopropylidene compound (XIV) as fine needles, m. p. 40—41° (Found: C, 54-4; H, 7-9; 
S, 193. CysH_g0,S, requires C, 53-8; H, 7-9; S, 19-2%). 

1,2:5,6-Dianhydro-3,4-O-isopropylidene-D-mannitol—The following procedure gives a 
much improved overall yield. A solution of toluene-p-sulphonyl chloride (64 g.) in pyridine 
(100 c.c.) was added dropwise during 5 hr. to a stirred solution of 3,4-O-isopropylidene-p- 
mannitol 2? (36 g.) in pyridine (100 c.c.), the temperature being allowed to rise to, but not 
exceed, 25°. The mixture was set aside for 12 hr., then poured into ice—water, and extracted 
with chloroform. The extract was washed twice with n-sulphuric acid at 0°, and then with 
water. It was dried (Na,SO,), filtered, cooled to —5°, and mixed with sodium methoxide 
solution [from sodium (8 g.) and methanol (120 c.c.)], also at —5°. The temperature was 
allowed to rise to 15° during 1 hr., and the gelatinous mass was then stirred into water and 
neutralised with carbon dioxide. The chloroform layer was isolated, washed with water, dried 
(Na,SO,), and distilled to give the dianhydro-compound (17-0 g., 56%), b. p. 80—82°/1 mm., 
n,2 1-4545 (lit.,!° b. p. 75°/0-02 mm., ,1* 1-4552). 

1,2,5,6- Tetradeoxy -3,4-O-isopropylidene - 1,2:5,6-di(thiocarbonyldithio) -L-iditol (XV).— 
1,2:5,6-Dianhydro-3,4-O-isopropylidene-D-mannitol (13 g.) was added with cooling and shak- 
ing to a solution of potassium hydroxide (22-8 g.) and carbon disulphide (36 g.) in methanol 
(100 c.c.); the mixture was then set aside. The solid which gradually appeared was collected 
after 24 hr. and washed with water. Recrystallisation from benzene-light petroleum (b. p. 
40—60°) gave the bistrithiocarbonate (XV) (6-3 g., 25%), as yellow needles, m. p. 144—146° 
(Found: C, 36-0; H, 4-0; S, 52-2. C,,H,,0,S, requires C, 35-7; H, 3-8; S, 52-0%). More 
of this slowly separated from the reaction mixture. 

1,2,5,6-Tetradeoxy-3,4-O-isopropylidene-1,2,5,6-tetramercapto-L-iditol (XV1).—The above bis- 
trithiocarbonate (6-12 g.) in tetrahydrofuran (80 c.c.) was reduced with lithium aluminium 
hydride (2-2 g.) in ether (50 c.c.) to give the tetvathiol (XVI) (3-1 g., 66%), b.p. 140— 
143°/0-0006 mm., ,,** 1-5715, [a],,?* +82° (c, 5-5) (Found: C, 37-7; H, 6-2; S, 43-8; thiol-S, 
42-0. C,H,,0,S, requires C, 37-8; H, 6-3; S, 44-7%). 

Reaction of a portion with acetic anhydride and pyridine for 24 hr. at room temperature, 
followed by dilution with water, gave a solid. Recrystallisation from aqueous methanol gave 
1,2,5,6-tetra-acetylthio-1,2,5,6-tetradeoxy-3,4-O-tsopropylidene-L-iditol, m. p. 105—107°, [aJ,,* 
+47-4° (c, 5) (Found: C, 44-4; H, 5-8; S, 28-6. C,,H,,0,S, requires C, 44-9; H, 5-8; S, 
28-2%); Amax, 230 my (e 15,600) in EtOH. — 

3,4-Di-O-acetyl-1,2,5,6-tetra-acetylthio-1,2,5,6-tetradeoxy-L-iditol (XVII).—A mixture of 
1,2,5,6-tetradeoxy-3,4-O-isopropylidene-1,2,5,6-tetramercapto-L-iditol (1-42 g.), ethanol (15 c.c.), 
and 0-4N-sulphuric acid (15 c.c.) was heated on a steam-bath, in a slow stream of nitrogen, 
until no more acetone was liberated (exit gases passed through aqueous 2,4-dinitropheny]l- 
hydrazine sulphate). The solution was concentrated under reduced pressure to remove 
ethanol, and then extracted with chloroform to give an oil (1-1 g.). This was dissolved in 
pyridine (4 c.c.) and acetic anhydride (4-2 g.) was added with cooling and shaking. After 
2 days, water (2 c.c.) was added, and the mixture was concentrated to an oil, which was taken 
up in chloroform, washed with water, dried (MgSO,), and evaporated to give a solid. Recrystal- 
lisation from aqueous methanol gave the hexa-acetyl compound (XVII), m. p. 126—128°, 
a],2* —15° (c, 3) (Found: C, 43-5; H, 4:8; S, 26-0. C,,H,,0O,S, requires C, 43-4; H, 5-2; S, 
257%); Amax, 230 my (e 14,000) in EtOH. 

3,4-Dideoxy-1,2:5,6-di-O-isopropylidene-3,4-(thiocarbonyldithio)-p-mannitol (XX) [or -p- 
iditol (XXI)}.—A solution of 3,4-anhydro-1,2:5,6-di-O-isopropylidene-p-talitol ?” (8 g.), potass- 
ium hydroxide (8 g.), and carbon disulphide (10 c.c.) in methanol (70 c.c.) was set aside for 
23 days. The solution was then diluted with water (250 c.c.), warmed and stirred to expel the 
remaining carbon disulphide, and then cooled. The solid was collected and recrystallised from 
aqueous methanol, giving the ¢rithiocarbonate (2 g., 27%) as yellow plates, m. p. 108—110° 
(Found: C, 46-6; H, 6-0; S, 28-5. C,,H,,0,S, requires C, 46-4; H, 6-0; S, 28-6%). The 
yield could probably be improved by prolongation of the reaction time. 

3,4-Dideoxy - 1,2:5,6-di-O-isopropylidene-3,4-dimercapto-p-mannitol (XXII) [or -p-iditol 
(XXIII)].—The above trithiocarbonate (1-27 g.) in tetrahydrofuran (20 c.c.) was reduced with 
lithium aluminium hydride (0-39 g.) in ether (20 c.c.), and the product recrystallised from light 
*” Wiggins, J., 1946, 13. 
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petroleum (b. p. 60—80°), giving the dithiol (0-88 g., 51%) as needles, m. p. 133—135°, [a),% 
— 10° (c, 3-6) (Found: C, 49-1; H, 7-4; S, 21-5; thiol-S, 21-9. C,,H,,0,S, requires C, 49-0; H, 
7-5; S, 21-8%). 

Reaction of Cyclopentene Oxide with Potassium Methyl Xanthate.—Cyclopentene oxide (8-4 g.) 
was added with shaking and cooling to a solution of potassium hydroxide (14 g.) and carbon 
disulphide (22-8 g.) in methanol (60 c.c.). No solid had appeared after storage for 4 weeks, 
The solution was then poured into water, excess of carbon disulphide was removed by a stream 
of nitrogen, and the solution was then acidified with 2N-hydrochloric acid. The oil which 
separated was taken up in chloroform, washed with water, and dried (MgSO,). Removal of the 
solvent gave an oil (5-73 g.), which on distillation afforded a product containing trans-2- 
mercaptocyclopentanol, b. p. 98—100°/20 mm., m,’* 1-5210 (Found: S, 25-9; thiol-S, 148, 
Calc. for C,HyOS: S, 27:1%). It was characterised as 2,4-dinitrophenyl trans-2-hydroxy- 
cyclopentyl sulphide, needles (from aqueous methanol), m. p. 114—115° (lit.,"* m. p. 114—116"), 

2-Thio-trans-cyclopentanodithiolan (XX X).—Cyclopentene sulphide ** (0-55 g.) was added to 
a solution of potassium hydroxide (1-26 g.) and carbon disulphide (1-5 c.c.) in methanol (10 c.c.), 
After 4 days, the solid was recrystallised from methanol, giving the trans-trithiocarbonate 
(0-56 g., 58%) as yellow needles, m. p. 147° (Found: C, 40-8; H, 4-6; S, 545%; M in camphor, 
173-8. C,H,S, requires C, 40-9; H, 4-6; S, 54-69%; M, 176-1); for vmx see Table. 

Stability of Trimethylene Oxide towards Potassium Methyl Xanthate.—Trimethylene oxide * 
(1-1 g.) was added to a solution of potassium hydroxide (2 g.) and carbon disulphide (2-5 c.c.) in 
methanol (10 c.c.) and set aside for 8 weeks. Tests were made at intervals by dilution of a 
portion with water and extraction with chloroform, but the extracts were colourless, showing 
the absence of any trithiocarbonate (yellow). 

Stability of Trimethylene Sulphide towards Potassium Methyl Xanthate.—A solution of tri- 
methylene sulphide *° (5 g.), potassium hydroxide (9-2 g.), and carbon disulphide (15-2 g.) in 
methanol (40 c.c.) was set aside for 7 weeks and occasionally tested, as described above, for the 
formation of a trithiocarbonate, but the chloroform extracts were colourless. Heating in a 
sealed tube at 100° for 6 hr. gave a similar result. 


One of us (S. M. I.) thanks the Government of Jammu and Kashmir, India, for financial 
support. 


ORGANIC CHEMISTRY LABORATORIES, IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY, 
Souta KENSINGTON, LonpDon, S.W.7. [Received, July 23rd, 1959.} 


28 Goodman, Benitez, and Baker, J. Amer. Chem. Soc., 1958, 80, 1680. 
* Shirley, ‘‘ Preparation of Organic Intermediates,’”’ Wiley, New York, 1951, p. 292. 
3° Bennett and Hock, J., 1927, 2496. 





213. Derivatives of Pyrrolidine Alcohols as Local Anesthetics. 
By W. H. LINNELL and F. PERKs. 


The preparation of three series of esters and phenylurethanes of pyr- 
rolidine alcohols as local anzsthetics is described. Their configurations are 
discussed on the basis of their pK, values. 


MANY types of compound related to cocaine have been studied as local anesthetics, but 
few derivatives of pyrrolidine have been prepared for this purpose,! other than pyrrolidino- 
derivatives. 

Fission of the piperidine ring of cocaine (I), as shown, gives rise to a pyrrolidine 
derivative of the general type (II), the methoxycarbonyl group not being essential for 
local anesthetic activity as it is absent in tropacocaine.? A consideration of the factors 
influencing local anesthetic activity led to the conclusions that such activity might be 
introduced or enhanced in such compounds by (a) varying the esterifying acid, (b) extend- 
ing and branching the alkylene side chain, and (c) “‘ doubling ” the molecule. Accordingly, 

1 Morgenroth, Ber. pharm. Ges., 1919, 29, 233; Blicke and Chi-Jung Lu, J. Amer. Chem. Soc., 


1955, 77, 29; Doyle, Mehta, Sach, and Pearson, J., 1958, 4458. 
2 Liebermann, Ber., 1891, 24, 2336, 2587. 
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the benzoate, cinnamate, f-aminobenzoate, and phenylurethane of 2-hydroxymethyl- 
(11), 2,5-bishydroxymethyl- (IV), and 2,5-di-(2-hydroxypropyl)-l-methylpyrrolidine (V) 
were prepared, and where possible, converted into their hydrochlorides. 


CH,-CH—CH-CO,Me CH,— CH—[CH,] ,:O-CO-R 
NMe CH-OBz NMe 


= [---- CH,— CH, 
(Il) CHy-CH—CH, (11) 


Butyl pyroglutamate, prepared from butan-l-ol, glutamic acid, and concentrated 
sulphuric acid by Segel’s method,? was reduced with lithium aluminium hydride to 
?hydroxymethylpyrrolidine which was converted by the method of Blicke and 
Chi-Jung Lu * to 2-hydroxymethyl-1-methylpyrrolidine (ITT). 


H,C—-CH, saat RI wh as) hk 
i 
H,C CH-CH,-OH HO-CH,HC CH-CH 7,OH HO-CHMe:CH,-HC CH-CH,:CHMe-OH 
\NZ \wZ NZ 
Me Me 
(111) (IV) (V) 


Crystalline ethyl meso-dibromoadipate® was converted into 1-methylpyrrolidine- 
2,5-dicarboxylic ester by the method of von Braun and Seemann.® The use of purified 
methylamine * gave an increased yield, no pyrrolidine-2,5-dicarboxyamide encountered by 
von Braun e¢ al. then being formed. The pyrrolidine ester was reduced with lithium 
aluminium hydride in excellent yield (cf. ref. 6) to the dialcohol (IV). 

Interaction of acetoacetic acid, methylamine hydrochloride, and succindialdehyde in a 
buffer solution of pH 5 by the procedure of Schépf and Lehmann 8 gave 2,5-diacetonyl-1- 
methylpyrrolidine which was reduced to the dialcohol (V). 

Fodor and Kovacs ® and Findlay ® have shown the configuration of (—)-cocaine to be 
(VI). Cleavage as shown gives rise to a pyrrolidine structure with substituents in 
positions 2 and 5 on the same side of the ring. Two series of compounds, viz., derivatives 
of (IV) and (V) prepared in this work, have 2,5-substituents and it was desirable to 
determine their configurations and to relate them to local anesthetic activity. 

2,5-Bishydroxymethyl-1-methylpyrrolidine (IV) has been assigned the cis-configuration. 
This is probable since its precursor, 1-methylpyrrolidine-2,5-dicarboxylic ester, is formed 
by ring closure of meso-dibromoadipic ester with methylamine. Further, von Braun ® has 
shown that the corresponding 1-benzyl derivative could be dehydrated to a bridged 
morpholine derivative (VII). Hence the dialcohol (IV) and its derivatives are assigned 
structure (VIII), the lone pair of electrons on the nitrogen atom being on the side adjacent 


CH; 








, R 
N : CH,—CH CH, 
| 
N-CH,Ph O ms 
ya oN on: | epee RUN, 
R H H CH,— CH CH, Me 
(VI ;R=CO,Me) (VID) (VIII) 


to the groups R, because the relative order of size is CH, > lone pair > H atom. This 
is supported because on the proposed structure proton addition must take place from the 


3 Segel, J. Amer. Chem. Soc., 1952, 74, 851. 

* Blicke and Chi-Jung Lu, ibid., p. 3933. 

5 Ingold, J., 1921, 119, 951. ‘ 

* von Braun and Seemann, Ber., 1923, 56, 1840. 

? Philips, Manuf. Chem., 1953, 207. 

8 Schépf and Lehmann, Amnalen, 1935, 518, 1. 

® Fodor and Kovacs, J., 1953, 724. 

1” Findlay, J]. Amer. Chem. Soc., 1953, 75, 4624. 
MM 
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hindered side and the compounds will be weak bases as they are revealed to be by their 
pX, values (see Table). 


pK, values of pyrrolidine derivatives (VIII). 


Series 1 (R = R’ Series 2 (R = H) Series 3 (R = R’) 
No. R = R’ pk, No. R’ pk, No. R = R’ pK, 
1 CO,Et 4:3 4 CH,Cl 8-1 7 CH,*COMe 8-0 
2 CH,-OH 8-5 5 CH,°OH 9-5 8 CH,°CHMe-OH 9-3 
3 CH,OBz 5-2 6 CH,°OBz 8-5 9 CH,°CHMe:OBz 7-0 


Proton addition to the compounds tabulated may be considered in terms of (a) electronic 
factors, (b) steric factors, and (c) hydrogen bonding. Compound 1 shows a base-weakening, 
electron-withdrawal effect, further enhanced by the steric effect of 

CH,—CH “Ha on the two ethoxycarbonyl groups on the same side of the molecule. 


yor Hence it is a weak base (pK, 4:3). The low pK, value of 5-2 for 
— Me compound 3 indicates the importance of the steric effect since here 
ai we electron-withdrawal is virtually absent. Compound 2 has approxim- 


ately the same steric effect as compounds 1 and 3, but no electron- 
withdrawal. In addition, hydrogen bonding can occur here, as shown in (IX) where R = 
CH,°OH and this markedly enhances the base strength (pK, 8-5). 

Compound 8 (pK, 9-3) is an even stronger base than compound 2 though similar in all 
respects except that it has a ¢rans-configuration; thus the second alcoholic group is on the 
opposite side of the molecule and its steric effect cannot operate. 

Series 2 compounds exhibit only slight steric hindrance from the one substituent 
present and are all therefore fairly strong bases. In compound 5 (IX; R = H) hydrogen 
bonding can again occur and this is the strongest of our bases, no opposing steric effect being 
possible. 

The pK, values of compounds of series 3 closely resemble those of series 2 and differ 
considerably from those of series 1. They therefore possess the trans-configuration. Thus 
for compound 7 the pK, is 8-0 and for compound 4 pK, is 8-1, where only the steric factor 
can operate. Again, compounds 8 and 5 have pK, values of 9-3 and 9-5 respectively, 
with a comparable base-strengthening effect due to hydrogen bonding and a steric factor 
from not too dissimilar substituents. 

From the above evidence therefore, 2,5-di-(2-hydroxypropyl)-1-methylpyrrolidine (V) 
and its derivatives are assigned a trans-configuration. 

It is of interest that compounds of all three series exhibited at least half the local 
anesthetic effect of cocaine hydrochloride in preliminary pharmacological tests, whereas, 
by analogy with the structure of cocaine (VI), those compounds of a cis-configuration 
might have been expected to be the more active. 


EXPERIMENTAL 


2-Hydroxymethyl-1-methylpyrrolidine.—Prepared by the method of Blicke and Chi-Jung Lu‘ 
but with butyl pyroglutamate * instead of ethyl 5-oxopyrrolidine-2-carboxylate. Its meth- 
iodide (from propan-2-ol) had m. p. 296—297° (lit.,4 m. p. 293—294°). 

2-Hydroxymethyl-l-methylpyrrolidine (0-53 g.) and cinnamoyl chloride (0-93 g.) were 
refluxed for 1 hr. in dry benzene (15 ml.) and left overnight. The cinnamoyl ester hydrochloride 
crystallised from propan-2-ol as needles, m. p. 181-5° (Found: C, 63-7; H, 7-0; N, -5-05. 
CysHygO,NCI requires C, 63-9; H, 7-2; N, 5-0%). 

In a similar manner was prepared the benzoate hydrochloride, m. p. 166—168° (Found: 
C, 61-5; H, 6-9; N, 5-5. Calc. for C,s;H,,O,NCI: C, 61-05; H, 7-1; N, 5-5%), and p-nitro- 
benzoate hydrochloride, m. p. 217—218° (Found: C, 52-2; H, 5:7; N, 93. Calc. for 
C,,;H,,0,N,Cl: C, 51-9; H, 5-7; N, 9-3%). 

The p-nitrobenzoate hydrochloride was reduced to the corresponding aminobenzoate with 
iron filings and hydrochloric acid in ethanolic solution by West’s method ™ and converted into 


™ West, J., 1925, 127, 494. 
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the hydrochloride by ethereal hydrogen chloride. Recrystallisation from propan-2-ol gave buff 
needles, m. p. 175—177° (Found: C, 56-7; H, 7-1; N, 10-2. Calc. for C,sH,,O,N,Cl: C; 57-6; 
H, 7-1; N, 10-35%). 

The alcohol (0-75 g.) and phenyl isocyanate (0-75 g.) were refluxed together in sodium-dried 
ether for 2 hr. A small quantity of diphenylurea (m. p. 237°) was deposited overnight. The 
filtrate was treated with gaseous hydrogen chloride and the phenyl urethane hydrochloride 
recrystallised from propan-2-ol-ether as needles, m. p. 181—182° (Found: C, 57-2; H, 7-2; N, 
10-4. C,3H,gO,N,Cl requires C, 57-6; H, 7-2; N, 10-35%). 

2,5-Bishydroxymethyl-1-methylpyrrolidine (IV).—Ethyl meso-dibromoadipate * with methyl- 
amine in benzene gave diethyl 1-methylpyrrolidine-2,5-dicarboxylate,® b. p. 114—116°/1 mm. 
(lit. 142—146°/11 mm.), and this was reduced with lithium aluminium hydride to 2,5-bis- 
hydroxymethyl-l-methylpyrrolidine (75% yield), b. p. 96—98°/0-25 mm. (lit.,6 120— 
130°/12 mm.) (Found: C, 57-6; H, 10-3; N, 9-4. Calc. for C;H,,O,N: C, 57-9; H, 10-4; N, 
9-65%). 

- benzene solution of methylamine was prepared by liberating the gas from a 
25% commercial aqueous solution by means of solid sodium hydroxide and drying it by 
passage through a tower of sodium hydroxide and yellow mercuric oxide (to remove ammonia as 
mercuri-ammine) before absorption in benzene.’ 

The following esters were prepared from the dialcohol (IV) and the appropriate acid chloride 
in 20% excess in acetone solution and an excess of sodium hydroxide solution. The basic ester 
was isolated by ether-extraction, drying (Na,SO,), and removal oftheether. Hydrochlorides were 
obtained by treatment of an ethanolic or ethereal solution of the base with hydrogen chloride. 

Dibenzoate hydrochloride, needles (from dilute hydrochloric acid), m. p. 183° (Found: ‘C, 
65:7; H, 6:35; N, 3-5. C,,H,,O,NCl requires C, 64-7; H, 6-2; N, 3-6%); this gave the 
dibenzoate nitrate, plates, m. p. 149° (decomp.) (Found: C, 60-4; H, 5-6; N, 7-4. C,,H,,0,N, 
requires C, 60-6; H, 5-8; N, 6-7%). The dibenzoate picrate formed yellow needles (from 
ethanol), m. p. 180—181° (decomp.) (Found: C, 56-0; H, 4-6; N, 9-8. C,gH,.,.0,,N, requires 
C, 56-1; H, 4:7; N, 9-7%). 

Dicinnamate hydrochloride, needles (from propan-2-ol), m. p. 191° (Found: C, 68-4; H, 6-4; 
N, 3-2. C,;H,,0,NCI requires C, 68-0; H, 6-4; N, 3-2%). 

Di-p-nitrobenzoate, cream-coloured needles (from propan-2-ol), m. p. 143-5° (Found: C, 
57-1; H, 4:8; N, 9-3. C,,H,,O,N, requires C, 56-9; H, 4-8; N, 95%). Reduction as above 
gave the di-p-aminobenzoate, needles (from ethanol), m. p. 170° (Found: C, 65-7; H, 6-3; 
N, 11-0. C,,H,,0O,N, requires C, 65-8; H, 66; N, 11-0%). This gave a dihydrochloride as 
needles (from ethanol), m. p. 212° (decomp.) (Found: N, 9-3; Cl, 15-9. C,,H,,;0,N;,2HCl 
requires N, 9-2; Cl, 15-5%). 

The alcohol (IV) (0-5 g.) and phenyl isocyanate (0-8 ml.) in boiling dry benzene (10 ml.) (1 hr.) 
gave the bisphenylurethane, prisms (from aqueous ethanol), m. p. indefinite with gas evolution, 
softening from 92° (Found: C, 65-6; H, 6-6; N, 10-9. C,,H,,O,N, requires C, 65-8; H, 6-6; N, 
110%), which gave a hydrochloride as needles (from propan-2-ol-ether), m. p. 130—132°, 
softening from 124° (Found: C, 60-1; H, 6-2; N, 10-1. C,,H,,0,N,Cl requires C, 60-0; H, 
6-2; N, 10-0%). 

2,5-Di-(2-hydroxypropyl) -1-methylpyrrolidine (V).—2,5-Diacetonyl-1-methylpyrrolidine ® 
after four recrystallisations from light petroleum (b. p. 60—80°) formed needles, m. p. 55° 
(lit.,8 57°), b. p. 90°/0-05 mm. The succindialdehyde for its preparation was obtained by shaking 
2,5-diethoxytetrahydrofuran with twice its volume of 0-1N-hydrochloric acid for 24 hr. Reduc- 
tion of the diketone with lithium aluminium hydride gave 2,5-di-(2-hydroxypropyl)-1-methyl- 
pyrrolidine, b. p. 102—106°/0-05 mm. (Found: C, 65-5; H, 11-4; N, 7-1. C,,H,,0,N requires 
C, 65-6; H, 11-5; N, 7-0%). 

The following derivatives were prepared. 

Dibenzoate, b. p. 200—204°/0-005 mm. (Found: C, 72-0; H, 7-6; N, 3-4. C,;H;,0O,N 
requires C, 73-3; H, 7-2; N, 3-4%), which gave a picrate, needles (from ethanol), m. p. 148° 
(decomp.) (Found: C, 58-0; H, 5-2; N, 8-5. C,,H,,0,,N, requires C, 58-3; H, 5-4; N, 88%), 
and a hydrochloride monohydrate, needles (from propan-2-ol), m. p. 134—135° (Found: C, 64-3, 
64-2; H, 7-3; N, 3-0; Cl, 7-6. C,,;H3,0,NCI,H,O requires C, 64:7; H, 7-4; N, 3-0; Cl, 7-6%). 

Dicinnamate, b. p. 240—246°/0-1 mm., giving a picrate, needles (from ethanol and then 
acetone), m. p. 201-5° (decomp.) (Found: 60-3; H, 5-5; N, 8-0. C,,;H,,0,,N, requires C, 60-9; 
H, 5-55; N, 81%). The hydrochloride was an oil. 

















1040 Davies et al.: The Proton Magnetic Resonance Spectra 


Di-p-nitrobenzoate, cream-coloured needles (from ethanol), m. p. 184° (Found: C, 59-9: 
H, 5:8; N, 8-4. C,,;H,,O,N; requires C, 60-1; H, 5-85; N, 8-4%). 

The derived di-p-aminobenzoate did not crystallise, but gave a NN’-di-p-nitrobenzoy 
derivative, cream-coloured needles (from acetone), m. p. 210° (Found: C, 63-4; H, 5-2; N, 9-55, 
C3gH3,0,9N, requires C, 63-5; H, 5-3; N, 9-5%). 

The bisphenylurethane formed prisms (from ethanol), m. p. 128° (Found: C, 68-7; H, 7-6: 
N, 9-55. C,,;H,,0,N; requires C, 68-3; H, 7-55; N, 955%); its hydrochloride was an oil. 

Measurement of pKq Values.—pK, values were measured by using a Cambridge pH meter 
and glass electrode with calomel reference electrode. Solutions, in 30% ethanol, of the free 
base or hydrochloride were titrated with 0-1Nn-hydrochloric acid or 0-1N-sodium hydroxide, 
Graphs were plotted of the pH of the solution against volume of titrant added, and the pK, 
values calculated from the points of half-neutralisation. 


Microanalyses were performed by Mr. G. S. Crouch of the School of Pharmacy, University 
of London. One of us (F. P.) thanks the Pharmaceutical Society of Gt. Britain and the 
University of London for grants from their Research Funds. We also thank Messrs. T. and H. 
Smith, Edinburgh, for the gift of 2,5-diethoxytetrahydrofuran. 


THE PHARMACEUTICAL CHEMISTRY LABORATORY, COLLEGE OF TECHNOLOGY, PORTSMOUTH. 
ScHoor OF PHARMACY, UNIVERSITY OF LONDON. [Received, July 27th, 1959.) 





214. The Proton Magnetic Resonance Spectra of t-Butyl and 
Isobutyl Groups in Boron Compounds. 


By Atwyn G. Davigs, D. G. Hare, and R. F. M. Wuite. 


The proton magnetic resonance spectra of the t-butyl and isobutyl groups 
in a number of boranes, boronous and boronic anhydrides and esters, and 
boric esters have been recorded. The structure of the butyl groups and their 
location in the molecules can readily be determined. 

This technique has been used to confirm the structure of the autoxidation 
product of tri-isobutylboron, and to follow the redox rearrangement of this 
product. 


THE recent demonstration of the ready rearrangement of the t-butylboron to the iso- 
butylboron structure,! and its generalisation to other systems,? is of theoretical and 
practical interest and renders open to question the structure of some compounds involving 
these two groups. 

We have been investigating the relative reactivities of the t-butyl and the isobutyl 
group in some reactions involving partial dealkylation of di-isobutyl-t-butylboron and 
needed a method for determining the nature of the products unambiguously, on the scale 
of a few tenths of a gram. To this end we have studied the proton magnetic resonance 
spectra of some boranes, boronous and boronic anhydrides and esters, and boric esters 
containing t-butyl and isobutyl groups. We find that the structure of the butyl groups 
and their location in the molecule can readily be determined. 

The spectra obtained are recorded in Table 1. Water was used as an external 
reference. The chemical shift, 3, of a peak is given in parts per million by the dimension- 
less function 8 = Av/40, where Av is the separation in cycles/sec. between the water 
resonance and the peak; & is taken as positive when the resonance occurs at high field 
with respect to water. 

The t-butyl group, containing only one type of proton, gives a single-line spectrum 
(e.g., t-butylboronic anhydride, Fig. 1). 

The isobutyl group, if spin-spin interaction were neglected, would give three peaks of 

1 Hennion, McCusker, Ashby, and Rutkowski, J. Amer. Chem. Soc., 1957, 79, 5190; Hennion, 


McCusker, and Rutkowski, ibid., 1958, 80, 617. 
2 Brown and Subba Rao, J. Org. Chem., 1957, 22, 120. 
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relative areas 6:2:1. The CH, and CH, peaks are split into doublets by interaction 
with the CH proton, which itself appears as a large number of insignificant peaks. The iso- 
butyl group can thus be identified as two doublets, ideally of relative areas 6 (methyl) : 2 
(methylene), the separation within each doublet being 6 cycles/sec. (¢.g., tri-isobutylboron 








Proton magnetic resonance spectra. 
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and tri-isobutyl borate, Figs. 2 and 4). The t-butyl and isobutyl groups can therefore 
readily be distinguished. 

The relative positions of these characteristic peaks can give evidence of the location of 
the groups in the molecule. 

The singlet of the t-butyl group when joined to boron appears at 8 4-08—4-18 (Table 1, 
compounds 1, 4, and 7), but when joined to oxygen (compound 10) at 3-80. 

The methyls of the isobutyl group are too distant from the rest of the molecule to vary 
much in position, and the doublet is always centred at 8 4-12—4-23 (compounds 1—3, 
5—9, 11). Thus only one doublet appears for the methyl groups in isobutyl isobutyl- 
boronate (compound 6). 

On the other hand, the methylene of the isobutyl group, because of its proximity to 
the rest of the molecule, is very susceptible to the molecular environment. When joined 
to boron in boranes (compounds 1 and 2) it is centred at § 3-87—3-89; in isobutylboronous 
and isobutylboronic anhydrides (compounds 3 and 5) it moves to slightly higher field and 
brackets one of the methyl peaks, and in isobutyl isobutylboronate (compound 6) it is not 
completely resolved from the methyl peaks. If the isobutyl group is joined to an oxygen 
atom (compounds 6, 7, and 11) the methylene resonance frequency drops drastically, to a 
8 value of 1-38—1-53. 

On the basis of these data the spectrum of di-isobutyl-t-butylboron ! (compound 1; 
Fig. 3) appears to be a special case, consisting of a superposition of the spectra of the 
isobutyl and t-butyl groups shown in Figs. 1 and 2, together with an unexpected small peak 
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Bu'O-OH ¢ 4-03 4:18 1-18 1-35 


* Refers to CH,-O-B; CH,-B is not resolved from CH, in 6 and 8. ° Refers to CH,-O-O-B, 
¢ In Pr°O-OH, Bu®O-OH, n-C,H,,°O-OH, and n-C,H,,,0-OH the separation between the CH, and 
CH, protons is approx. constant at § 2-92. Our corresponding value for Bu'O-OH is 2-82. 


at 84-04. We have shown that this peak does not arise through partial autoxidation; it 
was present in three samples prepared by two different routes, and it seems unlikely that 
it could be due to an impurity. The inspection of molecular models suggests that it may 
perhaps arise through steric restriction of rotation within the molecule. We hope to 
check this by determining the spectrum over a range of temperature. 

This technique of proton magnetic resonance has now been used to investigate the 
autoxidation product of tri-isobutylboron. In dilute solution in, for example, ether, the 
borane absorbed 2 mol. of oxygen, giving 2 mol. of peroxide (iodometrically). The product 
was treated with peroxyoctanoic acid, and isobutyl alcohol and isobutyl hydroperoxide 
were then detected on the vapour-phase chromatogram in the approximate ratio of 1: 2. 
If the solvent was removed after the autoxidation a compound with the composition 
(I) could be isolated, with some loss of peroxide content which continued on storage. 
This peroxide loss probably occurs by a nucleophilic redox rearrangement of an alkyl group 
from boron to oxygen, as illustrated. 


R 
I~. JOR 
R38 + 20, —> RO-OB—O — RO-OB (R = Bu!) 
a Sor 
i (ul) 

From our previous results, the spectrum of (I) would be expected to show the usual 
large doublet for the methyl groups, centred at 8 4-12—4-23, and probably obscuring 
the small doublet for the methylene group on boron; the doublet representing the 
methyleneperoxy-groups might be expected to be located at a much lower 8-value, 
somewhere near the usual methyleneoxy-position of 1-38—1-53. Any rearrangement 
to structure (II) would show up by the appearance of this methyleneoxy-doublet at the 
expense of the methyleneperoxy- (and methyleneboron) doublets. 

The predictions are fully borne out in the observed spectrum of freshly prepared 
material (I) (Fig. 5): the methyleneperoxy-doublet is centred at 8 1-27. Fig. 6 shows the 
spectrum of the same specimen after 2-5 hr. at room temperature, and it is clear that a 
considerable amount of rearrangement to the ester (II) has already occurred. 


* Fujiwara, Katayama, and Kamio, Bull. Chem. Soc. Japan, 1959, 32, 656. 
* Abraham and Davies, J., 1959, 429; Davies and Hare, ibid., p. 438. 
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EXPERIMENTAL 


General Procedures—Organoboron compounds were prepared and handled in an atmosphere 
of dry oxygen-free nitrogen. It was often convenient to transfer small amounts of the com- 
pounds through self-sealing rubber serum caps with a hypodermic syringe (filled with nitrogen). 
For example, a sample for boron analysis was taken up into the syringe from the capped 
container, and injected into a weighed capped conical flask filled with nitrogen, which was then 
reweighed. Similarly, refractive indices were determined with a Pulfrich refractometer by 
injecting the sample on to the prism which was fitted with a rubber cap carrying a nitrogen 
supply. 

, ee procedures (particularly esters —» acids —» anhydrides) were chosen which 
could be conducted almost quantitatively on the scale of a few tenths of a gram, so that in 
subsequent work proton magnetic resonance could be used for the determination of the structure 
of very small specimens. 

Di-isobutyl-t-butylboron.—Boron trifluoride-ether complex (1 mol.) and t-butylmagnesium 
chloride (3 mol.) were caused to react in ether under nitrogen. Di-isobutyl-t-butylboron, 
isolated in 50% yield, had b. p. 49°/2-7 mm. (pot 60°), ,*° 1-4240 (lit.,1 b. p. 50—51°/3-3 
mm., 48—49°/2-7 mm., #,*° 1-4244) (Found: B, 5-9. Calc. for C,,H,,B: B, 5-9%). It was 
-O-B sealed in capsules under nitrogen as previously described.‘ It showed infrared absorption 
i, and} peaks at 7-93 and 8-93 yu (calibrated against the spectrum of ammonia); Hennion, McCusker, 

: and Rutkowski! report 8-0 and 8-95 u. A second preparation by the same method gave a 
; product with similar physical properties. 
on; it The same compound was obtained in an attempt to prepare isobutyl-t-butylboronous acid 
y that | by treating boron trifluoride (1 mol.) successively with t-butylmagnesium bromide (1 mol.), 





t may ie and isobutylmagnesium bromide (1 mol.). The di-isobutyl-t-butylboron produced had b. p. 
ype to 56°/4 mm. (pot + 60°), 2,” 1-4235. The infrared and nuclear magnetic resonance spectra were 
similar to those of the two previous products. 
te the Tri-isobutylboron.—Di-isobutyl-t-butylboron was heated under reflux at atmospheric 
pressure for 0-5 hr. to isomerise it to tri-isobutylboron. The product was then fractionally 
T, the distilled and sealed under nitrogen: it had b. p. 189—190°/751 mm., m,% 1-4200 (lit.,1 b. p. 
‘oduct 188°, n,*° 1-4203) (Found: B, 5-9%), Vmax, 7°87 and 8-81 y (lit.,! 7-83 and 8-8 y). 
roxide Isobutylboronous Acid and Anhydride.—A capsule of tri-isobutylboron (1-003 g., 1-0 mol.) 
[1:2 was broken in dry ether (3 c.c.) under nitrogen by a technique similar to that described for 
sition | experiments with the gas burette.4 Anhydrous hydrogen peroxide (0-1875 g., 1-0 mol.) in 
orage. : ether (3-38 c.c.) was then added from a dropping funnel during 0-75 hr. to the stirred solution 
group at 0°; stirring was then continued for 3 hr. at 0°. The clear solution was transferred to one 
limb of a molecular still of inverted Y design and degassed at <0-005 mm. Ether and iso- 
butyl alcohol were removed into the second limb at —75°, leaving isobutylboronous acid as a 
white solid which was sublimed into a receiver at —180°. It melted at 93—95° with dehydration. 
The infrared spectrum showed the presence of a strong OH absorption. The acid was too 
insoluble in carbon disulphide and carbon tetrachloride to permit accurate nuclear magnetic 
resonance measurements. It was therefore dehydrated by storage overnight in one limb of the 
apparatus at 18 mm., the second limb containing phosphoric oxide. IJsobutylboronous anhydride 
was obtained as a colourless oil (Found: B, 8-9. C,,H;,B,O requires B, 8-15%). 
usual t-Butylboronic Acid.—We are very grateful to Dr. M. F. Lappert for a specimen of t-butyl- 
curing boronic anhydride; it was hydrolysed immediately in an excess of water, and the product was 
g the recrystallised from water, and dried, giving t-butylboronic acid, m. p. 106°. 
value, Isobutylboronic Acid.—n-Buty] isobutylboronate was given us by Dr. Lappert. More was 
ement prepared by treating n-butyl borate with isobutylmagnesium bromide by a method similar to 
ot that described for the preparation of n-butyl s-butylboronate.* The product was isolated in 
47% yield as a colourless oil, b. p. 105°/15 mm., n,* 1-4113. 
Boronic esters appear to be more resistant to hydrolysis than are the corresponding boronous 
>pared or boric esters. The acid was obtained as follows. The boronic ester (15 g.) and water (25 c.c.) 
ws the were heated together at 100°, a butanol—water azeotrope distilling. When the residual liquid 
that a was homogeneous it was cooled to 0°; isobutylboronic acid crystallised as plates. After two 


recrystallisations from water, the pure acid (3-2 g.) had m. p. 113° (lit.,5 113°) (Found: B, 10-2. 
Calc. for C,H,,0,B: B, 10-6%). 


® Letsinger and Skoog, J. Amer. Chem. Soc., 1954, 76, 4174. 
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t-Butylboronic Anhydride.—Boronic acids could not efficiently be dehydrated over phos- 
phoric oxide by the method used for the boronous acids. Reaction with thionyl chloride, 
however, gave the anhydrides in almost quantitative yield. 

Redistilled thionyl chloride (0-40 c.c., 3 mol.) was added to t-butylboronic acid (0-1890 g., 
1 mol.) in the molecular still illustrated previously. Hydrogen chloride and sulphur dioxide 
were evolved in a reaction which was vigorous but endothermic. The mixture was heated 
under reflux for 1 hr., and the excess of thionyl chloride removed at 10 mm. The cold-finger 
condenser at —80° was then turned into the position for distillation, and t-butylboronic 
anhydride (0-140 g.), b. p. 100° (bath)/10 mm., was collected in the side arm. The infrared and 
nuclear magnetic resonance spectra showed that no rearrangement to the isobutyl structure 
had occurred. 

Isobutylboronic Anhydride.—Isobutylboronic acid was dehydrated with thionyl chloride as 
above, giving isobutylboronic anhydride (Found: B, 13-0. Calc. for C,H,BO: B, 12-9%). 

Isobutyl Isobutylboronate.—A capsule of tri-isobutylboron (1-2423 g.) was broken in a flask 
filled with nitrogen, and transferred, loosely stoppered, to a glove-box full of dry air. Autoxid- 
ation to the boronate took place over a period of 42 days. 

Isobutyl t-Butylboronate.—A capsule of t-butylboronic anhydride (0-3 g.) was broken in 
isobutan-l-ol in a distilling flask, and the solution slowly fractionated, giving first the water- 
isobutanol azeotrope, then isobutanol, and finally isobutyl t-butylboronate, b. p. 81—82°/7-4 mm. 
(Found: C, 66-5; H, 12-6. C,,H,,BO, requires C, 67-3; H, 12-6%). 

Isobutyl Hydroperoxide.—This compound was prepared by the “inverse ’’ autoxidation of 
isobutylmagnesium chloride at —80°.7* The crude material (46% pure; equivalent to a 13% 
yield of hydroperoxide) was purified from alcohol and aldehyde in batches of 1-5—2-0 g. by 
gas-liquid chromatography on a column (}” x 12’) of Silicone Elastomer 301 on kieselguhr at 
82° in a Griffin and George Mark II apparatus fitted with a device for collection of fractions.® 
The product had an infrared band at 11-52 uw, characteristic of the O—-O link, but also at 5-83 
indicating the presence of a carbonyl-containing impurity with a retention time very slightly 
greater than that of the hydroperoxide; this did not complicate the interpretation of the 
nuclear magnetic resonance spectrum. 

Autoxidation of Tri-isobutylboron.—The autoxidations were carried out at the gas-burette 
as described earlier.‘ The peroxide contents of the products were determined iodometrically. 
We have since found that quantitative hydrogenation gives slightly higher, and, we believe, 
more accurate results. The values given here are therefore minimal. The results are recorded 
in Table 2. 

TABLE 2. Autoxidation of tri-isobutylboron. 


Bu',B Time O, absorbed Peroxide formed 
Solvent ¢ (g-) (min.) (mol.) (mol.) 
DOOD sche hadenatengeseatedosyetarenien 0-2358 40° 1-91 1-84 
) Sree ssekenenscenapewnd 0-3020 70 1-93 1-86 
Peete 2... ore, 0-3654 180 0-0 0-0 
Mr Laghascsb Silécktaacsb. chlceche 0-3042 50 1-82 1-69 
PMD nadnetin ta bndca aes wewe coneste 0-3089 25 1-84 1-76 
RIS: esareenteandivernnhiodhesscuebyne 0-2654 180 1-54 1-42 


*50c.c. ° for 90% reaction. * We have established with other boron alkyls that autoxidation 
in carbon tetrachloride induces oxidation of the solvent; alkyl chloride and carbonyl chloride are 
major products. 


Isolation of Isobutyldi-(isobutylperoxy)boron.—A capsule of tri-isobutylboron (1-2565 g.) was 
broken in dry ether (500 c.c.) through which nitrogen was passed, to give a dilute solution of 
the alkyl before autoxidation commenced. Oxygen was then dispersed through the solution 
for 7-5 hr., giving a product containing 1-96 mol. of peroxide. Stringent precautions were 
taken throughout to exclude moisture. The resulting solution was filtered from broken glass 
in the glove-box and from one half of the filtrate the ether was removed under reduced pressure, 
giving isobutyldi-(isobutylperoxy)boron as a colourless oil, m,* 1-4134 (Found: C, 58-9; 
H, 11-3; B, 4-4; peroxidic O, 20-2. Calc. for C,,H,,BO,: C, 58-5; H, 11-1; B, 4:4; peroxidic 
O, 26-0%). The low value of the peroxide content shows that some redox rearrangement had 
® Davies and Moodie, J., 1958, 2372. 

? Walling and Buckler, J]. Amer. Chem. Soc., 1955, 77, 6032. 


8’ M. H. Abraham, Thesis, London, 1957. 
® Napier and Rodda, Chem. and Ind., 1958, 1319. 
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occurred during the working up, and this was confirmed by the presence of a small methyleneoxy- 
doublet in the proton magnetic resonance spectrum. The spectrum shown in Fig. -5 was 
obtained by carrying through the filtration, evaporation, and spectral measurement within 
10 min. of the end of the autoxidation. 

The other half of the filtrate was concentrated to 6 c.c. at room temperature, and peroxy- 
octanoic acid 2° (0-56 g., 1-0 mol.) in dry ether (20 c.c.) was added. After 1 hr. at room tem- 
perature, water (0-189 g., 3 mol.) was added to hydrolyse the boric ester, the mixture was 
stirred for 1 hr., and all the volatile material was removed at room temperature and 1 mm. into 
a trap at —75°. On the vapour-phase chromatogram " the distillate showed that isobutanol 
and isobutyl hydroperoxide, in the approx. molar ratio of 1: 2, were the only products. 

Proton Magnetic Resonance,—Spectra were obtained with a Varian V-4300 B high-resolution 
spectrometer operating at 40 mc/sec. Because of their sensitivity to air the compounds were 
sealed under dry nitrogen in tubes of 2—3 mm. external diameter. The sample tube was 
placed in a tube of 5 mm. external diameter, and the annular space could be filled with water 
for use as an external reference. When a number of specimens of the same compound were 
investigated, mean values of 8 are given in Table 1; individual values did not differ by more 
than +0-02. The spectra were calibrated by the sideband technique.™ 

No correction has been made for magnetic-susceptibility differences. In a series of such 
closely related compounds it is reasonable to expect such differences to be small; the constancy 
in position of the methyl peak of the isobutyl groups supports this assumption. 


We are grateful to Professors E. D. Hughes, F.R.S., and Sir Christopher Ingold, F.R.S., for 
their interest and encouragement, and to Mr. F. G. Bloss and Mr. P. J. Chaffe for technical 
assistance. 


Wiit1aM RAMSAY AND RALPH ForsTER LABORATORIES, 
UnIvErRsITty COLLEGE, Lonpon, W.C.1. [Received, September 2nd, 1959.] 


10 Parker, Ricciuti, Ogg, and Swern, J. Amer. Chem. Soc., 1955, '77, 4037. 
11 Abraham, Davies, Llewellyn, and Thain, Analyt. Chim. Acta, 1957, 17, 499. 
12 Arnold and Packard, J. Chem. Phys., 1951, 19, 1608. 





215. The Preparation of Mixed Pinacols by Cathodic Reduction, and a 
Study of Some of Their Chemical Reactivities. 


By M. J. ALLEN, (Miss) J. A. SrrAGusA, and W. Pierson. 


Reductive coupling of 4-methoxyacetophenone with 4-amino- and 4-di- 
methylamino-acetophenone to yield the mixed pinacols is achieved by 
electrolysis at a mercury cathode. In dilute acid these pinacols rearrange 
to the unconjugated pinacones, which on reduction and treatment with acid 
yield styrenes. The pinacols, when treated with concentrated acid, undergo 
dehydration and ring closure to give indenes. 

THE mixed pinacol obtained by reductive coupling of 4-dimethylaminoacetophenone and 
4-methoxyacetophenone was earlier! isolated by fractional crystallization of the basic 
fraction from isopropyl ether. Recently we found a more practical separation of the mixed 
pinacol from its symmetrical associates in chromatography on alumina. As a result 
we were able to investigate some of the reactivities of pinacols prepared by cathodic 
reductive coupling of 4-methoxy- with 4-amino- and 4-dimethylamino-acetophenone. The 
methoxyl content of the basic fractions indicated the amounts of mixed pinacol formed, 
which could be checked by means of the nitrogen contents, the results (see Table) showing 
satisfactory agreement. The presence of small amounts of basic products other than 
pinacols ? is, however, not excluded, though these would not greatly affect the calculated 
end values. ‘ 

As shown in the chart the mixed pinacols (I), on treatment with boiling n-hydrochloric 
acid, yielded the pinacones (II), whose infrared spectra showed a carbonyl band in the 


1 Levine and Allen, J., 1952, 254. 
* Allen and Corwin, J. Amer Chem. Soc., 1950, 72, 114. 
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1700 cm. region indicative of an unconjugated ketone. The pinacones were further 
identified by conversion into their oximes. Reduction of the pinacones with sodium and 
propyl alcohol followed by reaction with boiling hydrochloric acid gave compounds whose 
absorption in the region of 255—270 my is indicative of a styrene (III) rather than a 
stilbene (which would have an absorption in the 235—240 my region). 


Allen, Siragusa, and Pierson: The Preparation of 





H Me 


pinacols 





2e . 
R*CgHyCOMe + Me-CO-C,H,-OMe ——> RC Hep—TCaHcOMe 4. Symmetrical 


(R = NH, or NMe,) Me OH (I) 
if Ny 
7 i Me | r Me 
R°CyH R CHa l | GH inf _comin 
C=CMe, <— -CH‘OH| <— Pecos gk LO 
MeO-C,H,” MeO-C,H,~ t MeO-C,H,” | \/ 
(Il) Me Me (II) (IV) 


Reagents: |, N-HCI, b. p. 2, Na-PrOH. 3, H*. 4, Conc. HCI, room temp. 


The pinacols, upon reaction at room temperature for 70 hr. with concentrated hydro- 
chloric acid, gave the corresponding indenes (IV). By utilizing the mechanism previously 
described for the formation of indene from pinacol® the positions of the methoxy- and 
amino-substituents are assigned on the basis of the fact that it has been found quite 
difficult to cause the pinacol of 4-methoxyacetophenone to undergo dehydration,* whereas 
the pinacols of 4-amino- and 4-dimethylamino-acetophenone are readily dehydrated to [| 
the corresponding indenes.® 





EXPERIMENTAL 


The electrolysis cells were similar to those previously described for reactions performed at 
the b. p.6 A porous membrane separated the mercury cathode from the nickel anode. The 
Redoxotrol used for the controlled-potential reductions has also been described.” The reference 
potentials at which the electrolyses were performed were obtained from a voltammetric curve 
under conditions identical with those used preparatively. 

Cathodic Reductions.—Equimolar quantities of each ketone were used. The anolyte was 40% 
aqueous potassium carbonate, and the reactions were performed at the b. p. (82—83°). The 
results are outlined in the Table. 





p-MeO-C,H,-COMe (71:27 g. 



















-NH,-C,H,-COMe (63-72 g. 
p 2 


EtOH (590 ml.) 


) p-MeO-C,H,°COMe (12 g.) 
) p-NMe,°C,H,-COMe (13-04 g.) 
EtOH (100 ml.) 


H,O (402 ml.) H,O (68 ml.) 

Catholyte KOAc (354 g.) KOAc (60 g.) 
Reference potential vs S.C.E._...... —1-8 —1-95v 
Cathode area (cm.*) ...............000005 112-2 52-0 
Emitial QMPSTAGS  ......05:0ccceeccecoecee 5-0 6-95 
PT IID se vscsescectcdeccscoscccese 0-7 0-5 
Initial applied voltage .................. 5:3 11-0 
Final applied voltage ..............+.+- 3-0 3-95 
Electrolysis time (min.) to current 

POM evecnessstvsedeccscecsvevesdveces 571 75 

Coulombs passed ............cc.seccecees 


Wt. of basic fraction (g.) ............... 


85,005 (93-2%) 
62-5 


14,452 (93-7%) 
16-25 


OMe in basic fraction (%) ............ 5-39 5-82 
Mixed pinacol in basic fraction (%) 49-9 59-2 

Yield of mixed pinacol (%) ............ 23-09 38-17 
N, calc. in basic fraction (%) ......... 6-10 7-58 
DE LURE esdhesdcexesaontndetnsnepeasae 6-19 7-62 





* Allen and Corwin, J. Amer. Chem. Soc., 1950, '72, 117. 
* Price and Mueller, J]. Amer. Chem. Soc., 1944, 66, 634. 
§ Allen and Corwin, /. Amer. Chem. Soc., 1950, 72, 117; Allen, J., 1951, 1598. 
* Allen and Cohen, /. Amer. Electrochem. Soc., 1959, 106, 451. 

7 Allen, Canad. J. Chem., 1959, 37, 257. 
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Isolation of Pinacols.—(a) 2-p-Aminophenyl-3-p-methoxyphenylbutane-2,3-diol (I; R= 
NH,). The catholyte obtained from the electrolysis was evaporated to an oil under reduced 
pressure. This was washed with water, dissolved in methylene chloride (1500 ml.), and 
extracted with n-hydrochloric acid (3 x 480 ml.). The symmetrical pinacol of 4-methoxy- 
acetophenone remained in the methylene chloride. The acid extracts were combined, made 
basic, and extracted with methylene chloride (3 x 300 ml.). The combined extracts, when 
kept, yielded a crystalline precipitate, as 2,3-di-(p-aminophenyl)butane-2,3-diol,* m. p. 247— 
248°. The methylene chloride filtrate was dried (Na,SO,) and evaporated to a viscous amber oil 
(62:5 g.). This was chromatographed in benzene (3 1.) on neutral alumina (Woelm; activity 
No. 3; 3 kg.). The column was eluted with benzene (2 x 31.) and then with 3: 1 benzene— 
ether (11 x 31.) The benzene-ether fractions gave oily solids (28-07 g.) which on repeated 
extraction with hot cyclohexane and decolorization with norite gave pale yellow crystals 
(13-4 g.) of 2-p-aminophenyl-3-p-methoxyphenyloutane-2,3-diol, m. p. 137—138° (Found: C, 70-95; 
H, 7:2. C,,H,,O3;N requires C, 71-1; H, 7-4%). 

Additional quantities of this mixed pinacol could be obtained from the cyclohexane filtrate 
by evaporation and distillation of the residue. The fraction distilling at 160—190°/0-01 mm. 
was collected and crystallized from cyclohexane. In this manner it was possible to obtain 
2-01 g. of mixed pinacol, m. p. 137—138°, from 7-35 g. of residue. 

(b) 2-p-Dimethylaminophenyl - 3 - p-methoxyphenylbutane - 2,3-diol (I; R = NMe,). The 
catholyte, treated as described above, gave a neutral fraction containing the pinacol of 
4-methoxyacetophenone and a basic fraction (16-25 g.). The basic fraction was dissolved in 
ether (50 ml.) and left at room temperature for 2 days, during which a white precipitate formed 
and was collected. This was identified as the pinacol,* m. p. 163—164°, of 4-dimethylamino- 
acetophenone. The filtrate was evaporated and the residue (13-55 g.) dissolved in 1: 1 pentane— 
benzene and chromatographed as described above. The column was eluted with 1: 1 pentane- 
benzene (11 x 500 ml.), benzene (15 x 500 ml.), and finally 3: 1 benzene—ether (6 x 500 ml.). 
The residue (8-07 g.) obtained from the benzene elutions was a mixture of the mixed pinacol 
and the pinacol of 4-dimethylaminoacetophenone. The latter compound, since it was insoluble 
in ether, could be separated by trituration of the residue with ether and filtration. The filtrate 
was then evaporated and the residue (3-69 g.) combined with that (3-70 g.) obtained from 
evaporation of the 3: 1 benzene-ether eluate. Recrystallization from ether—pentane gave white 
needles (5-3 g.), m. p. 124—125°, identified as 2-p-dimethylaminophenyl-3-p-methoxphenyl- 
butane 2,3-diol.} 

3-p-A minophenyl-3-p-methoxyphenylbutan-2-one (II; R = NH,).—A solution of 2-p-amino- 
phenyl-3-methoxypheny1-2,3-butanediol (4-0 g.) in N-hydrochloric acid (120 ml.) was refluxed for 
5} hr., chilled, and then made basic with aqueous potassium hydroxide. This was extracted 
with methylene chloride (3 x 75 ml.), and the extracts were dried (Na,SO,), filtered, and 
evaporated. The residue was distilled and the fraction distilling at 140—170°/0-01 mm. collected 
(2-92 g.) (Found: C, 76-65; H, 7-0; N, 5-3. C,,H,gO,N requires C, 75-8; H, 7-1; N, 5:2%). 
The infrared spectrum of this ketone shows a carbonyl band at 1706 cm.?. Attempts to 
crystallize it failed. 

Refluxing the ketone (0-4 g.) with hydroxylamine hydrochloride (0-4 g.) and potassium 
hydroxide (2-0 g.) in 95% ethanol (20 ml.) for 2 hr. gave the oxime (0-4 g.), m. p. 156—157° 
(from 60% ethanol) (Found: C, 72-1; H, 7-3; N, 9-8. C,H gO,N, requires C, 71-8; H, 7-1; 
N, 985%). 

p-(1-p-Methoxyphenyl-2-methylpropenyl)aniline (IIL; R = NH,).—To the ketone described 
above (2-92 g.) in boiling anhydrous n-propyl alcohol (60 ml.) sodium (3-6 g.) was added portion- 
wise during 1 hr., and the solution then refluxed for an additional 1} hr. Water (100 ml.) was 
added and most of the alcohol removed by distillation. The oily layer which was formed was 
extracted with ether (3 x 30 ml.), the ether extracts were dried (Na,SO,) and evaporated, and 
the residue (2-35 g.) was refluxed with concentrated hydrochloric acid (25 ml.) and water 
(25 ml.) for 3 hr. Immediately upon onset of reflux a precipitate began to be formed. The 
chilled solution was filtered, and the white solid collected [2-01 g.; m. p. 223—232° (decomp.)]. 
Recrystallization from water gave the hydrochloride, m. p. 234—238° (decomp.) (Found: C, 
70-3; 7-2; N, 4-9; Cl, 12-6. C,,HgONCI requires C, 70-45; H, 7-0; N, 4-8; Cl, 12-2%). The 
derived free base had m. p. 84—85° (Found: C, 80-7; H, 7-5; N, 5-6. C,,H,,ON requires C, 
80-6; H, 7-6; N, 56%); Amax, 256 mu. 

* Allen, J., 1951, 1598. 
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6-A mino-2-p-methoxyphenyl-3-methylindene (IV; R = NH,).—The pinacol (1; R = NH) 
(1-0 g.) was dissolved in concentrated hydrochloric acid (40 ml.). The solution rapidly became 
bright yellow and semisolid material was precipitated. After 70 hr. at room temperature the 
mixture was chilled and kept at < 10° while aqueous potassium hydroxide was added until a pH 
of 9—10 had been achieved. Extraction with methylene chloride yielded an amber residue 
(0-97 g.). This was distilled and the fraction of b. p. 153—165°/0-001 mm. collected (0-52 g.). 
Trituration with ether followed by recrystallization from ether gave the indene (0-51 g.), m. p. 
136° (Found: C, 81-0; H, 6-9; N, 5-6. C,,H,,ON requires C, 81-2; H, 6-8; N, 5-6%), 
Vnax. 820 (s) and 850 (w) cm.~ (1,2,4-trisubstituted benzene). 

3-p-Dimethylaminophenyl-3-methoxyphenylbutan-2-one.—The crossed pinacol (2-0 g.) of 4-di- 
methylamino- and 4-methoxy-acetophenones was refluxed in N-hydrochloric acid for 5 hr, 
Working up as above gave a crude ketone (1-97 g.), b. p. 148—160°/0-001 mm. (1-80 g.), v.. 
1705 cm.*1 (C=O). This free base discoloured rather rapidly and attempts to prepare the usual 
salts failed. The oxime, obtained as above, had m. p. 177—178° after recrystallization (from 
60% ethanol) (Found: C, 72-8; H, 8-9. C,,H,,O,N, requires C, 73-1; H, 7-7; N, 9-0%). 

p-(1-p-Methoxyphenyl-2-methylpropenyl)-NN-dimethylaniline—The freshly distilled crude 
ketone (0-94 g.) was heated in n-propyl alcohol while sodium (1-04 g.) was added during 1 hr, 
After refluxing for an additional 14 hr. the mixture was treated as previously described. The 
crude alcohol (0-90 g.) was refluxed for 3 hr. in concentrated hydrochloric acid (15 ml.) and water 
(15 ml.). From this was obtained an oil (0-797 g.) which, when dissolved in a minimum amount 
of hot ethanol and chilled overnight, gave crystals (0-24 g.) of the ethylene, m. p. 93—94° (Found: 
C, 80-9; H, 8-4; N, 5-15. CygH,,ON requires C, 81-1; H, 8-2; N, 5-0%), Amax, 268—270 my. 
Chromatography of the mother-liquor on neutral alumina (activity No. 1) yielded an additional 
0-12 g. of the compound. 

6-Dimethylamino-2-p-methoxyphenyl-3-methylindene.—The pinacol (I; R = NMe,) (1-0 g,) 
was dissolved in concentrated hydrochloric acid and left at room temperature for 70 hr. From 
this was obtained, as described previously, an amber oil (0-908 g.). Distillation and crystalliz- 
ation from anhydrous ethanol gave the indene (0-32 g.), m. p. 1836—137° (Found: C, 81-5; H, 
7-6; N, 5-1. C,,H,,ON requires C, 81:7; H, 7-6; N, 5-0%). 

RESEARCH Division, CIBA PHARMACEUTICAL Propucts INc. 

Summit, New Jersey, U.S.A. [Received, September 17th, 1959.) 


216. The Condensation of Benzoin with 3-Chloropropane-|,2-diol 
and 2,3-Epoxypropyl Chloride. 


By VLADIMIR PETROW and OLIVER STEPHENSON. 


Condensation of benzoin with 3-chloropropane-1,2-diol and 2,3-epoxy- 
propyl chlorides under a variety of experimental conditions has been 
examined and some of the products have been identified. 


EXTENDING our earlier studies on aryloxyhydroxypropylamines +? we have examined 
the condensation of benzoin with 3-chloropropane-1,2-diol and 2,3-epoxypropyl chloride, 
hoping thereby to obtain 1-chloro-3-(2-oxo-1,2-diphenylethoxy)propan-2-ol and thence 
derived amines, which were required for pharmacological study. 

Benzoin with the chloro-diol in the presence of toluene-p-sulphonic acid? gave a 
mixture of ketals (I; R = Cl) from which only the higher-melting isomer (A) was obtained 
pure, albeit with some difficulty. A mixture of lower-melting isomeric ketals (B), free 
from isomer (A), was also isolated, but for our study of the general reactions the original 
mixed ketals (C), which contained (A), (B), and other isomers, were used. Their structures 
followed from (i) their infrared absorption spectra which revealed the presence of ether and 
hydroxyl-oxygen and the absence of carbonyl and ethylenic groups, and (ii) their ready 
hydrolysis to benzoin by mineral acid. Attempts at inter-conversion of the isomers were 


1 Beasley, Petrow, and Stephenson, J. Pharm. Pharmacol., 1958, 10, 47. 
® Boggiano, Petrow, Stephenson, and Wild, J., 1959, 1143. 
* Cf. Petrow, Stephenson, and Thomas, ]. Pharm. Pharmacol., 1956, 8, 666. 
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not successful. Long heating of the mixture (C) with a trace of iodine in benzene led to 
dehydration and molecular rearrangement with formation of, inter alia, 2-chloromethyl- 
2,3-dihydro-5,6-diphenyl-1,4-dioxin (IV; R = Cl) (see below). Simple refluxing of the 
isomers (C) with ethanediol led to trans-ketalisation with formation of 2,3-dihydro-5,6-di- 
phenyl-1,4-dioxin in over 80% yield. 

Reaction of the ketals (C) with sodium ethoxide led to dehydrohalogenation with form- 
ation of isomers of 4,5-diphenyl-3,6,8-trioxabicyclo[3,2,l]octane (II). The higher-melting 


JOH CHR Fora OCH GH:CHAR 
Piri | PhiHC4 | Ph:HC 
|,o—-cH —> 1O-CHH  —> | -O—Ch, 
Ph-C. | Pace ‘ PhrC. 
O—CH, o—cH, O—CH, 
(1) | (II) (11) 
CH,R CH, 
P maa Ph ot 
we CH, Pv, at He tg 
so’ 2 ‘o” 2 Ry 2 
(IV) (V) (VI) 


form of the ketal (A) passed largely into a labile isomer (II) (m. p. 129°) which was converted 
by hydrochloric acid into a stable isomer (m. p. 134°). The lower-melting fraction (B) of 
the ketals, in contrast, reacted more slowly with the alkaline reagent to give the stable 
isomer (II) (m. p. 134°) together with a mixture of ethoxy-ketals (I; R = OEt). 

Treatment of the mixture (C) with #-nitrobenzoyl chloride in pyridine yielded mixed 
esters from which the least soluble [corresponding to isomer (A)] was readily isolated and 
likewise was converted into the labile form of the bicyclo-compound (IT) on reaction with 
alkali. The stable isomer (II) was also obtained, in moderate yield, by condensing benzoin 
with glycerol at 150° in the presence of hydrogen chloride, the reaction probably involving 
intermediate formation of the ketal (I; R = OH). 

Formulation of these products as isomeric trioxabicyclo-octanes (II) is supported by 
their stability to hydrolysis by hot mineral acid and their infrared absorption spectra which 
reveal the presence of only ether-linked oxygen groups. 

Examination of atomic models permits tentative conclusions regarding the stereo- 
chemistry of the isomers (II). It seems likely that the stable isomer is represented by 
structure (VII) in which both phenyl groups are equatorial and the 6-membered ring has 
the chair conformation. The labile isomer may then be represented by structure (VIII) 
in which the 4-phenyl group has the axial configuration whilst the 6-membered ring retains 
the chair conformation. The alternative formulation of the labile isomer as the boat 
structure (IX) is considered less likely as in this case the phenyl groups are eclipsed. 
Conversion of the labile isomer (VIII) into the stable form (VII) would then proceed by a 
mechanism involving hydride transfer with initial formation of the oxonium ion (X) (cf. 
ref. 4), which may be expected to pass into the more stable form (XIV) by way of (XI) and 
(XIII) with consequent inversion at C4). 

The isomeric ketals (C) (I; R = Cl) with ammonia at 150° in an autoclave gave ca. 8% 
of the corresponding amine hydrochloride (I; R = NH,,HC1), together with larger quantities 
of the stable isomer (II) and of benzoin. When morpholine was employed, all forms of 
the ketal (I; R= Cl) were converted into the same morpholino-derivative (I; R = 
N<[CH,°CH,], >0), presumably by inversion of the isomers when in the cationic form. The 
structure of this product was established by its acid hydrolysis to benzoin and 4-(2,3-di- 
hydroxypropyl)morpholine. With boiling aniline the isomers (C) (I; R= Cl) yielded 
2,3-diphenylindole, also obtained from benzoin and aniline hydrochloride.5 


* Woodward, J. Amer. Chem. Soc., 1958, 80, 6693. 
° Japp and Murray, Ber., 1893, 26, 2638. 
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Condensation of benzoin and 3-chloropropane-1,2-diol at 120—140° with hydrogen 
chloride as catalyst was next examined. The main product proved to be 2-chloromethyl- 
2,3-dihydro-5,6-diphenyl-1,4-dioxin (IV; R= Cl), accompanied by smaller quantities 
of the dioxolans (I; R= Cl) and tetraphenylfuran.6 The reaction probably proceeds 
through the ketals (I; R= Cl), as these form the main product under less vigorous 
conditions and are themselves converted into the dioxin (IV; R = Cl) by the chloro-dio] 
at 140°. The dioxin (IV; R = Cl), which was isolated in labile and stable crystalline 
forms, reacted metathetically with morpholine and with 1,2,3,6-tetrahydropyridine. 





(VIII) 
Ph H 
I 1 | 
H-C-O- H7C-O- 3 Ph-C-O- Ph-C-O- 
if ST + unite ». + oni ! 
k-¢-O- Ph-C=O Ph-C=O- Ph-C-O- 
2 C : 
H-O= H-O- H-O- o 
(X) (XI) (XII1) (XIV) 


The dioxin (IV; R= Cl) surprisingly proved stable to boiling aqueous ethanolic 
sodium carbonate, but was converted by methanolic potassium hydroxide into 2,3-di- 
hydro-2-methylene-5,6-diphenyl-1,4-dioxin (V), which on mild acid hydrolysis furnished 
benzoin acetonyl ether (VI) and smaller amounts of hydroxyacetone and benzoin. 

Finally, we examined the condensation of benzoin with 2,3-epoxypropyl chloride in the 
presence of catalysts, but again failed to obtain the required 1-chloro-3-(2-oxo-1,2-diphenyl- 
ethoxy)propan-2-ol. We ascribed this lack of success to the effect of the carbonyl 
group in benzoin upon the normal reactivity of the hydroxyl group with epoxypropyl 
chloride. To overcome this difficulty, we converted benzoin into the ethylene ketal ? and 
condensed the latter with 2,3-epoxypropyl chloride in the presence of stannic chloride as 
catalyst: ® the required normal condensation product (III; R = Cl) was obtained. Meta- 
thesis with morpholine gave the expected morpholino-derivative, but cautious deketalis- 
ation of this was accompanied by loss of the elements of water and formation of the dioxin 
(IV; R= N<[CH,°CH,],>0). Attempted hydrolysis of the chlorohydrin (III; R = Cl) 
with sodium formate in ethanediol ® gave a gum [presumably (III; R = OH)], smoothly 
converted into the trioxabicyclo-octane (II) on acid hydrolysis. Hydrolysis of the 
chlorohydrin (III; R = Cl) with hot mineral acid yielded the dioxin (IV; R = Cl). 


EXPERIMENTAL 


Infrared spectra were kindly determined by Mr. M. T. Davies, B.Sc., and Miss D. F. 
Dobson, B.Sc. 

4-Chloromethyl-2-a-hydroxybenzyl-2-phenyl-1,3-dioxolan (I; R = Cl).—A solution of benzoin 
(159 g.) in 3-chloropropane-1,2-diol (300 ml.) containing toluene-p-sulphonic acid (1 g.) was 
heated at 120° for 1 hr., slight vacuum being applied at intervals to remove the water formed. 
Excess of chlorohydrin was removed at 0-5 mm., the viscous residue dissolved in chloroform and 


Zinin, J. prakt. Chem., 1921, 101, 160. 

Salmi, Tamminen, and Louhenkuru, Suomen Kem., 1947, 20, B, 1. 

Van Zyl, Zuidema, Zack, and Kromann, J. Amer. Chem. Soc., 1953, '75, 5002. 
Beasley, Petrow, Stephenson, and Wild, J. Pharm. Pharmacol., 1959, 11, 36. 
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washed with dilute sodium carbonate solution, then with water, and the extract concentrated. 
Dilution of the residual oil with light petroleum (b. p. 60—80°) furnished the product (C) (169 g.) 
in feathery needles, m. p. 80—90°. Repeated crystallisation from light petroleum (b. p. 60— 
g0°), then from methanol, furnished isomer A, m. p. 118—119° (Found: C, 66-8; H, 5-6; Cl, 
11-9. C,,H,,O,Cl requires C, 67-0; H, 5-6; Cl,11-7%). The most soluble fraction gave mixture 
B, m. p. 85—89° (Found: C, 67-0; H, 5-4; Cl, 12-1%). 

The infrared spectra of the isomers (A) and (B) in carbon disulphide and carbon tetrachloride 
were indistinguishable with strong hydroxyl bands at 3582 (3590), strong ether bands at 1233, 
1193, 1178, and 1154 (1235, 1194, 1178, and 1152) and strong bands due to C—O(H) stretching at 
1059, 1045, 1025, and 1004 cm.* (1062, 1046, 1027, and 1005 cm.") [figures for isomers (B) are 
in parentheses]. In addition the spectra confirmed the absence of carbonyl and stilbene groups. 

Concentration of the reaction mother-liquors gave a gum which was distilled at 0-3 mm., 
to yield fractions, (a) b. p. 130—160° (11-8 g.), mainly benzoin, and (6) b. p. 160—172° (33-3 g.); 
the latter on treatment with light petroleum (b. p. 60—80°) yielded the dioxolan (17-8 g., m. p. 
76—95°). Concentration of the light petroleum furnished 2-chloromethyl-2,3-dihydro-5,6-di- 
phenyl-1,4-dioxin (2-8 g.), m. p. 71—73°, not depressed on admixture with an authentic specimen 
see below). 

Reactions of the Mixed Isomers (C).—(a) Hydrolysis with aqueous-ethanolic 2N-hydrochloric 
acid on the steam-bath for 1-5 hr. yielded benzoin (94%), m. p. 135—137°. 

(b) The dioxolans (5-0 g.) in ethanediol (25 ml.) were heated at reflux temperature for 2-5 hr., 
yielding 2,3-dihydro-5,6-diphenyl-1,4-dioxin (3-05 g., 78%), plates m. p. 93—95° (from aqueous 
ethanol). The m. p. was not depressed on admixture with an authentic specimen. 

(c) The dioxolans (15 g.) in benzene (50 ml.) containing iodine (100 mg.) were heated at the 
b. p. for 50 hr. and the product was distilled at 0-1 mm., to yield fractions, (i) b. p. 130° (3-0 g.), 
m. p. 94—95° (from methanol) not depressed on admixture with benzil, (ii) b. p. 148—160° 
(6-8 g.), yielding 2-chloromethyl-2,3-dihydro-5,6-diphenyl-1,4-dioxin (3-6 g.), m. p. 72—74°, in 
colourless prisms from methanol. 

(d) The dioxolans (5 g.) were heated in morpholine (15 ml.) on the steam-bath for 16 hr. 
Excess of base was removed under reduced pressure, the residue treated with water, and the 
base isolated with chloroform. 2-a-Hydroxybenzyl-4-morpholinomethyl-2-phenyl-1,3-dioxolan 
formed a thick amber gum (5 g.), b. p. 198—200°/0-2 mm., which yielded a hydrochloride, colour- 
less prisms (from ethanol), m. p. 231—233° (Found: C, 64:1; H, 6-4; N, 3-7; Cl, 94. 
C,,H,,0,NCl requires C, 64-3; H, 6-7; N, 3-6; Cl, 9-1%). 

The foregoing hydrochloride (4-0 g.) was heated in N-hydrochloric acid (50 ml.) on the 
steam-bath for 6 hr. Benzoin (2-03 g., 94%), m. p. 136—137°, separated on cooling. The 
aqueous filtrate, evaporated to dryness under reduced pressure, yielded 3-morpholinopropane- 
1,2-diol hydrochloride, prisms, m. p. 99—100° (Found: C, 42-1; H, 8-0; N, 6-9. C,H,,O,NCl 
requires C, 42-5; H, 8-2; N, 7-1%). 

(e) The dioxolans (20 g.) were heated in aniline (50 ml.) for 5 hr., then the excess of aniline 
was removed under reduced pressure, yielding 2,3-diphenylindole (6-4 g.), m. p. and mixed m. p. 
124—125° (Found: C, 89-0; H, 5-6; N, 5-4. Calc. for CygH,,N: C, 89-2; H, 5-6; N, 52%) 
after crystallisation from methanol and then from light petroleum (b. p. 80—100°). 

Action of Alkali on 4-Chloromethyl-2-a-hydroxybenzyl-2-phenyl-1,3-dioxolan.—(a) A solution 
of the dioxolans (C) (60-9 g.) in ethanol (200 ml.) was heated with sodium ethoxide solution 
(2 equiv.) [from sodium (9-2 g.) and ethanol (250 ml.)] for 8 hr., with concentration to half-bulk 
during the last hour. Dilution with water followed by extraction with chloroform furnished the 
stable isomer of 4,5-diphenyl-3,6,8-trioxabicyclo[3,2,lloctane (18-5 g.), needles, m. p. 132—134° 
(from methanol) (Found: C, 75-8; H, 5-9. C,,H,,O,; requires C, 76:1; H, 6-0%). 
Concentration of the methanolic filtrate yielded a smaller quantity of the labile isomer (6-1 g.), 
m. p. 128—129° (from methanol) (Found: C, 76-6; H, 6-3%). Dilution of the reaction mother- 
liquors furnished an oil (19-6 g.), b. p. 160°/0-1 mm. Analysis (Found: C, 71-0; H, 5-8; Cl, 
84%) showed that hydrolysis was incomplete. A portion of the oil (4 g.) in ethanol (20 ml.) 
containing concentrated hydrochloric acid (3 ml.) was heated for 30 min. on the steam-bath, 
giving benzoin (2-48 g., 92%), m’ p. 185—137°. The rest of the oil (15 g.) was heated with 
sodium ethoxide solution [prepared from sodium (3-45 g.) in ethanol (50 ml.)] at the b. p. for 
12 hr., yielding a small quantity of the labile bicyclo-compound (II) and viscous fractions, 
(a) b. p. 130—150°/0-1 mm. (3-5 g.) (Found: C, 75-5; H, 6-0; Cl, 0-9%), and (b) b. p. 
160°/0-1 mm. (1-5 g.) (Found: C, 72-6; H, 6-1; Cl, 10%). Fraction (a) crystallised slowly and 
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was presumably crude bicyclo-compound (II). Fraction (b) (1-0 g.), hydrolysed by aqueous. 
alcoholic hydrochloric acid, gave benzoin (0-57 g.), m. p. 134°, and was therefore presumably a 
ketal of type (I; R = OEt). 

(b) The high-melting isomer (A) (3-04 g.) of the dioxolan was heated under reflux with 
sodium ethoxide (4 equiv.) in ethanol (55 ml.) for 6 hr. Separation of sodium chloride was 
rapid. Dilution with water furnished solids (2-4 g.) which on crystallisation from methano] 
gave the labile isomer (II) (1-7 g.), m. p. 126—128°. 

Conversion of the Labile Isomer (11) into the Stable Isomer.—A solution of the labile isomer 
(0-4 g.) in ethanol (10 ml.) containing concentrated hydrochloric acid (0-5 ml.) was heated on the 
steam-bath for 1 hr. Dilution with water furnished solids (0-35 g.), m. p. 131—133°. The 
m. p. was unchanged on admixture with the stable isomer (II), but was strongly depressed on 
admixture with the labile isomer (II). 

The infrared spectra of the stable isomer of 4,5-diphenyl-3,6,8-trioxabicyclo[3,2, lJoctane in 
carbon disulphide and carbon tetrachloride showed strong or medium bands at: m 3057, 3028; 
s 2941, 2891, 2862; m 1498, 1478; s 1454; m 1376, 1354; s 1324, 1300, 1289, 1228, 1122, 1100; 
m 1039; s 1021, 995, 963; m 908, 876; s 763; m 746; s 690 cm... For the labile isomer 
bands were at: m 3060, 3036; s 2961; m 2887, 1494; s 1452; m 1355, 1329; s 1308; m 1287; 
s 1232; m 1193; s 1125, 1101; m 1091, 1081, 1053, 1039; s 1010, 982, 928; m 909, 854, 830: 
s 753, 670 cm."1. Weak bands for the two isomers showed similar discrepancies. 

Condensation of Benzoin with Glycerol.—A suspension of benzoin (53 g.) in glycerol (92 g.) 
was saturated with hydrogen chloride and heated with stirring at 150° for 2 hr. The 
hot mixture was poured with stirring into water, and the thick oil isolated with chloroform. 
Distillation at 0-4 mm. yielded fractions, (a) b. p. 140° (19 g.) (unchanged benzoin), (b) b. p. 
160—180° (26-4 g.), and (c) 15 g., high-boiling residue. Fraction (b) yielded the stable isomer 
of 4,5-dipheny1-3,6,8-trioxabicyclo[3,2,l]octane (II) (12-9 g.), m. p. 132—134° (from methanol). 

Stability of the Stable Isomer (11).—(a) A solution of the compound (2-5 g.) in ethanol (50 m1.), 
saturated with hydrogen chloride, was heated under reflux for 8 hr. Unchanged material 
(1-6 g.) separated on cooling. The filtrate contained ethyl benzoate and gave a precipitate with 
2,4-dinitrophenylhydrazine. (b) The compound (6-7 g.) was heated in benzylamine (18 g.) at 
170—180° for 6-5 hr. After removal of the benzylamine at reduced pressure crystallisation of 
the residual solids from methanol gave unchanged material (6-1 g.), m. p. 130—132°. 

Action of Ammonia on 4-Chloromethyl-2-a-hydroxybenzyl-2-phenyl-1,3-dioxolan.—The isomers 
(C) (20 g.) were heated in ethanol (300 ml.) with ammonia solution (200 ml.; d 0-880) under 
pressure at 140—150° for 5-5 hr. Concentration under reduced pressure yielded the stable 
isomer (4-65 g.) of 4,5-diphenyl-3,6,8-trioxabicyclo[3,2,ljoctane (II), m. p. 130—132° (from 
methanol). The methanolic mother-liquors deposited 4-aminomethyl-2-a-hydroxybenzyl-2- 
phenyl-1,3-dioxolan hydrochloride (1-45 g.) (Found: C, 63-5; H, 6-4; N, 4-6; Cl, 11-0. 
Cy,H9O,NCI requires C, 63-4; H, 6-3; N, 4-4; Cl, 11-0%), feathery needles, m. p. 208—209° 
(from ethanol). Further concentration yielded benzoin (6-9 g.), m. p. 132—135°. 

p-Nitrobenzoate of 4-Chloromethyl-2-a-hydroxybenzyl-2-phenyl-1,3-dioxolan.—A solution of the 
isomers (C) (16-4 g.) in pyridine (50 ml.) was treated with p-nitrobenzoyl chlorides (10 g.) added 
in portions with shaking and cooling. The mixture was heated on the steam-batk sor 20 min., 
cooled, and poured on ice, and the product was isolated with chloroform. Concentration and 
dilution with light petroleum (b. p. 60—80°) furnished solids (20-5 g.) which yielded a sparingly 
soluble isomer (4-45 g.), m. p. 168—169° (from ethanol) (Found: C, 63-8; H, 4-2; N, 3-1; Cl, 
7:9. Cy gH,9O,NCl requires C, 63-5; H, 4:4; N, 3-1; Cl, 78%). The mother-liquors furnished 
a solid (12 g.), m. p. 104—110°, which gave a small amount of a second isomer, m. p. 122—125° 
(Found: C, 63-6; H, 4:5; N, 3-3; Cl, 8-2%) after repeated crystallisation from light petroleum 
(b. p. 60—80°) and then from methanol. 

Action of Alkali on the p-Nitrobenzoates.—(a) The isomer of m. p. 168—169° (2-7 g.), 
suspended in ethanol (30 ml.), was treated with potassium hydroxide (1-7 g.) in methanol 
(20 ml.) on the steam-bath for 3 hr., yielding the labile isomer (1-28 g., 80%) of 4,5-diphenyl- 
3,6,8-trioxabicyclo[3,2,ljoctane (II), m. p. 126—128°. (b) The isomers of m. p. 104—110° 
(4-54 g.) similarly yielded the stable form (0-65 g., 25%), m. p. 131—133°. Dilution of the 
filtrate gave crude solids (1-45 g.), m. p. 80—96°. Heating these (0-2 g.) in ethanol (6 ml.) 
containing concentrated hydrochloric acid (1 ml.) on the steam-bath for a short period gave 
benzoin (0-1 g.), m. p. 131—133° (from methanol). 
2-Chloromethyl-2,3-dihydro-5,6-diphenyl-1,4-dioxin (IV; R = Cl).—A solution of benzoin 
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(40 g.) in 3-chloropropane-1, 2-diol (75 ml.) containing a trace of hydrogen chloride was heated 
to 140—150°, then distilled slowly under reduced pressure during 1 hr. to remove about half of 
the chlorohydrin. The hot residue was poured into water, and the product isolated with chloro- 
form. Distillation at 0-15 mm. yielded fractions, (a) b. p. 142° (11-5 g.) (unchanged benzoin) 
and (b) b. p. 152—158° (34:8 g.) which gave 2-chloromethyl-2,3-dihydro-5,6-diphenyl-1,4-dioxin 
(27-0 g.) as short colourless prisms, m. p. 72—74° (Found: C, 71:3; H, 53; Cl, 12-5. 
Cy,H,,0,Cl requires C, 71-2; H, 5-3; Cl, 12-4%), from methanol. In an early experiment the 
compound was obtained with m. p. 61—63° (Found: C, 71-2; H, 5-2; Cl, 12-6%) in the white 
feathery needles of a labile polymorphic form. The infrared spectra of the two forms in carbon 
disulphide and carbon tetrachloride were indistinguishable, showing a strong stilbene band at 
1638 and strong bands at 1273, 1247, 1146, 1137, 1113, 1099, 972, 910, 760, and 694 cm."}, 
confirming additionally the absence of carbonyl and hydroxyl groups. 

Excess of hydrogen chloride in the foregoing condensation led to increased yields of higher- 
boiling products including tetraphenylfuran,® plates, m. p. 174—175° [from light petroleum 
(b. p. 60—80°)] (Found: C, 90-4; H, 5-2. Calc. for C,,H,,O: C, 90-3; H, 5-4%). 

2,3-Dihydro-2-morpholinomethyl-5,6-diphenyl-1,4-dioxin (IV; R = NC[CH,°CH,], >O).—2- 
Chloromethyl-2,3-dihydro-5,6-diphenyl-1,4-dioxin (2 g.) and morpholine (6 ml.) were heated on 
the steam-bath for 20 hr. After addition of water the base was isolated with chloroform. 
Treatment with ethanolic hydrogen chloride furnished the hydrochloride, needles, m. p. 220— 
222° (from ethanol-ether) (Found: C, 67-7; H, 6-5; N, 3-8; Cl, 9-7. C,,H,,O,NCI requires 
C, 67-4; H, 6-5; N, 3-8; Cl, 95%). The picrate (Found: N, 9-8. C,,H,,0,)N, requires N, 

9-9%) separated from ethanol in light yellow needles, m. p. 215—216° (decomp.). 

2,3-Dihydro-5,6-diphenyl-2-(1,2,3,6-tetrahydropyridino)-1,4-dioxin hydrochloride, m. p. 235— 
236° (decomp.) (Found: C, 71-0; H, 6-8; N, 3-6; Cl, 9-5. C,,H,,O,NCI requires C, 71-4; H, 
6-5; N, 3-8; Cl, 9-6%), separated from ethanol in needles. 

2,3-Dihydvo-2-methylene-5,6-diphenyl-1,4-dioxin (V).—2-Chloromethyl-2,3-dihydro-5,6-di- 
phenyl-1,4-dioxin (28-7 g.) in ethanol (100 ml.) was heated with sodium ethoxide (2 equiv.) 
[from sodium (4-6 g.) in ethanol (70 ml.)] for 8hr. The whole was filtered hot and the precipitate 
washed with a little hot ethanol. The product (17 g.) formed needles, m. p. 89—90° (Found: 
C, 81-6; H, 5-4. C,,H,,O, requires C, 81-6; H, 5-6%), from methanol. It (1-0 g.) in acetic acid 
was treated with cooling with a slight excess of bromine in acetic acid. Dilution with aqueous 
sodium acetate gave benzil (0-41 g.), m. p. 96—98°. The infrared spectrum of the methylene 
compound (V) in carbon tetrachloride showed a strong band (1665 cm.~) due to the combined 
stilbene-methylene groups. Absence of hydroxyl and carbonyl groups was confirmed. Strong 
ether bands (1129 and 1077 cm.) were shown in carbon disulphide solution. In the related 
2,3-dihydro-5,6-diphenyl-1,4-dioxin the infrared spectrum showed a strong stilbene band at a 
lower wavelength (1636 cm.~). 

Acid-hydrolysis of 2,3-Dihydro-2-methylene-5,6-diphenyl-1,4-dioxin.—The compound (1-0 g.) 
in ethanol (20 ml.) containing concentrated hydrochloric acid (2 ml.) was heated on the steam- 
bath for 1 hr., then the whole was concentrated and diluted with water and the oil was isolated 
with chloroform. The aqueous extract heated with 2,4-dinitrophenylhydrazine reagent gave 
pyruvaldehyde bis-2,4-dinitrophenylhydrazone, red needles, m. p. 301° (decomp.) (from anisole) 
(Found: C, 41-8; H, 2-9. Calc. for C,,H,,O,N,: C, 41-7; H, 28%). Evaporation of the 
chloroform extract left a gum which crystallised from methanol to yield benzoin acetonyl ether 
(VI) (0-4 g.) (Found: C, 76-1; H, 6-2. C,,H,,O, requires C, 76-1; H, 6-0%), having m. p. 85— 
86° after further crystallisation from light petroleum (b. p. 60—80°) [disemicarbazone, m. p. 221— 
222° (decomp.) (Found: C, 59-8; H, 5-8; N, 22-0. C,sH,,0O,N, requires C, 59-7; H, 5-8; N, 
22-0%)]. Concentration of the alcoholic washings from the disemicarbazone yielded a small 
amount of benzoin semicarbazone, m. p. and mixed m. p. 202—204° (decomp.). The infrared 
spectrum of the dione in chloroform showed strong bands at 1722 and 1690 cm.“ in agreement 
with the diketonic structure, whilst in carbon disulphide the spectrum showed strong ether 
bands at 1180 and 1123 cm.*!. Absence of hydroxyl and stilbene groups was confirmed. 

Reaction of Benzoin with Ethanediol (cf. ref. 10).—(a) Benzoin (53 g.) was heated in hot 
ethanediol (150 ml.) with toluene-f-sulphonic acid (1 g.) at 120—130° for about 1 hr., slight 
vacuum being applied at intervals to remove water. Excess of diol was removed under reduced 
pressure and the residue diluted with water. 2-«-Hydroxybenzyl-2-phenyl-1,3-dioxolan formed 
needles, m. p. 146—147° (from benzene) (Found: C, 75-3; H, 6-3. C,,H,,O, requires C, 75-0; 
10 Summerbell and Berger, J. Amer. Chem. Soc., 1959, 81, 633. 
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H, 6-3%). (b) A solution of benzoin (53 g.) in ethanediol (350 ml.) containing hydrogen chloride 
(6 g.) was heated to 120° for 1 hr., water being removed at intervals by the application of a slight 
vacuum. Excess of diol was removed at 40 mm., the residue was diluted with water, and the 
solids were extracted with chloroform. Concentration of the chloroform and dilution with 
light petroleum (b. p. 60—80°) yielded the aforementioned dioxolan (25 g.), m. p. 146—147°, 
Concentration of the mother-liquors afforded solids (27-9 g.), m. p. ca. 90°, which yielded 2,3-dj- 
hydro-5,6-diphenyl-1,4-dioxin, having m. p. 95—97° (Found: C, 80-1; H, 6-0. C,,H,,0, 
requires C, 80-6; H, 5-9%) after crystallisation from methanol and light petroleum (b. p. 60—~ 
80°). (c) The dioxolan (12 g.), when heated under reflux in ethanediol (100 ml.) containing 
hydrogen chloride (3 g.), yielded the 1,4-dioxin, m. p. 95—97°. 

A solution of the 1,4-dioxin (1-0 g.) in acetic acid (20 ml.) was treated with a slight excess of 
bromine in the same solvent with cooling. Dilution with aqueous sodium acetate yielded 
benzil (0-65 g., 74%), m. p. 95—97°. 

A solution of the 1,4-dioxin (5-95 g.) in acetic acid (15 ml.) was added in portions with cooling 
to a solution of peracetic acid prepared from 30% hydrogen peroxide (5-7 g.) in acetic acid 
(25 ml.). The mixture was heated at 70—75° for 5 hr. Dilution with water yielded benzoic 
acid (2-5 g.), m. p. and mixed m. p. 120—122°. 

The infrared spectrum of the 1,4-dioxin in carbon disulphide showed a strong stilbene band 
(1636 cm.~) and ether bands (1135 and 1106 cm.~4), and confirmed the absence of hydroxy] and 
carbonyl groups. 

Condensation of 2-x-Hydroxybenzyl-2-phenyl-1,3-dioxolan with 2,3-Epoxypropyl Chloride.—A 
solution of the dioxolan (25-6 g.) in dry benzene (100 ml.) was treated with stannic chloride 
(0-5 ml.), then heated to the b. p., and 2,3-epoxypropyl chloride (9-3 g.) was added dropwise 
during 5 min. The mixture was then heated for 5 hr. Unchanged dioxolan (5 g.) separated on 
cooling and was removed. The benzene solution was just basified with ammonia, washed with 
water, and concentrated, and the residual oil distilled at 0-2 mm. to yield fractions, (a) b. p. 
140—160° (3-9 g.), (b) b. p. 166—200° (12-8 g.), and (c) b. p. 200—230° (5 g.). Fraction (a) was 
mainly unchanged dioxolan. Fraction (b), on refractionation, yielded «-(3-chloro-2-hydroxy- 
propoxy)benzyl-2-phenyl-1,3-dioxolan (III; R = Cl), b. p. 185°/0-5 mm. (Found: C, 65-0; H, 
5-9. C,,H,,O,Cl requires C, 65-4; H, 6-1%). This chlorohydrin was heated with a slight 
excess of morpholine on the steam-bath for 20 hr. The resultant base yielded 2-«-(2-hydroxy-3- 
morpholinopropoxy)benzyl-2-phenyl-1,3-dioxolan hydrochloride (Found: C, 63-2; H, 7-1; N, 3-4; 
Cl, 8-3. C,H ,90;NCl requires C, 63-4; H, 6-9; N, 3-2; Cl, 8-2%), plates, m. p. 193—194° 
(from ethanol-ether). 

This hydrochloride (1-3 g.) in ethanol (20 ml.) containing concentrated hydrochloric acid 
(2 ml.) was heated at the b. p. for Lhr. After removal of solvents, the gummy residue crystal- 
lised from ethanol-ether, yielding 2,3-dihydro-2-morpholinomethyl-5,6-diphenyl-1,4-dioxin 
hydrochloride (0-88 g., 79%), m. p. and mixed m. p. 220—222°. 

The chlorohydrin (III; R = Cl) (4-5 g.) was heated in ethanol (30 ml.) containing 6N-hydro- 
chloric acid (10 ml.) on the steam-bath for 1 hr. The solution was diluted, and the oil isolated 
with chloroform. Crystallisation from aqueous methanol yielded 2-chloromethyl-2,3-dihydro- 
5,6-diphenyl-1,4-dioxin (1-5 g., 40%), m. p. and mixed m. p. 70—72°. 

The chlorohydrin (III; R = Cl) (2-3 g.) was heated in ethanediol (15 ml.) containing sodium 
formate (0-68 g.) under reflux for 2 hr.® Excess of solvent was removed under reduced pressure, 
the residue diluted with water, and the oil isolated with chloroform and heated in ethanol 
(8 ml.) containing concentrated hydrochloric acid (5 ml.) on the steam-bath for l hr. The solids 
which separated on cooling yielded the stable isomer of 4,5-diphenyl-3,6,8-trioxabicyclo(3,2, 1]- 
octane (II) (0-85 g.), m. p. and mixed m. p. 132—134° (from methanol). 


The authors thank the Directors of The British Drug Houses Ltd. for permission to publish 
this work. 
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217. Some Calculations of the Activation Energies for Inversion 
of Diphenyl and a Number of ortho-Halogenated Diphenyls. 


By K. E. How ett. 


Westheimer and Mayer’s method for calculating minimal energy states 
for various molecular conformations which involve intramolecular non- 
bonded interactions is modified and extended. In this form it is used to 
determine the energy barriers hindering free rotation of the benzene rings in 
diphenyl and a number of 2,2’- and 2,6-dihalogeno- and 2,2’,6,6’-tetra- 
halogeno-diphenyls. The calculated values are discussed in relation to the 
available experimental information. 


In an earlier paper,! some calculations of non-bonded interactions involving hydrogen 
atoms were presented. These calculations were relatively crude in that Cartesian, rather 
than normal co-ordinates were used throughout, and limited allowance was made for 
molecular deformation. The results did indicate, however, that Hirschfelder and Linnett’s 
potential function * for the *} repulsive state of the hydrogen molecule is suitable for the 
description of non-bonded interactions between hydrogen atoms which are already bound 
to other atoms. Some years ago Hill,? and Westheimer and Mayer ‘ derived more general 
and less approximate methods for the calculation of intramolecular non-bonded energies 
and illustrated their uses for, inter al., boron trifluoride complexes and substituted diphenyls. 
Detailed calculations of non-bonded interactions have also been presented by Hughes, 
Ingold, de la Mare, and their co-workers ® for the transition complexes in certain bimole- 
cular substitutions. Sustained interest in the stereochemistry of diphenyl and its deriv- 
atives, together with the advent of experimental values for certain non-bonded interaction 
energies prompted the work now described. The object was to calculate the activation 
energies for inversion of diphenyl itself and of a number of poly-o-halogenated diphenyls. 
In practice this is reduced to the estimation of the energy difference between the planar 
and the orthogonal conformations for each compound, a modified form being used of the 
treatment developed by Westheimer and Mayer, and used by Westheimer for 2,2’-dibromo-® 
and 2,2’-di-iodo-diphenyl’ derivatives and in extended form for 5,5’,6,6’-tetraiododiphenyl- 
3,3’-dicarboxylic acid.?- The chief errors in this type of calculation are considered by 
Westheimer. 

The argument and method of calculation adopted here are given first. 

The inversion of a diphenyl molecule involves passage through the planar state. The 
difference between the energies of this transition state and the normal (near orthogonal) 
state may be considered to arise from four causes: (a) van der Waals forces operate 
between the 2-, 2’-, 6-, and 6’-groups. These forces, being non-bonding, are entirely 
repulsive at the internuclear distances involved, and are much higher in the planar than in 
the orthogonal state. (b) The change in energy caused by (a) is reduced by deformation, 
the deformation extending ideally over all the normal co-ordinates of the molecule. 
(c) In the planar state the molecule has a stabilisation energy due to x-electron overlap 
between the rings. This is absent from the orthogonal conformation. (d) There are 
significant alterations in dipole-dipole interaction effects between ortho-carbon-halogen 
bonds as their relative orientations change. 

It is, however, very difficult to carry out a variational treatment minimising all these 


1 Howlett, J., 1957, 4353. 

* Hirschfelder and Linnett, J. Chem. Phys., 1950, 18, 130. 

° Hill, ibid., 1946, 14, 465; 1948/16, 399, 938. 

* Westheimer and Mayer, ibid., 1946, 14, 733. 

° Dostrovsky, Hughes, and Ingold, J., 1946, 173; dela Mare, Fowden, Hughes, Ingold, and Mackie, 
J., 1955, 3200. 

* Westheimer, J. Chem. Phys., 1947, 15, 252. 

* Rieger and Westheimer, J. Amer. Chem. Soc., 1950, 72, 19. 
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energy effects to find the ground state, even when only the planar and orthogonal conform. 
ations are studied. The effects of (a) and (b) are therefore minimised first and the effects 
of (c) and (d) added to the result. This involves no error for (c) but implies a slight over. 
estimate for (d). It is easily seen, however, that the error from this cause is much lower 
than 1 kcal. mole because dipole-dipole repulsion energies diminish relatively slowly 
with distance. . 

Accordingly, the energy of a diphenyl molecule over that of its ordinary bonded state 
is written initially as 


E= 2g? + A, exp (—d,/e,) + Agexp(—d,/e.) - . . . (I) 


where g; is a displacement in a normal co-ordinate, k; is the attendant force constant, and 
the two steric repulsion terms caused by close approach of ortho-groups are assumed to 
have the form given, in which A; and 9; are constants for a particular atomic pair which 
are separated by a distance d;. The summation should be made over all the normal 
co-ordinates. These are, however, unknown for the cases being considered, and therefore, 
following the suggestion of Westheimer and Mayer, normal co-ordinates for the carbon 
atoms of the benzene rings together with force constants for the central part of the molecule 
are used. 

For small displacements one can write the distances d; as linear functions of the changes 
in the co-ordinates. These functions are calculable from the molecular geometry. Thus 


d, = dy + Sdigi and dg=dy+ dog . . - . . (2) 





















in which d,) and dy. are the internuclear distances in the absence of molecular distortion, 
and the summations extend over all co-ordinates. Substitution of eqns. (2) into eqn. (1) 
yields 


E = $3 hig? + A; exp {—dyo/ey — (22i9:)/e1} + Aa exp{—dao/P2 — (Deigi)/P2} (3) 
The energy may be minimised by setting 8E/8g; equal to zero, 1.e., 
0 = kigi* — (A,);/e;) exp {—dyp/, — (> bi9i*) /3} — (Ag¢i/P2) exp {—dao/Pg — (Scigi*)/eo} (4) 


where q;* is the displacement in the distorted configuration of minimum energy. Since 
this configuration is a definite one, the g;* values and the van der Waals potentials for this 
state are definite and have single values. These particular repulsion terms 


V, = A, exp {—dyo/e, — (2 bigs*)/1} 
and V_ = Az exp {—dao/eg — (Seig*)/P2} re ee 
simplify eqn. (4) to 
kigi* — 6:V/0, — :Ve/eg = 0 Trt a eee ee 
for each co-ordinate, whence 











Gi* = OV Joshi + CV o/eohki nee oe ee 


Two cases must now be considered. 
(A) If the two pairs of passing ortho-groups in the transition state are identical, so that 


of = (k+alVaek «1. ese ow ws & 
For this symmetrical case, combination of eqns. (8) and (5), for example by setting 
V, = V(V,V;), gives 
V, = A, exp {—dyo/p, — (V/20,2) 5 (bi + c)2/Ai} - - - e Y) 
This is easily solved numerically if the values of (b; + c;)®/k; are tabulated. We now have 


Emin. = SHi(gi*)? + 2V, = (Vy2/20,2)D (bi + ci)*/Fi + 2V, . ~~ (10) 
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(B) For the unsymmetrical case in which the pairs of passing groups are dissimilar 





form- 
feck it is. convenient to effect some simplification of the symbolism. Substitution of eqn. (7) 
over- into eqn. (5) yields 
oa Vy = Ay exp {—dyoley — (Le) D5i(biVa/erks + eV s/eghi)} 
y 
and Vo = Ay exp {—adyg/eg — (1/P2) Sci(biVilerki + CV o/eahi)} 
State which can be written 
4) V, = B, exp (—pV, — qV2) 
and V. = B, exp (—qV, — rV4) 
eH in which p, q, and r represent the summations $,2/kip,”, Sbici/kipye2, and Sc,*/kip.? and 
<a B, = Acexp (—digled)- 
74 : Then log. V, + pV, = log, B, — qV, and log. V, + rV, = log. B, — qV, 
.rbon I which can be solved to give 
ecul , 
‘ loge [{loge (By/V3) — pVy}/qBy] + r{log. (By/V,) — pVi}/q + qv, = 90 
The and loge [{loge (Bz/V2) — rVg}/qBy) + pfloge (B,/V2) — rVa}/qg +qv,=0. (11) 
2) or alternatively, V, being found, 
Ve = {loge (B,/V3) — pV 3/q 
vs The equations (11) can be solved in the same way as eqn. (9), and finally 
Enin. = pV 2/2 + qQV,V.+1V27/2+V,+V, . . . . (12) 
(3) Egns.(10) and (12) thus represent the energy minima of (say) planar conformations when 
effects caused by (a) and (0) only are considered. 
For certain of the polyhalogenodiphenyls, changes in dipole-dipole interaction energies 
(4) with intramolecular rotation are significant. For 2,6-dihalogenodiphenyls there is no 
Since ff difference in dipolar interaction energy for any conformational isomer obtained by rotation 
r this about the 1,l’-bond. For 2,2’-dihalogenodiphenyls which invert through the ¢trans 
activated state, dipolar repulsions are negligible in the transition state, but just appreciable 
in the normal state. For these molecules, therefore, polarity of the bonds in the ortho- 
positions slightly lowers the activation energy of inversion. 
(5) For some compounds, ¢.g., the tetra-ortho-substituted diphenyls, dipolar repulsions 
become important. For these cases an assessment of the effect in the planar state 
(6) requires the calculation of the actual molecular configuration in this state. This is 
accomplished by using eqn. (7) or (8). For both normal and transition states the dipolar 
(7) energy is estimated by assuming point dipoles to be situated on the carbon—halogen bonds 


0-75 A from the aromatic carbon atoms. These point dipoles are assumed to be separated 
by a medium of dielectric constant 2-5. Any dipolar character of C-C and C-H bonds is 
» that neglected. 


The stabilisation energy of the planar state of all the diphenyls considered here is 


(8) taken § as 6-96 kcal. mole. This figure was estimated for diphenyl itself and is presumably 
an overestimate for all the other compounds considered because the 1,1’-bond is elongated in 
-tting minimising the repulsion energy between the ortho-substituents. However, the maximum 
variation in the calculated displacement co-ordinate for the extension of this bond is from 
(9) 0-025 A in diphenyl to 0-078 A in tetraiododiphenyl so that the stabilisation energy arising 


from electron overlap is not likely to change markedly. 
In order to make the computations detailed above, it is necessary to assume values for 
* Guy, J. Chim. phys., 1949, 46, 469. 


have 


1058 Howlett: Activation Energies for Inversion of Diphenyl 


the molecular dimensions, bond dipole moments of the carbon—halogen linkages, bond 
bending and stretching force constants, and the van der Waals potentials between ortho. 
substituents. When relevant, these assumed quantities are taken to apply to all the 
molecules considered. 

The 1,1’-bond in all compounds is assumed to have an unstrained length of 1-54 A in the 
orthogonal conformation, and 1-50 A in the planar state. The former assumption is not 
critical, but some degree of shortening must attend the assumed increase in overlap of 
electron density as the phenyl groups approach coplanarity. Other assumed bond lengths 
are given in Table 1; they are generally within 0-01 A of the values recommended by 
Sutton e¢ al.® All unstrained interbond angles are taken to be 120°. The carbon—halogen 
bond electric moments used in the calculations are the dipole moments of the corresponding 
monohalogenobenzenes. These are also listed in Table 1. 


TABLE 1. Assumed bond lengths and dipole moments. 


C-H C-F C-Cl C-Br 
Bond length (A) . 1-08 1-31 1-69 1-86 
Dipole moment (Dp) — 1-57 1-69 1-71 


TABLE 2. Assumed force constants. 
C-F C-Cl C-Br C-I 
hk (dyne cm.-! x 10-5) . 6-2 3-8 3-3 2-8 
Interbond angle C-C-F c-C-Cl C-C-Br C-C-I 
k (dyne rad.-* x 1 . 1-42 1-08 0-97 0-84 


Force constants for the deformations of the benzerie skeletons are taken from Wilson 
and from Westheimer,® and the latter’s suggestion for the force constant of the 1,1’-bond 
is taken to apply to the planar state for all the molecules. The other force constants for 
the central parts of the molecules are, in general, not available experimentally, but are 
estimated by analogy as follows. Kohlrausch™ gives k = 5-02 x 10° dyne cm.* for 
radial stretching of the C-H bonds in benzene. This was obtained by applying Wilson’s 
equations to his own assignment of the Raman spectrum of benzene. More accurate 
assignments of the benzene fundamentals are now available and use of these data in 
conjunction with Wilson’s equations gives 5-06 x 10° dyne cm. for this force constant. 
This minor correction is here disregarded because the last figure is of doubtful significance. 
Crawford and Brinkley ™ calculated k = 4-79 x 10° dyne cm.* for the stretching of the 
aliphatic C-H bond. The values, also given by Crawford and Brinkley, for the stretching 
force constants of aliphatic C-halogen bonds are therefore increased by the fraction 
5-02/4-79 in order to obtain the desired aromatic C-halogen stretching force constants. 
A somewhat similar method is used for estimating bond bending force constants. Kohl- 
rausch gives k = 0-737 x 10° dyne cm." for in-plane bending of the C-H bonds in benzene. 
In conjunction with Westheimer’s assumed dimensions (C-C = 1-40 A; C-H = 1-08 A) 
this is equivalent to 0-86 x 10 dyne radian. Kohlrausch considered, however, that 
this constant was the least satisfactory of his assignments, but the result is confirmed by 
modern assignments of the fundamentals. It is most directly obtained from Kohlrausch’s 
eqn. 3 

* “ Tables of Interatomic Distances and Configurations in Molecules and Ions,’”’ Ed. Sutton, Spec. 
Publ. Chem. Soc., 1958. 

10 Wilson, Phys. Rev., 1934, 45, 706. 

11 Kohlrausch, Z. phys. Chem., B, 1935, 30, 305. 

12 See compilation by Herzberg, “‘ Infrared and Raman Spectra,” Van Nostrand, New York, 1945, 
based largely on Angus, Ingold, and Leckie, J., 1936, 925; and Bailey, Hale, Ingold, and Thompson, 


J., 1936, 931. 
18 Crawford and Brinkley, J. Chem. Phys., 1941, 9, 69. 
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9 being in wave numbers and masses (m) in relative atomic weights. The Raman line at 
2454 cm.“ has been assigned ™ as 2v,, so that ¥, = 1230 cm., whence kogqg = 0°71 x 105 
dyne cm.*, which is not significantly different from the value used by Westheimer. It 
may be noted that use of Pitzer’s tentative alternative assignment for ¥, would yield a 


force constant some 11% higher. Crawford and Brinkley’s value for H-C-H bending is 
0-557 x 10 dyne radian“, and since no consistent set of C-C-halogen bending constants 


is available, their H-C~halogen figures were increased by the fraction 0-86/0-557. The 
force constants obtained by these two methods are given in Table 2. Where direct 
comparison can be made with Westheimer’s figures the agreement is close for bond bending 
constants but poorer for C-halogen stretching force constants, but these have virtually 
no effect upon the final results because the contribution of this co-ordinate to the sum 
(6: + ¢i)®/ki is always small. 

For the repulsive van der Waals potentials, no really good functions were available to 
Westheimer and he was forced to modify theoretical repulsion curves for neon—neon 
interactions for use in the hydrogen-bromine case. This was unsatisfactory. In the 
meantime, however, Amdur and Mason } published repulsion potentials obtained directly 
from collisional experiments with inert-gas atoms. Since these potential functions apply 
over the precise ranges of internuclear distance involved in the present calculations, they 
are used as follows. The non-bonded fluorine—fluorine potential is set equal to the reported 
experimental neon-neon interaction energy, and the heavier halogens are regarded as 
interacting in the same manner as the corresponding heavier inert gases. For hydrogen- 
hydrogen interactions, however, the experimental helium-helium potential 1° is considered 
to be a very bad approximation because of the discrepancy in nuclear charge, so that, as 
in the earlier paper, Hirschfelder and Linnett’s energy for the repulsive state of H, is used 
(it is shown later that use of the helium-helium potential leads to an obviously incorrect 
answer for diphenyl). Very similar assumptions of non-bonding interactions were made by 
Mason and Kreevoy™ in dealing, for example, with rotational isomers in aliphatic 
molecules. Amdur and Mason ¥ have further shown that the geometric mean of the M-M 
and N-N potentials is a good approximation for that of the M-N atomic pair. In 
the present work therefore the appropriate geometric mean between Hirschfelder and 
Linnett’s function and an inert gas-inert gas potential is used for hydrogen—halogen 


TABLE 3. van der Waals’s potential parameters with internuclear distances, in A. 


Atoms 10*14 (erg molecule) p (A) 
Hw... 6-65 0-3917 
FP. 670 0-2101 
a... 553 0-2760 
Br... .Be 679 0-3031 
Si aon 352 0-3953 
| Oe 82-4 0-2660 
H...C1 84:3 0-3104 
| Pe 14-4 0-4379 
a 53-7 0-3983 


interactions. For convenience all the van der Waals potential functions have been 
recast in the form V = A exp(—d/p). The constants A and ¢ for the various atomic pairs 
are listed in Table 3. Non-bonded interactions other than those between ortho-groups 
are neglected. 


™ Pitzer and Scott, J. Amer. Chem. Soc., 1943, 65, 803. 

** Amdur and Mason, J. Chem. Phys., 1954, 22, 670; 1955, 28, 415, 2268; 1956, 25, 624. 

** Amdur and Harkness, ibid., 1954, 22, 664. 
oan Mason and Kreevoy, J. Amer. Chem. Soc., 1955, 77, 5808; Kreevoy and Mason, ibid., 1957, 79, 
wea Mason, and Harkness, J. Chem. Phys., 1954, 22, 1071; Amdur and Mason, ibid., 1956, 25, 
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The compounds considered in this paper are diphenyl, 2,2’-difluoro-, -dichloro-, -dibromo. 
and -di-iodo-diphenyl, the corresponding 2,6-compounds, and 2,2’,6,6’-tetrafluoro-, -tetra- 
chloro-, -tetrabromo-, and -tetraiodo-diphenyl. The 2,2’-dihalogeno-compounds are 

expected to be inverted more easily through the trans 
transition state. This point will be considered in a forth- 
coming paper. 
One general simplification is possible in the calculation 
of the }; and c; geometrical factors in the transition state, 
To a first approximation any non-planar distortion has 
no effect on d, or d, so that only planar deformations need be 
considered. The deformation modes for which allowance 
must be made are therefore (cf. Westheimer ®), I extension 
of the 1,1’ bond, II, III, and IV, opening of the angles , 
8, and y respectively (see Figure), and contractions of the ortho C-H (V) and C-halogen 
(VI) bonds, together with planar normal modes of the carbon atoms of the benzene nuclei. 
These latter are given in Table 4. Displacement co-ordinates of the carbon atoms are R 
for radial movement and Y for clockwise motion round each ring at right angles to R. 


TABLE 4. Normal co-ordinates of the benzene nuclei. 

Mm =~R+Rt+ Rt Rt+ Rt Re 
Year = At, — ity 1—, ¥ 

dey = (R, — 2R, + Ry + Ry — 2K, + R,)/V3 s 

Gar = — (Y; — 2Y, + ¥,;+ Y,— 2Y, + Y,)/V3 

fg Y,—¥3;+ Y¥.-—Y, 

qa R, — Ry + Ry — Ry t+ Ry — Ry 

qe = ¥:— ¥n+ Ys—Y¥.t+Y,-—Ye , « 

que = 2R, + R, — R, — 2R, — Ry + Re +V3(¥, + Y3 — Y5 — Y,) 

din = V3(R, + R; — Ry — R,) — (2¥, + Y2 — Ys — 2¥,— Y¥5 + Y,) 
Co-ordinates 6’ and 8’ must be combined to give true normal co-ordinates. The true 
normal co-ordinates are ® gi 4 g) = dg’ — 0-481 gy, and g@4 9)» = Je + 2°08 gy. The force 
constants for these co-ordinates, which are derived via Wilson’s potential function, are 
given in Table 5. 

In calculating the geometrical factors some assumption is also necessary for the motion 

of a radial bond as the benzene skeleton is distorted. It is invariably assumed that such 


uu a 


TABLE 5. Normal co-ordinate force constants. 


Co-ordinate Force constant 
I 5-5 x 105 dyne cm. 
II 1:13 x 10-41 dyne rad.* 
ItI—VI See Table 2 
1 45-9 x 105 dyne cm. 
Ue+s) 13-7 x 10° dyne cm. 
Ue+s* 450 x 105 dyne cm. 
912 46-2 x 105 dyne cm.*? 
qu 138 x 105 dyne cm. 
qie 74-6 x 10° dyne cm.” 
a bond remains both unaltered in length and directed along the bisector of the ring angle 
throughout any displacement of the benzenoid carbon atoms. For example, in deter- 
mining the dy, , s,) contribution to d, between (say) a 6-hydrogen atom and a 2’-substituent, 
caused by distortion of the unprimed ring (Fig.) in this co-ordinate, not only must the 
displacements g,,- and —0-481q,,- be considered, but also (for positive values of 96, , g.)) 
the effect of anticlockwise twisting motions of the C,H and the 1,1’ bonds relative to the 
unprimed ring, in order to maintain them along the bisectors of the ring angles at the 
6- and 1-positions respectively. 
The contribution of each co-ordinate to the sum db + c)?/k; must be suitably 
weighted; e.g., C-H bond bending terms due to grr have statistical weight 4 in diphenyl 
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and 2 in the dihalogeno-compounds. For all the 2,2’,6,6’- and 2,2’-compounds the benzene 
defotmation contributions are doubly weighted, #.e., they are counted once for each ring. 
In the remaining cases, however, contributions from most of the benzene deformation 
modes are different for each ring. 

Tables 6 and 7 give the statistically weighted values of (b; + c;)?/k; for the compounds 
investigated. In Table 7 the priming indicates the ring from which the contribution comes. 
Table § lists the computed energy components of the orthogonal and planar states of the 
molecules, and also the finally calculated barriers to internal rotation. The van der 


(1960) 


TABLE 6. Values of 10®(b; + c)?/R;. 


2,2’-Difluoro- 2,2’-Dichloro- 2,2’-Dibromo- 2,2’-Di-iodo- 
Co-ordinate Diphenyl diphenyl diphenyl diphenyl diphenyl 
I 7-273 7-171 6-495 5-944 5-342 
II 0 0-536 4-319 7-250 10-603 
Ill 40-618 17-441 11-592 8-767 6-337 
IV _ 20-349 51-030 70-872 97-152 
Vv 2-000 1-421 2-286 2-703 3-070 
VI _ 0-506 0-182 0-041 0-002 
1 0-436 0-429 0-388 0-356 0-321 
(6a + 8a) 9-168 10-501 12-362 12-912 13-156 
(6a + 8a) * 2-234 2-732 3-562 3-879 4-116 
(6b + 8b) 3-052 2-422 1-351 0-848 0-522 
(6b + 8b) * 0-744 0-411 0-048 0-000 0-039 
12 3-896 3-839 3-477 3-184 2-859 
14 0 0-018 0-141 0-238 0-347 
19a 24-033 25-716 27-100 26-842 27-740 
19b 0 0-144 1-096 1-888 2-766 
Dh + c)*/Fa 93-454 93-636 125-429 145-723 174-372 
Tetrafluoro- Tetrachloro- Tetrabromo- Tetraiodo- 
Co-ordinate diphenyl diphenyl diphenyl diphenyl 
I 7-273 7-273 7-273 7-273 
Il 0 0 0 0 
III -- _ as + 
IV 36-224 79-381 106-891 145-500 
Vv pa a on ane 
VI 1-613 2-632 3-030 3-572 
1 0-436 0-436 0-436 0-436 
(6a + 8a) 10-345 12-430 13-420 14-394 
(6a + 8a) * 2-435 2-788 2-956 3-112 
(6b + 8b) 3-444 4-140 4-471 4-793 
(6b + 8b) * 0-811 0-928 0-984 1-037 
12 3-896 3-896 3-896 3-896 
14 0 0 0 0 
19a 27-936 35-013 38-439 41-810 
19b 0 0 0 0 
Lbs + c4)*/hy 94-413 148-924 181-796 225-822 


Waals and dipolar repulsion terms for the orthogonal states were calculated by assuming 
no molecular deformation. Since these energy terms are all small, and also the geo- 
metrical factors comparable to b; and c; tend to be small, this involves little error. 

The calculated barriers to rotation are, apart from small quantum effects, equal to the 
activation energies for inversion of configuration and, where comparison can be made 
with published data, the agreement is good. 

The barrier for dipheny] itself is considerably lower than that calculated earlier } when 
insufficient allowance was made for molecular deformation. The present result is more 
consistent with the fact that the conjugation electronic absorption band is so strongly 
developed in this compound.’® The 2,2’-compounds are dissymmetric in any non-planar 
conformation and therefore might be shown to be optically active if their half racemisation 
times were as long as one or two minutes. The rate constant for racemisation depends 
upon both the activation energy and the entropy of activation which is reflected in the 
non-exponential term. For such relatively simple inversion reactions the non-exponential 

* O’Shaughnessy and Rodebush, J. Amer. Chem. Soc., 1940, 62, 2906. 
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TABLE 7. Values of 10®(5;+ ci)? /hi. 





2,6-Difluoro- 2,6-Dichloro- 2,6-Dibromo- 2,6-Di-iodo- 
Co-ordinate diphenyl diphenyl diphenyl diphenyl 
I 7-171 6-495 5-944 5-342 
II 0 0 0 0 
III 17-441 11-592 8-767 6-337 
IV 20-349 51-030 70-872 97-152 
Vv 1-421 2-286 2-703 3-070 
VI 0-506 0-182 0-041 0-002 
1 0-310 0-499 0-589 0-669 
1’ 0-137 0-030 0-006 0-000 
(6a + 8a) 4-761 4-817 4-569 4-324 
(6a + 8a)’ 2-308 5-103 5-034 4-874 
(6a + 8a) * 1-276 1-504 1-566 1-595 
(6a + 8a) *’ 1-038 0-829 0-710 0-590 
(6b + 8b) 1-586 1-582 1-526 1-439 
(6b + 8b)’ 1-625 1-704 1-651 1-634 
(6b + 8b) * 0-421 0-500 0-522 0-531 
(6b + 8b) *’ 0-345 0-276 0-236 0-196 
12 1-670 1-110 0-844 0-608 
12’ 2-189 2-508 2-579 2-597 
14 0 0 0 0 
19a 15-693 22-536 25-462 30-394 
19a’ 10-305 6-838 5-203 3-746 
19b 0 0 0 0 
Xi (be + c4)*/hi 90-553 121-420 138-822 165-100 
TABLE 8. Energy components and barriers in kcal. mole™. 
E (planar) E (orthogonal) 
i ee 7 mn i, 
Compound V (a + b) d (a + b) c d Barrier 
DUGTE * ii catstccccscsctccsceces 3-97 11-27 0 0-43 6-96 0 3:9 
2,2’-Difluorodiphenyl ......... 3-59 13-09 0 0-06 6-96 0-11 6-0 
2,2’-Dichlorodiphenyl ......... 5-57 25-17 0 0-26 6-96 0-13 17-8 
2,2’-Dibromodiphenyl ......... 7-58 30-33 0 1-32 6-96 0-13 21-9 
2,2’-Di-iododipheny] ............ 7-73 38-27 0 1-72 6-96 0-10 29-5 
2,6-Difluorodipheny] ............ 3-66 13-31 0 0-06 6-96 0 6-3 
2,6-Dichlorodiphenyl ......... 5-70 25-63 0 0-26 6-96 0 18-4 
2,6-Dibromodiphenyl ......... 7-83 31-07 0 1-32 6-96 0 22-8 
2,6-Di-iododiphenyl ............ 8-05 39-53 0 1-72 6-96 0 30-9 
2,2’,6,6’-Tetrafluorodiphenyl 3:55 16-50 4-86 0-01 6-96 0-44 13-9 
2,2’,6,6’-Tetrachlorodiphenyl 7-25 50-13 2-76 0-18 6-96 0-51 45-2 
2,2’,6,6’-Tetrabromodiphenyl 8-60 67-97 2-28 0-49 6-96 0-52 62-3 
2,2’,6,6’-Tetraiododiphenyl ... 12-17 98-66 1-38 4-04 6-96 0-40 88-6 


term is expected to be of the order of 104-5—10" sec.1. This implies a minimum activation 
energy impeding racemisation of about 17 kcal. mole if optical activity is to be observed 
at 0°. This general consideration agrees well with the calculations. 2,2’-Difluoro- and 
2,2’-dichloro-diphenyl have calculated activation energies of 6 and 18 kcal. mole’, 
respectively, and have never been obtained optically active, whilst 2,2’-dibromo- and 
2,2’-di-iodo-diphenyl have calculated activation energies of 22 and 29 kcal. mole* 
respectively, and suitable 4,4’-derivatives of both have been obtained optically active.*™ 
The calculated figure of 21-9 kcal. mole for racemisation of the dibromo-compound can be 
compared with Westheimer’s calculated result of 18 (ref. 6) or 18-2 (ref. 21) kcal. mole* 
for 2,2’-dibromodiphenyl-4,4’-dicarboxylic acid. Searle and Adams” determined the 
rate of racemisation for this optically labile compound at one temperature (0°). From 
their result the free energy of activation is 19-5 kcal. mole. The activation energy for 
the racemisation has recently been determined by Harris #4 as 19-0 kcal. mole. Overall 
agreement is thus good for this compound. Rieger and Westheimer ”*? have both 
calculated and determined the activation energy for racemisation of a 2,2’-di-iododiphenyl 
derivative. Their figures are, respectively, 21-4—23-6 and 21-0 kcal. mole. 


20 Searle and Adams, J]. Amer. Chem. Soc., 1934, 56, 2112. 
®t Harris, Proc. Chem. Soc., 1959, 367. 
22 ‘Westheimer, “ Steric Effects in Organic Chemistry,’”” Ed. Newman, Wiley, New York, 1956. 
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Beaven and Hall** have calculated probable upper limits to rotational barriers 
in o-fluorinated diphenyls from blue shifts in electronic absorption spectra and phos- 
phorescence spectra. From these two sources they obtain values of 7-7 and 4-6 kcal. mole™, 
respectively. From similar evidence Lewis and Kasha™ conclude that inhibition of 
stabilisation of the planar state is substantially complete with two o-chlorine substituents. 
The calculated barrier, of course, leads to similar conclusions. Exact concordance with 
conclusions from ultraviolet spectra is not necessarily expected, for it has previously 
been observed “that the ultraviolet absorption spectra of a substituted diphenyl must 
be used with considerable reserve as a criterion of coplanarity or otherwise.” % 

It may be noted that the 2,6-compounds all have slightly higher activation energies 
for inversion than the 2,2’-analogues. 

Comparisons with the results for the 2,2’,6,6’-tetrasubstituted compounds can only 
be made qualitatively or by analogy. Compounds with four o-fluorine atoms seem to be 
unresolvable,2* even though the potential asymmetry is attained by buttressing 3- and 
3’-substituents. This is in harmony with the low rotational barrier found here. The 
higher barrier in compounds with four o-chlorine atoms is, however, well recognised both 
from ultraviolet absorption spectra data?’ and from the preferential diradical nature of 
Muller and Neuhoff’s compound. Semi-quantitative comparisons are possible by 
various analogies with compounds of known optical stability. Buttressed compounds 
with four o-chloro-groups are, of course, easily resolvable. Dipolar studies on steric 
inhibition of mesomerism * indicate that the methyl group is, on the average, sterically 
equivalent to bromine, whilst the .amino-group is somewhat less obstructive. This 
suggests that the compound 6,6’-diamino-o-ditolyl resolved by Meisenheimer ® should 
have an activation energy of racemisation between 45 and 62 kcal. mole™, the values 
calculated for tetrachloro- and tetrabromo-diphenyl. Kistiakowsky and Smith,*! in 
fact, determined this activation energy as 45 kcal. mole™. 

It is pertinent to demonstrate the unsuitability of the helium-—helium interaction 
potential as an approximation to that for hydrogen atoms. Insertion of this potential 
into eqn. (9) for diphenyl gives a value for V, of 7-55 x 10 erg molecule, whence E pin. 
for the planar state is 3-8 kcal. mole. When this result is coupled with the stabilisation 
energy of the planar state it is apparent that the planar state would be the preferential 
conformation; whereas for the free molecule this is known to be false.3*33 It is clear 
therefore that the potential function for helium-helium interaction gives values which are 
much lower than the true potentials between hydrogen atoms. 

For all the compounds studied the stabilisation energy of the planar state is taken as 
6-96 kcal. mole. It is clear from the resultant energy barrier in dipheny] itself that this 
figure is not likely to be an underestimate otherwise the calculated barrier would be 
improbably small. 

The results reported here have been obtained by approximation methods, and various 
corrections, designed to remove errors arising from the use of quantities appropriate to 
infinitesimal displacements throughout, may be applied. These will be considered in a 
forthcoming paper. 


BEDFORD COLLEGE, Lonpon, N.W.1. [Received, March 9th, 1959; 
vevised November 4th, 1959.]} 


*3 Beaven and Hall, J., 1956, 4637. 
** Lewis and Kasha, J. Amer. Chem. Soc., 1944, 66, 2100. 

*5 Beaven, Hall, Lesslie, and Turner, J., 1952, 854. 

*6 Cf. Adams and Yuan, Chem. Rev., 1933, 12, 261. 

*? Pickett, Walter, and France, J]. Amer. Chem. Soc., 1936, 58, 2296. 
*8 Muller and Neuhoff, Ber., 1939, 72, 2063. 

* Smith, J., 1957, 4050. = 

% Meisenheimer and Horing, Ber., 1927, 60, 1425. 

*! Kistiakowsky and Smith, J. Amer. Chem. Soc., 1936, 58, 1043. 

82 Bastiansen, Acta Chem. Scand., 1949, 3, 408. 

* Littlejohn and Smith, J., 1954, 2552. 


Fettis, Knox, and Trotman-Dickenson: 


218. The Reactions of Fluorine Atoms with Alkanes. 
By G. C. Fettis, J. H. Knox, and A. F. TRoTMAN-DICKENSON. 


The hydrogen transfer reactions of fluorine atoms with methane, ethane, 
propane, cyclopropane, n-butane, isobutane, and neopentane have been 
studied between —95° and 100° by a competitive method based on analysis 
of the fluorides produced. The activation-energy differences are very 
small. The A factors of the reactions have been discussed in terms of 
transition-state theory and compared with those found for chlorine atoms. 


THE gas-phase reactions of chlorine atoms with saturated hydrocarbons have recently 
been extensively studied.+* Kistiakowsky, Van Artsdalen, and their co-workers have 
investigated the reactions of bromine atoms with alkanes. Much less is known about 
the reactions by which fluorine atoms abstract hydrogen atoms from saturated compounds, 
These reactions are interesting because they form a unique series involving three similar 
atomic reactants. The only comparable series of reactions about which much is known 
is that involving the lower alkyl radicals, but our knowledge of these reactions is stil] 
fragmentary. The halogen atoms offer the considerable advantage for theoretical inter- 
pretation in that we know the strengths of the bonds involved to a high accuracy. It 
might therefore be possible to interpret the activation energies or differences in the 
activation energies of their reactions. There is more hope, however, that the variations 
in the A factors of the reactions can be understood. The transition states for the reaction 
of a hydrocarbon with the different halogens differ only in the mass of the attacking atoms 
and slightly in the lengths of the bonds and their flexibility. 

The rate constants for the attack of bromine atoms on hydrocarbons, according to the 
equation Br + RH = R+ HBr, have been measured absolutely, though the values 
obtained for the higher hydrocarbons are doubtful. The chlorinations have been followed 
competitively both by the study of the relative rates of consumption of two hydrocarbons 
in a mixture } and by measuring the rates of formation of the distinctive products from the 
reactions ? R +- Cl, = RC1+ Cl. Reactions in solution have been studied in this way 
for some years. The very small amounts of the products formed in gaseous systems made 
the analyses difficult until the invention of gas chromatography. Knox ‘ first applied 
this technique to the chlorination of methane, ethane, and propane. He made use of the 
fact that when the consumption of RH is small the rate constants for the attack of a 
chlorine atom on two hydrocarbons R'H and R?H are given by: 


k, R®Cl | [R*H) 
ae ee ee ee 


This approach has the advantage that attack on different positions in a molecule yields 
different products. 

The present work involves the application of this technique to the study of fluorine 
atoms about which very little is known, though the reactions of fluorine with n-butane 
and isobutane have recently been investigated. The reactions of fluorine atoms have 
been neglected partly because of experimental difficulty and partly because the reactions 
are so exothermic that they have been difficult to control. Consequently the reactions 
of elementary fluorine have been chiefly studied in ill-defined systems designed to conduct 
away the excessive heat. The products obtained were usually polyfluorides and the 
analyses are not susceptible to kinetic evaluation. 


1 Pritchard, Pyke, and Trotman-Dickenson, J. Amer. Chem. Soc., 1955, 77, 2629. 

* Knox and Nelson, Trans. Faraday Soc., 1959, 55, 937. 

* For references see Trotman-Dickenson, “‘ Gas Kinetics,’’ Butterworths, London, 1955. 
* Knox, Chem. and Ind., 1955, 1631. 

5 Anson, Fredricks, and Tedder, J., 1959, 918. 
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EXPERIMENTAL 


Materials —Fluorine was generated with an I.C.I. medium-temperature 10 a cell and 
collected in a soft-glass bulb from which oxygen was removed by flushing with nitrogen. 
Samples were taken after generation for 5 a-hr. (longer if the cell had not been used for some 
time). The fluorine was distilled into a soft-glass storage vessel cooled in oxygen boiling under 
reduced pressure. Fresh samples were taken every 3 days. 

The nitrogen (oxygen-free), hydrogen, methane, and cyclopropane were from commercial 
cylinders. Methane was purified by bulb-to-bulb distillations from liquid oxygen which 
removed most of the propane, ethane, and ethylene. Carbon dioxide was obtained from a 
solid block. The butanes were given by the British Petroleum Company and the propane by 
Imperial Chemical Industries Limited. The ethane and neopentane were of high purity and 
were obtained from the National Chemical Laboratory. The condensable gases were purified 
and degassed by bulb-to-bulb distillations and analysed by gas chromatography. 

Apparatus.—The high-vacuum system, apart from the fluorine storage vessels, was con- 
structed of Pyrex glass. Stopcocks in contact with fluorine or the reaction products were 
lubricated with Florube A. The volume of the reaction vessel was 60 c.c. The gas-chromato- 
graphy system was of standard design with 6 mm. bore columns and a brass thermal conductivity 
cell with tungsten filaments as detector. Firebrick was of 25—52 mesh. 

Procedure.—Small pressures of fluorine were measured on a spoon gauge and introduced by 
several expansions into a vessel held at the reaction temperature. Either carbon dioxide or 
nitrogen was mixed with the fluorine as a diluent. The hydrocarbons were measured on a 
mercury manometer, mixed by convection in a suitable vessel, and expanded into the reaction — 
vessel, the temperature of which was thermostatically controlled by a cooling mixture or vapour 
jacket. The fluorinating mixture was then expanded into the reaction vessel, where the total 
pressure was about 16 cm. and the fluorine : hydrocarbon : inert gas ratio was 1: 20:120. The 
reaction time was varied between 2 and 30 min. without affecting the products. No illumin- 
ation was required if the fluorine was carefully handled, in agreement with calculations based 
on the known dissociation constant of elementary fluorine and the probable absolute rate 
constants of these reactions. The reaction of fluorine with glass, especially Pyrex, yields 
an inhibitor; oxygen also seems to have some effect. The products were condensed out after 
passage through a tube of sodium fluoride crystals to remove the hydrogen fluoride. 

Hydrogen gas (30—40 cm.* min.) carried the products to the chromatography columns. 
The products were identified by their elution times, confirmed for n-butyl fluoride by com- 
parison with a sample kindly supplied by Dr. J. M. Tedder. The amounts of products were 
found by measurement of peak areas, calibrated by collection of individual products as they 
came off the column, measurement of their volume on a gas burette, and repassage through 
the chromatography system to check that there was no loss. Each run yielded about 3 umoles 
of fluorides. Within experimental error the sensitivities of the monofluorides were identical 
with the exception of methyl fluoride which gave a 3% lower response. 

Results.*—Runs were done with the following mixtures and pure hydrocarbons. The 
ratios of the hydrocarbons in the mixtures were varied between 15:1 and 1:1-5. The 
fluorine : hydrocarbon ratio was varied between 1:10 and 1:20. No changes in reactivity 
accompanied these variations. The fluorine: inert gas ratio was varied between 1:70 and 
1: 160, without affecting the results except in the cases noted. The choice of mixtures was 
determined largely by the ease of analysis. The errors quoted are standard errors throughout, 
determined by normal statistical procedures. 

(1) Methane-ethane. 31 Runs were carried out between —75° and 78° with nitrogen as 
inert gas. Analysis was with 32 ft. columns of 20% nitrobenzene-firebrick. A least-squares 
treatment of the results shown as an Arrhenius plot in Fig. 1 gave 


k(ethane)/k(methane) = (0-38 + 0-04) exp [(928 + 41)/RT] 


This expression is obtained directly from the analyses of ethyl fluoride and methyl fluoride and 
the equation analogous to (1). No allowance is made in this section for the numbers of hydrogen 
atoms in the reactant molecules. 


* kP, k*, k* relate to reaction at a primary, secondary, or tertiary carbon atom, respectively. Where 
all the carbon atoms of a molecule are equal this suffix is omitted. 
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(2) Ethane—propane. 21 runs were carried out at 20° and —60° with carbon dioxide as the 
inert gas. The columns for analysis were 15 ft. of 25% diethyl phthalate-washed Celite, 
2 ft. of 25% nitrobenzene—washed Celite, plus 10 ft. of 25% diethyl phthalate—firebrick. The 
ratio ethyl fluoride: n-propyl fluoride appeared to fall slightly when the fluorine : carbon 
dioxide ratio was greater than 1: 100. It was supposed that this indicated that the ethy| 
fluoride molecules which are formed by an exothermic reaction were not deactivated sufficiently 
rapidly at the lower relative pressure of inert gas. Some ethyl fluoride then decomposed to 
ethylene and hydrogen fluoride. Similar behaviour was observed with cyclopropane. It 
is not easy to determine very small quantities of an alkene in the presence of large amounts of 
alkane of the same carbon number but the indications were that in no case did the amount of 


Fic. 1. Arrhenius plots for the reactions of fluorine atoms with ethane-methane (ke/Rn; circles) and ethane- 
propane (k.|/kp; crosses) mixtures. The filled circles and widened lines indicate two or more coincident 
points. The figures indicate the number of runs at each temperature. 














1 
wk 


alkene formed exceed 5% of the amount of appropriate alkyl fluoride. The rate constants are 
again plotted in Fig. 1: 


k(ethane)/k?(propane) = (1-84 + 0-05) exp [— (279 + 12)/RT] 


(3) Propane-n-butane. 14 Runs were carried out at 20°, —25°, and —60° with carbon 
dioxide as the inert gas. The columns were 12 ft. of 25% diethyl phthalate—washed Celite, 
2 ft. of 25% nitrobenzene—washed Celite plus 5 ft. of diethyl phthalate—firebrick. No activation 
energy was found. 

k?(propane)/k?(n-butane) = 1-11 + 0-06 
k§(propane)/A*(n-butane) = 0-56 + 0-04. 


(4) Isobutane—n-butane. 17 Runs were carried out at 20°, —25°,and —60° with carbon 
dioxide as the inert gas [analysis as for (3)]. 


k? (isobutane) /k?(n-butane) = 1-57 + 0-06 


(5) n-Butane-cyclopropane. 19 Runs were carried out at 20°, —25°, and —60° with carbon 
dioxide as the inert gas. Columns were 12 ft. of 25% diethyl phthalate-washed Celite plus 
5 ft. of 25% diethyl phthalate-firebrick. When the carbon dioxide : fluorine ratio fell below 
100: 1 a three-carbon product other than cyclopropyl fluoride was formed. At a ratio of 
60: 1 it constituted 50% of the C, products and at 80:1, 30%. It is likely that the unknown 
product was a fluoride of propene formed by a typical isomerization of the cyclopropane nucleus 
activated from its exothermic mode of formation. No activation energy was found at high 
pressures of the inert gas. 


k? (n-butane) /k(cyclopropane) = 1-02 + 0-06 
k§(n-butane)/k(cyclopropane) = 0-80 + 0-06 


(6) Propane-cyclopropane. 25 Runs were carried out in the same manner as for (3). The 
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same dependence of the products on carbon dioxide was found as with (5). Propyl fluorides 
were not formed by the attack of hydrogen fluoride on cyclopropane. 


k?(propane)/k(cyclopropane) = 1-13 + 0-15 
k§(propane)/k(cyclopropane) = 0-45 + 0-05 


(7) Isobutane—neopentane. 14 Runs were carried out at 20°, —25°, and —60° with carbon 
dioxide as inert gas. Columns were 12 ft. of 25% diethyl phthalate—washed Celite plus 2 ft. 
of 25% nitrobenzene—washed Celite. 


k(neopentane)/k?(isobutane) = 1-22 + 0-04 


(8) Propane. 74 Runs were carried out (25 with cyclopropane, 21 with ethane, 14 with 
n-butane) between 36° and —99°. Carbon dioxide and nitrogen were used separately as inert 
gases with similar results. Columns of 15 ft. of 15% nitrobenzene-firebrick were sometimes 
used. 

k?(propane)/k*(propane) = 2-48 + 0-08 

(9) n-Butane. 124 Runs were carried out (14 with propane, 17 with isobutane, 19 with 
cyclopropane) at 25°, —25°, and —60° with carbon dioxide as the inert gas. Columns of 
10 ft. of 25% dinonyl phthalate-firebrick plus 2 ft. of 25% nitrobenzene—washed Celite were 
sometimes used. 

k? (n-butane) /A§(n-butane) = 1-30 + 0-09 


(10) Isobutane. 16 Runs were carried out at 20°, —25°, and —60° with carbon dioxide as . 
inert gas. Columns were 12 ft. of 25% diethyl phthalate-washed Celite plus 5 ft. of 25% 
diethyl phthalate-firebrick. An amount of olefin equal to about 5% of the fluorides was 
always formed. 

k? (isobutane) /k*(isobutane) = 6-41 + 0-34. 


DISCUSSION 


The experimental results are summarized in Table 1. For convenience it has been 
assumed that the reaction of a fluorine atom with a hydrogen atom in one of the higher 


TABLE 1. Reactions of fluorine and chlorine atoms with alkanes. 
1og10 
(mole cm.* sec.~) (kcal. mole) (kcal. mole) 
Fluorine Chlorine 


13-67 1710* 5500 ¢ 
13-39 1210 3850", 3850? 


12-90 * 280 1000, 1040? 
12-64 0 1000? 
12-59 0 790? 
12-61 0 820? 
12-58 0 920? 
Secondary C-H bonds 
cyclo-C,H, 12-59 4140? 
C,H, 12-71 680? 
12-67 270? 
Tertiary C-H bond 
12-76 0 20? 


The A factors listed are for reactions of individual hydrogen atoms of the standard type. 
* Assumed value. 


* Ashmore and Chanmugam, Trans. Faraday Soc., 1953, 49, 254. Other references as in text. 


hydrocarbons requires no activation energy. It has also been assumed that the logarithm 

of the A factor for the attack of a fluorine atom on a single hydrogen atom in ethane is 

12-90 mole cm.3 sec.. All the results for fluorine atoms were obtained in this work 

with the exception of the results for hydrogen which are taken from Mercer and Pritchard ® 
* Mercer and Pritchard, personal communication. 
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who used Pritchard, Pyke, and Trotman-Dickenson’s! method to study hydrogen- 
methane mixtures. They found 


k(methane)/k(hydrogen) = 1-05 exp [— (500 + 200)/RT] 


Hydrogen—methane mixtures were not studied in the present work because the hydrogen 
fluoride formed could not be determined accurately. 

The present results with the butanes are in good agreement with those of Anson, 
Fredericks, and Tedder 5 who found at 25° that ?(n-butane)/A*(n-butane) = 1-20 + 0-17 
(1-30 + 0-09) and h?(isobutane)/kisobutane) = 6-47 + 0-70 (6-41 + 0-34); the present 
values are placed in parentheses. 

Activation Energies of Fluorine Atom Reactions.—Although the assumption that 
fluorine atoms react with no activation energy with the higher hydrocarbons may not be 
precisely correct, it is unlikely that any of the activation energies are large. First, the 
absence of any activation-energy difference between the attack on the primary and tertiary 
hydrogen atoms in isobutane, together with the absence of differences for the other higher 
hydrocarbons, is an indication that no activation energies are involved. Secondly, there 
is a marked parallelism between the activation energies for the attack of fluorine and 
chlorine atoms on hydrogen, methane, and ethane. The activation energies for the 
attack of chlorine atoms on the higher hydrocarbons are very small, those for fluorine 
must be smaller. The assumption of zero energies of activation is therefore not likely 
to be in error by more than a few tens of calories at the most. Too little is known about 
the factors that determine activation energies for the detailed consideration of these small 
energies to be profitable. 

A Factors of Fluorine Atom Reactions.—According to transition-state theory the A factor 
for a bimolecular reaction is given by ” 


A=e. (kT /h) exp [(AS* , AStrot + AS? in) |B) 


The translational entropy of activation for reaction 


RH + F === RHF ——» R + HF 
is given exactly by 
AS*,, = 1-5R In (M*/M) — 14-75 cal. mole™ 


where M? and M are the molecular weights of RHF and RH respectively and the standard 
state is 1 mole cm.*. 
The rotational entropy of activation may be obtained from 


AStrop = 0-5R In (AtBtCt/ABC) 


where A?B*Ct and ABC are the products of the principal moments of inertia of RHF 
and RH. This value is for reaction at a single hydrogen atom of any type; inclusion of 
the symmetry numbers in the expression would yield ASt,., appropriate to reaction with 
all the hydrogen atoms of a given type in the molecule. The ABC values can be evaluated 
graphically with sufficient accuracy by assuming suitable configurations and bond lengths 
in RH and RHF. C-H and C-C distances have been taken throughout as 1-10 and 1-54A 
except for the half-order bonds in the complexes, 7.e., the bonds >C-H-F. After Pauling ® 
we have assumed that they are 0-18 A longer than the corresponding single bonds. All 
bond angles have been taken as tetrahedral. A*B*C*t/ABC is not very sensitive to the exact 
lengths chosen and increases in the C-F distances by 0-1 A, for example, lead to increases of 
only about 3% in the ratio. More serious errors arise from the difficulty of choosing the 

? Glasstone, Laidler, and Eyring, ‘“‘ Theory of Rate Processes,” McGraw Hill Book Co., New York, 


1941. 
8 Pauling, ‘‘ Nature of the Chemical Bond,” Cornell Univ. Press, New York, 1940. 
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correct configuration of the molecules, since any molecule containing three or more carbon 
atoms in an unlinked chain may have an infinite number of configurations depending upon 
the degree of rotation about each C-C bond. An approximate method of dealing with the 
situation is to work out ABC values for a few extreme configurations and to take the 
average value. Fortunately the errors introduced are probably not greater than +10%. 
For n-propyl fluoride two configurations were chosen with the fluorine atom as near to 
and as far from the centre of gravity of the propane molecule as possible. The values of 
AtBtCt were respectively 1-04 x 10° and 0-99 x 10° AMW (Angstrém molecular weight 
units). For 2-methylpropyl fluoride [(CH;),CH*CH,F] the two configurations chosen 
were those with the fluorine atom as near to and as far from the tertiary hydrogen atom 
as possible. Rather more divergent values were obtained, 4-7 x 10° and 3-7 x 10° AMW. 
For the n-butane molecule an expanded chain and bent chain structure are possible. 
However, calculations by Knox and Nelson for the corresponding chlorine atom complexes 
showed that almost identical results were obtained with the two structures. Accordingly 
the moments of inertia have been calculated only for the extended form of the hydro- 
carbon and for the complex with the fluorine atom as close to the centre of gravity of the 
butane molecule as possible. 

The calculation of the vibrational entropy of activation is much less certain. It is 
difficult to assign frequencies to the vibrations in RH but quite impossible to do so 
accurately for the complexes. However, it is likely that many of the vibrations in RH 


Fic. 2. 





will be little changed by the addition of a fluorine atom and their contributions to AS*,j, 
will largely cancel. Only a few vibrations intimately connected with the part of the 
molecule to which the fluorine atom is attached will give rise to important contributions. 
These vibrations will be the C-H stretching arid C-H wagging in the hydrocarbon which 
are replaced by five new vibrations in the activated complex. The C-H stretching 
becomes the reaction co-ordinate and the C-H wagging becomes the wagging of H-F 
against the rest of the hydrocarbon. The three additional vibrations are the symmetrical 
stretching of the C-H-F bonds and the doubly-degenerate bending of the C-H-F bonds. 

Approximate calculations on this basis have been made by Pitzer! and by Wilson 
and Johnston “ for various abstraction reactions. They hinge upon the assumption that 
the force constants for these vibrations do not change with R. Pitzer used the observed 
A factor of the reaction Cl + H, = HCl + H to deduce AS*,» and calculated that the 
probable bending and stretching frequencies in the complex were 560 cm.+ and 1460 
cm. respectively. Assuming that the force constants for these modes of vibration were 
the same in the CH,-H-Cl complex he calculated an A factor for the reaction of chlorine 
with methane. No account was taken in this calculation of the wagging vibration of the 
H-Cl against the methyl group in the complex. To calculate the change of frequency due 
to a change of R, the stretching frequencies are reduced in the ratio of the root of the 
reduced mass, and the bending frequencies in the ratio of the root of the reduced moment 
of inertia. For a molecule (see Fig. 2) consisting of two molecular fragments A and B 
joined to a common atom C the reduced mass is 


== MyMy| (Mm, + My) 


® Knox and Trotman-Dickenson, J, Phys. Chem., 1956, 60, 1367. 
© Pitzer, J. Amer. Chem. Soc., 1957, '79, 1804. 
™ Wilson and Johnston, J. Amer. Chem. Soc., 1957, '79, 29. 

NN 





1070 The Reactions of Fluorine Atoms with Alkanes. 


The reduced moment of inertia is given by 


A= JaJo/(Ja + Jo) 
where __ (ma + me)m . ____ (my + m-)m, 
aad ae es ba jie tatee + 


The m’s are the masses of A, B, and C; J,, J, are the moments of inertia of A and B about 
axes through their centres of gravity and perpendicular to the plane of vibration and a and 
b are the distances of C from the centres of gravity of A and B respectively (Schlapp’s 
formula). When m, is small in comparison with m, and mp, (true for all complexes except 
H-H-F), the formule reduce approximately to 


Je=vO +14; Jo =p? + Ip 


Calculations for the RHCI complexes have been carried out by Knox and Nelson ? and are 
now extended to the fluorine atom complexes. The values for the various AS*,», are 
given in Table 2. 

With chlorine atoms the absolute rate constant for the reaction with hydrogen is known 
over a range 25—700° and Pitzer’s calculations refer to the mid-temperature of this range, 
The discrepancy in Table 2 between the calculated and theoretical values for the reaction 








TABLE 2. A Factors for Fluorine and Chlorine Atom Reactions. 
F + RH Cl + RH? 


— > 


= 





<a 
ae 


log A log A jogAexw log A log A jog Ae 
Bond type ASt  ASt ASty (calc) (exp) 84 (cale.) (exp) 8 Au 
RH + 14-75 
Bh. caccscosisscces 6-99 4-92 0-8 13-22 13-67 : +0-50 13-37 13-60 +0-23 
Cig cccceccccsce 2-31 5-51 4-8 13-20 13-39 +0-24 13-46 12-78 — 0-68 
Primary C-H bonds 
Cle epcosteceses 1-46 3-73 6-1 12-90 12-90 0-00 13-28 13-18 —0-10 
Calle | vccivcussces 1-07 2-66 6-6 12-69 12-64 — 0-05 12-98 13-23 +0-25 
N-CgHigg ....0000. 0-84 2-33 6-9 12-62 12-59 —0-03 12-95 13-15 -+0-20 
iso-C,Hyg ...... 0-84 2-05 6-9 12-57 12-61 +0-04 12-87 13-11 -+ 0-24 
neo-C,Hy, .....- 0-68 1-70 71 12-52 12-58 +0-06 12-84 13-15 +0-31 
Secondary C-H bonds 
cyclo-C,Hg...... lll 3-13 6-4 12-76 12-59 —0-17 13-11 12-95 —0-16 
GMa ovivincacese 1:07 2-88 6-6 12-74 12-71 —0-03 13-04 13-56 +0-52 
cyclo-C,H, ... 12-95 1351 +056 
ok | Ee 0-84 2-33 6-7 1259 1267 +008 1284 1334 +0-50 
Tertiary C-H bond 
iso-C,Hj, ...... 0-84 1-99 71 12-61 12:76 +015 1282 13:23 +041 


arises because the calculated value used here was for 25°. For the reactions of fluorine 
atoms there is no such absolute measurement. Therefore equality between the experi- 
mental and theoretical A factors for the reactions of fluorine atoms with ethane has been 
assumed. 

The similarity of the pattern of the A factors for the reactions of fluorine atoms to that 
for the chlorine atoms is demonstrated by the following points: (1) There is a fall in 
log (Aexp/Acatc) from hydrogen to ethane, followed by a slight rise as the hydrocarbons 
become more complex. This rise may be attributed to the part played by alterations in 
the frequencies of the chain deformations which have been ignored in the calculations. 
(2) The values of log (Aexp/Acatc) are slightly higher for attack on a hydrogen atom attached 
to a secondary than a primary carbon atom. (3) Cyclopropane has the lowest value of 
log (Aexp/Acaic) for hydrocarbon higher than methane. 

In general, apart from the apparently anomalous position of methane in the 
chlorinations, the results for fluorine atoms show similar but less marked trends than those 
for chlorine. The lower mass of the fluorine atom leads to smaller differences in the 
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entropies of activation and to smaller errors resulting from assumptions about the 
vibrational frequencies. The differences between calculated and experimental A factors 
for reactions of bromine atoms may be more marked than those for reactions of chlorine 


atoms. 
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219. Metallic Complexes of Dimethyl-o-(methylthio)phenylarsine. 
Part IV.1_ Complexes of Platinum. 


By B. CuIswELt and S. E. LIVINGSTONE. 


Complexes formed by platinum with dimethyl-o-(methylthio)phenyl- 
arsine (As-S) are of several types. In some the platinum atom is quadri- 
covalent; e.g., [Pt(As—S),]**(ClO,),2> and [Pt(As-S),]**[PtCl,]*- are salts. 
However, Pt(As-—S)I, is a non-electrolyte and monomeric in nitrobenzene. 
Conductivity studies and absorption-spectral measurements indicate that 
in non-aqueous solutions of some complexes there is an equilibrium, 
[Pt(As-S),X]X [> Pt(As-S)X, + As-S. Further evidence for the existence 
of the quinquecovalent complex ion, [Pt(As-S),X]* is furnished by con- 
ductimetric titrations of the diperchlorate, [Pt(As—S),](ClO,),, with halide 
ions and the isolation of the complexes, Pt(As—S),XCIO,, which are uni- 
univalent electrolytes in nitrobenzene and acetone. 


In previous papers co-ordination compounds formed by dimethyl-o-(methylthio)phenyl- 
arsine, o-MeS-C,H,*AsMe, (termed here As-S), with nickel and palladium,? copper, silver, 
and gold, and cobalt,! have been described. In Part I? evidence was adduced from 
conductivity measurements, molecular-weight determinations, conductimetric titrations, 
and absorption spectra that the palladium complexes, Pd(As-S),X, (X = Cl, Br, or I), in 
solution in non-aqueous solvents dissociate [Pd(As-S),X]*X~ =2@& [Pd(As-S)X,] + 


TABLE 1. Molecular conductivities of platinum complexes of dimethyl-o-(methylthio)- 
phenylarsine in nitrobenzene at 25°. 


Compound Colour Concn. (10-*m) Molar condy. (mho) 
[Pt(As—S)I,] ...........000 Deep yellow 2-52 0-9 
[Pt(As-S),](C1O,), ...... White 1-01 56-0 
[Pt(As—S),][PtCl,] Pale pink Insol. 

[Pt(As-S),][PtBr,] Pale brown Insol. 

[Pt(As-—S),][PtCl,} Orange 0-225 57-3 
[Pt(As-S),][PtBr,] Brownish-orange Insol. 

[Pt(As-S),C1]C1,2H,O Pale yellow 0-92 24-5 
[Pt(As-S) ,Br]Br,2H,O Pale yellow 0-78 19-5 
[{Pt(As-S),1]I,2H,O Pale yellow 1-00 16-5 
[Pt(As-S) CIJC1O, Cream 1-14 30-3 
[Pt(As-S),Br]ClO, Cream 1-00 28-3 
[Pt(As-S),I}C1O, Buff 0-99 24-2 


As-S. Palladium(1) appears to have a co-ordination number of five in the complexes of 
the type, [Pd(As-S),X]*X-, and the present work was undertaken to see whether 


platinum(t) would form similar complexes. The compounds prepared are listed in 
Table 1. 


' Part III, Livingstone, J., 1960, 97. 
* Idem, J., 1958, 4222. 
* Idem, J., 1959, 2931. 
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Two iodo-complexes, Pt(As-S)I, and Pt(As-S),I,,2H,O, were obtained. The former 
is a non-electrolyte and is monomeric in freezing nitrobenzene. The latter is a 
yellow and in nitrobenzene solution has a molecular conductivity (Ajo99 16-5 mho), which 
is considerably less than that of a uni-univalent electrolyte (23—30 mho). At further 
dilution the molecular conductivity (Ajoo99) is 18-2 mho. However, in nitrobenzene 
solution containing a fifty-fold excess of the arsine above that contained in the salt, the 
value of the conductivity (Ajo999) is 29-7 mho. Similar chloro- and bromo-complexes, 
Pt(As-S),X,,2H,O (X = Cl or Br), were prepared. The water in these compounds is not 
removed over phosphoric oxide. The chloro-compound has a molecular conductivity 
(A4o.009) in nitrobenzene of 25-5 mho. In the presence of a ten-fold excess of the arsine 


























Fic. 1. Absorption spectra of iodo-complexes Fic. 2. Absorption spectra of chloro-complexes 
(10-*m) in acetone. A, Pt(As-S)I,. B, (10-°m) in acetone. E, Pt(As-S),Cl,. F, 
Pt(As-S),I,. C, Pt(As—S),I, with 100-fold [Pt(As—S),CI}CIO,. 
excess of As-S. D, [Pt(As-S),I]ClO,. 
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the conductivity is increased to 26-4 mho, while in the presence of a fifty-fold excess the 
value is 27-6 mho. These results are consistent with the hypothesis that in nitrobenzene 
solution the complexes exist principally as the uni-univalent electrolytes, [Pt(As-S),X]X, 
in equilibrium with the non-electrolytes: [Pt(As-S),X]*X~ = [Pt(As-S)X,] + As-S. 
This equilibrium lies further to the right for the iodo-complexes. It is similar to that 
which occurs with the palladium complexes, Pd(As-S),X, (X = Cl, Br, or I).? 


TABLE 2. Molecular conductivities (A) in acetone at 25°. 


Compound Concn. (10m) A (mho) Compound Concn. (10-*m) A (mho) 
[Pt(As-S) ,CI)C1,2H,O 1-05 61 fPt(As-S) I}C1O, 1-05 149 
[Pt(As-S),Br]Br,2H,O 0-99 51 [Pt(As-—S),](C1O,), 1-01 291 
[Pt(As-S),1}1,2H,O 1-02 46 NaClo, 1-00 146 
[Pt(As—S) ,CIjC1O, 1-04 142 Lil 1-00 135 
[Pt(As-S) ,Br]ClO, 1-02 142 


The perchlorates of the ions, [Pt(As-S),X]* (X = Cl, Br, or I), are uni-univalent 
electrolytes in nitrobenzene solution (see Table 1). In Table 2 are listed the conductivities 
in acetone solution of the complexes containing the cations, [Pt(As-S),X]*; the conductivi- 
ties of the diperchlorate, [Pt(As-S),](ClO,),, sodium perchlorate, and lithium iodide are 
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given for comparison. Whereas the perchlorates are uni-univalent electrolytes in acetone 
solution, the halides have conductivities less than that expected for uni-univalént 
electrolytes in this solvent (approx. 145 mho). It appears that the equilibrium written 
above lies more in favour of the quadricovalent non-electrolytes in acetone than in nitro- 
benzene solution. Additional evidence of this equilibrium is furnished by the absorption 
spectra shown in Fig. 1. An acetone solution of the compound, Pt(As-S),I,,2H,O, 
displays an absorption maximum at the same wavelength (Amax. 362 my) as a solution of 
the non-electrolyte, Pt(As-S)I,, but with a lower molar extinction coefficient. However, 
the spectrum of the former compound in acetone solution, containing a large excess of the 
arsine, exhibits no peak above 330 my, but closely resembles that of the perchlorate, 
(Pt(As-S),IJC1O,. Fig. 2 shows the spectra of the complexes Pt(As-S),Cl,,2H,O and 
[Pt(As-S),CI)CIO,. The former has an absorption maximum at 347 my and the latter 
at 345 mu. 

The formation of the quinquecovalent complexes is demonstrated by conductimetric 
titrations of the diperchlorate, [Pt(As—S),](C1O,)., with halide ions in nitrobenzene solution. 
A sharp end-point occurs after the addition of one equivalent of halide ion (Cl-, Br~, or I>), 
There is no inflection after the addition of two equivalents of halide ion. The quinque- 
covalent complex ions of platinum with our ligand are more stable than the corresponding 
palladium complex ions, {[Pd(As-S),X]*, which are stable in non-aqueous solvents only 
in the presence of a large excess of the ligand. As was mentioned in the discussion of the 
palladium complexes in Part I of this series,? the metal atom in these complex ions is not 
necessarily quinquecovalent in solution in non-aqueous ionising solvents, since it is possible 
that a molecule of the solvent is co-ordinated in the remaining octahedral position. 
Evidence for the solvation of halogenopalladate(11) ions, [PtX,]*- (X = Cl or Br) and 
(Pd,X,]*- (X = Cl, Br, or I), has been published recently. However, solvation appears 
to be much less for the chloroplatinate(11) ion, [PtCl,]*-.*5 

o-Phenylenebisdimethylarsine, 0-C,H,(AsMe,),, also forms complexes in which platinum 
is apparently quinquecovalent in solution in non-aqueous polar solvents. The complex, 
Pt(As-As),I, (As—As = o-phenylenebisdimethylarsine), has been shown to possess a 
distorted octahedral configuration in the solid state.? The structure of the corresponding 
complex with our ligand, viz., Pt(As—S),I,, in the solid state is being investigated. The 
bonding present in the sexicovalent palladium complexes has been discussed.*® It seems 
most likely that the bonding in the analogous platinum complexes of the ligand As-S is 
similar, involving the use by the platinum atom of two 6/6d-bonds normal to the plane 
of the four 5d6s6p?-hybrid bonds. 


EXPERIMENTAL 


Analyses were made on material dried over phosphoric oxide. 

Bis(dimethyl - 0 - (methylthio)phenylarsine}platinum(i1) Chloroplatinate(11)—An aqueous 
solution of potassium chloroplatinate(11) (1-8 g.) was added to a solution of the arsine (1 g.) in 
acetone (20 ml.). The precipitated complex was filtered off and washed with water, then with 
acetone (yield, 2-15 g.) (Found: C, 21-5; H, 2-7; Pt, 39-2. C,gH,,Cl,S,As,Pt, requires C, 21-9; 
H, 2-7; Pt, 39-4%). 

Bis{dimethyl-o-(methylthio) phenylarsine|platinum(t1) Bromoplatinate(11).—By a similar pro- 
cedure to the above the bromoplatinate(i1) complex was prepared from potassium bromo- 
platinate(11) (0-5 g.) and the arsine (0-5 g.) (yield, 0-4 g.) (Found: C, 18-5; H, 2-3; Br, 26-8; 
Pt, 33-4. C,,H,,Br,S,As,Pt, requires C, 18-5; H, 2-3; Br, 27-4; Pt, 33-3%). 

Bis{dimethyl-o-(methylthio)phenylarsine|platinum(11) Chloroplatinate(tv).—In a similar manner 
the chloroplatinate(tv) was obtained from potassium chloroplatinate(tv) (0-4 g.) and the arsine 


Harris, Livingstone, and Reece, J., 1959, 1505. 

° Chatt, Gamlen, and Orgel, J., 1958, 486. 

* Harris, Nyholm, and Phillips, unpublished work. 

* Harris, Nyholm, and Stephenson, Nature, 1956, 177, 1127. 
* Harris and Nyholm, J., 1956, 4375. 
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(0-5 g.) (yield, 0-6 g.) (Found: C, 20-2; H, 2-4; Pt, 35-8. C,,H,,Cl,S,As,Pt, requires C, 20.4. 
H, 2-5; Pt, 35-8%). ‘ 

Bis{dimethyl - 0 - (methylthio)phenylarsine)platinum(1) Bromoplatinate(iv).—The _bromp. 
platinate(1v) was obtained as described above from potassium bromoplatinate(Iv) (1 g.) ang 
the arsine (0-3 g.) (yield, 0-5 g.) (Found: C, 16-5; H, 2-1; Pt, 29-2. CisHgBr,S,As,Pt, 
requires C, 16-3; H, 2-0; Pt, 29-4%). 

Di-iododimethyl-o-(methylthio)phenylarsineplatinum(i1)—The arsine (0-5 g.) in alcohol 
(20 ml.) was added slowly, with stirring, to a solution containing potassium chloroplatinate(1) 
(1 g.) and potassium iodide (2 g.) in water (50 ml.). The precipitated iodo-complex was filtered 
off and washed with water, then with a few drops of acetone (yield, 0-6 g.) (Found: C, 164, 
H, 1-7; Pt, 28-9%; M, cryoscopically in 0-40% nitrobenzene solution, 650. C,H,,1,SAsPt 
requires C, 16-0; H, 1-9; Pt, 28-8%; M, 677). 

Chlorobis(dimethyl - 0 - (methylthio)phenylarsine}platinum(u1) Chloride Dihydvate—Bis{di- 
methyl-o-(methylthio)phenylarsine]platinum(11) chloroplatinate(11) (0-4 g.) was refluxed for 
48 hr. with the arsine (0-4 g.) in 3: 1 acetone—water (40 ml.). The insoluble starting materia] 
(0-05 g.) was filtered off and the solution was evaporated to approx. 10 ml. The solution, on 
cooling, deposited the crystalline compound, which recrystallized from acetone (yield, 0-4 g) 
(Found: C, 28-8; H, 4-0; Cl, 9-6; Pt, 25-7. C,,H5,0,Cl,S,As,Pt requires C, 28-5; H, 44: 
Cl, 9-4; Pt, 25-8%). The compound when heated in a closed tube gives a positive test for 
water. 

Bromo[bisdimethyl-o-(methylthio)phenylarsine|platinum(t1) Bromide Dihydvate-—This com- 
pound was prepared in a similar manner by refluxing bromoplatinate(11) (0-4 g.) for 30 min. 
with the arsine (1-7 g.) (yield, 0-4 g.) (Found: C, 26-1; H, 4-0; Pt, 23-5. C,H 390,Br,S,As,Pt 
requires C, 25-5; H, 3-6; Pt, 23-0%). When heated in a closed tube it gives a positive test 
for water. 

Iodobis(dimethyl-o-(methylthio) phenylarsine]platinum(t1) Iodide  Dihydrate.—Potassium 
chloroplatinate(11) (0-4 g.) and potassium iodide (2 g.) in water (40 ml.) were added slowly, with 
stirring, to the arsine (0-5 g.) in acetone (20 ml.). The ‘precipitated iodo-complex was filtered 
off and washed with water and then with a few drops of acetone (yield, 0-6 g.) (Found: C, 22:8; 
H, 3-2; I, 26-3; Pt, 20-8. C,,H,,0,1,S,As,Pt requires C, 23-0; H, 3-2; I, 27-0; Pt, 20-8%). 
The compound when heated in a closed tube gives a positive test for water. 

Chlorobis(dimethyl-o-(methylthio)phenylarsine)platinum(u) Perchlorate-——Treatment of a 
solution of the above chloride (0-2 g.) in alcohol (10 ml.) with 60% perchloric acid (4 drops) gave 
the crystalline perchlorate (0-2 g.) (Found: C, 27-1; H, 3-0; Pt, 24-7. C,,H,,0,C1,S,As,Pt 
requires C, 27-5; H, 3-3; Pt, 24:8%). 

Bromobis[{dimethyl-o-(methylthio)phenylarsine}platinum(t1) Perchlovate—In a __ similar 
manner the bromide (0-3 g.) gave the bromo-complex perchlorate (0-2 g.) (Found: C, 269; 
H, 3-9; Pt, 23-1. C,,H,,0O,CIBrS,As,Pt requires C, 26-2; H, 3-2; Pt, 23-2%). 

Iodobis{dimethyl-o-(methylthio)phenylarsine|platinum(i1) Perchlorate——In a similar manner 
the iodide (0-3 g.) gave the iodo-complex perchlorate (0-3 g.) (Found: C, 24-3; H, 3-3; Pt, 22-4. 
C,,H,,0,C1IS,As,Pt requires C, 24-6; H, 3-0; Pt, 22-2%). 

Bis{dimethyl-o-(methylthio)phenylarsine|platinum(u1) Perchlorate——The iodo-complex per- 
chlorate (0-3 g.) in alcohol (20 ml.) was treated with silver perchlorate (1-0 g.) in water (20 ml), 
and the solution was heated on the water-bath for 4 hr. to ensure complete precipitation of 
silver iodide. The solution was filtered and the filtrate was evaporated to approx. 25 ml.; it 
then gradually deposited the compound, which was filtered off and washed with water, then 
with saturated potassium iodide solution, and finally with water (yield, 0-2 g.) (Found: C, 25-4; 
H, 3-1; Pt, 22-8. C,,H,,0,Cl,S,As,Pt requires C, 25-4; H, 3-1; Pt, 22-8%). 


Analyses for carbon and hydrogen were carried out by Dr. E. Challen of the microanalytical 
laboratory of this University. 


DEPARTMENT OF INORGANIC CHEMISTRY, UNIVERSITY OF NEw SouTH WALES, 
BroaDWAY, SYDNEY, AUSTRALIA. [Received, June 24th, 1959.] 
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220. Hexamethylbenzene Complexes of Polynitrobenzenes. 
By R. Foster. 


The apparent association constants of hexamethylbenzene complexes 
with the three trinitrobenzenes and with 1,2,3,5-tetranitrobenzene in solution 
have been determined spectrophotometrically. The stabilities are in the 
order: 1,2,3- < 1,2,4- < 1,3,5-trinitrobenzene < 1,2,3,5-tetranitrobenzene. 


1,3,5-TRINITROBENZENE is a well-known electron acceptor in molecular complexes. By 
contrast, little has been reported of 1,2,3- or 1,2,4-trinitrobenzene or 1,2,3,5-tetranitro- 
benzene in this réle. Sinomiya? has reported that the stabilities of electron donors with 
1,2,3- or 1,2,4-trinitrobenzene are less than the corresponding complexes with the 1,3,5- 
isomer, but the results, derived from melting-point determinations, are only qualitative. 

The stabilities of a series of complexes involving these polynitrobenzenes have now been 
measured. Hexamethylbenzene was chosen as the electron donor because of ease of 
purification, low ionisation potential, low chemical reactivity, and high molecular 
symmetry. As a measure of the stability of these complexes the apparent association 
constant (K) of the components in solution has been used, where: 


K = [complex]/{nitro-compound][hexamethylbenzene] . . . (lL) 


All concentrations are expressed as molarities, K having the dimensions 1. mole. The’ 
values of K are termed apparent rather than true association constants as defined by 
eqn. (1) for it is possible that the optical absorption is enhanced by contact charge-transfer 
processes. For the same reason the extinction coefficients of the complexes are also 
termed apparent. 

The method ° of determining K enables it to be evaluated directly from the slope of a 
linear plot of two functions and avoids the necessity of evaluating a very small intercept, 
as is the case in the method of Benesi and Hildebrand.‘ 

The association constants have been determined for these complexes in cyclohexane 
and in carbon tetrachloride. The stabilities in chloroform are considerably lower, and 
only the 1,3,5-trinitrobenzene complex was measured in this solvent. 


EXPERIMENTAL 


Materials.—Solvents. ‘‘ AnalaR”’ chloroform was washed ten times with water, dried 
(CaCl,), then refluxed over, and finally distilled from, phosphorus pentoxide; it was used the 
same day. Carbon tetrachloride and cyclohexane were B.D.H. ‘‘ Spectroscopic Grade ” 
reagents. 

1,2,3-Trinitrobenzene. Prepared by Holleman and Van Haeften’s method § and recrystallised 
twice from ethanol and once from carbon tetrachloride it had m. p. 126°. 

1,2,4-Trinitrobenzene. Similarly prepared and purified it had m. p. 60°. 

1,3,5-Trinitrobenzene. Recrystallised four times from ethanol and twice from carbon tetra- 
chloride it had m. p. 123°. 

1,2,3,5-Tetranitrobenzene. Prepared by Borsche’s method * and recrystallised twice from 
chloroform it had m. p. 126°. 

Hexamethylbenzene. Samples were from three sources: Kodak Ltd., by the methylation of 
xylene,’ and by Cullinane and Chard’s method.* The product in each case was recrystallised 
five times from ethanol and had m. p. 164°. 


? Sinomiya, Bull. Chem. Soc. Japan, 1940, 15, 137. 

* Orgel and Mulliken, J. Amer. Chem. Soc., 1957, '79, 4839. 

* Foster, Hammick, and Wardley, J, 1953, 3817. 

* Benesi and Hildebrand, J. Amer. Chem. Soc., 1949, 71, 2703. 
* Holleman and Van Haeften, Rec. Trav. chim., 1921, 40, 67. 
* Borsche, Ber., 1923, 56, 1942. 

* Smith and Dobrovolny, J. Amer. Chem. Soc., 1926, 48, 1413. 
® Cullinane and Chard, J., 1945, 821. 
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Analytical Methods.—The method used has been previously described.® 

Two primary solutions were made up gravimetrically, one containing only hexamethy). 
benzene as solute (ca. 0-2m), the other containing both hexamethylbenzene (ca. 0-2M) and the 
polynitrobenzene (10—10™“m). From these two a set of solutions was made, each having the 
same concentration ([@]) of polynitrobenzene but a different concentration ([6]) of hexamethyl. 
benzene, so that in all the solutions [polynitrobenzene] < [hexamethylbenzene]. The optical 
densities of these solutions were measured at several wavelengths at which the polynitrobenzene 
showed no, and the hexamethylbenzene little or no, absorption. All determinations were made 
with either, or both, a Unicam S.P. 500 quartz-prism spectrophotometer and an Optica CRy 
grating spectrophotometer. The same l-cm. quartz cell was used in all determinations, the 
comparisons were made against air, and light was always passed through the cell in the same 
direction. An arithmetical correction was made for the absorption by the cell and solvent. 
This avoided errors due to mismatched cells. The optical-density scales of both instruments 
were checked by using solutions of potassium chromate in 0-05m-sodium hydroxide. 

All plots were straight lines and it was assumed that only 1: 1 complexes were present. The 
data of one determination are given. The results of all the determinations are summarised 
in Table 2. 

The Apparent Association Constant of Hexamethylbenzene-1,3,5-Trinitrobenzene in Cyclo- 
hexane.—From the two basic solutions, I (0-1801m with respect to hexamethylbenzene and 
1-340 x 10m with respect to 1,3,5-trinitrobenzene) and II (0-1839m with respect to hexa- 
methylbenzene), the set of solutions indicated in Table 1 was obtained, each solution being made 
up to 10-00 ml. with pure solvent. From optical densities (D’) measured at 420 my on a CF4 
spectrophotometer (slit 0-02 mm.) and corrected for the absorption due to the hexamethyl- 
benzene (AD), a plot of D/(b] against D gives a line of negative gradient 13-5 1. mole”. 


TABLE 1. 
Soln. I (ml.) Soln. II (ml.) [8] (m) [a] (m) D’ : AD D=(D’—AD) Dj} 
5-00 5-00 0-1819 6-70x 10* 0-866 0-006 0-860 4-73 
p 4-50 0-1727 Ri 0-850 0-006 0-844 4-89 
-s 4-00 0-1636 a 0-836 0-005 0-831 5-08 
os 3-50 0-1544 ‘3 0-821 0-005 0-816 5-28 
a 3-00 0-1452 » 0-806 0-005 0-801 5-52 
“* 2-50 0-1360 ve 0-781 0-004 0-777 5-71 
. 2-00 0-1268 je 0-772 0-004 0-768 6-06 
ws 1-60 0-1194 bs 0-738 0-004 0-734 6-15 
” 1-20 0-1121 a8 0-729 0-004 0-725 6-47 
a 0-90 0-1065 m 0-711 0-003 0-708 6-65 
te 0-60 0-1010 “ 0-696 0-003 0-693 6-86 
“ 0-40 0-0974 C 0-686 0-003 0-683 7-01 
0-00 0-0900 ‘és 0-666 0-003 0-663 7-37 


TABLE 2. Apparent association constants (K), wavelengths of maximum absorption (mx) 
and apparent maximum molar extinction coefficients (max) of hexamethylbenzene complexes 
in carbon tetrachloride, cyclohexane (CX A), and chloroform, all at 20°. 





Tri- or K (1. mole) Amax. (My) Emax. (1. mole“ cm.—) 

tetra-nitro- — Hw ~~ “~ ~ ¢ “~ — Koxa/ 
benzene CCl, CXA CHCl, CCl, CXA CHCl, CCl, CXA CHCl, Keo, 
12,3- 15402 39403 -- 350 — — 1500+ 200 -- ~- 2-6 
124- 20+02 50403 -- 395 — — 1200+ 200 == —— 2:5 
1,3,5- 67403 135+ 0-4 0-764 0-05 395 387 390 2500+ 100 2500+ 50 2600+ 24 

200 
1,2,3,5- 94+ 0-3 24-6 + 0-5 -- 425 420 — 2300+ 50 2200450 — 2:6 
DISCUSSION 


The values of K, Amax., and emax, of only two of the systems studied have been previously 
recorded. The results for hexamethylbenzene—1,3,5-trinitrobenzene in chloroform are in 
good agreement with those obtained by Castro, Andrews, and Keefer ® (K = 0-80 1. mole", 
Amax. = 390 my, emax. = 2-4 X 108). However these constants for this complex in carbon 


* Castro, Andrews, and Keefer, J. Amer. Chem. Soc., 1958, 80, 2322. 
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tetrachloride are reported by Briegleb and Czekalla® to be K = 7-10 1. mole™, Amx = 
395 my, max. = 2150. Thus while there is reasonable agreement for Amax and emx, there 
js an inexplicable difference in the values of K. The value of K quoted in the present 
work, viz. 5:7 + 0-3 1. mole, has been obtained by using hexamethylbenzene from three 
sources (cf. Experimental section). Different samples of 1,3,5-trinitrobenzene have also 
been used, and measurements have been made on both spectrophotometers. The result is 
not affected by using either Benesi and Hildebrand’s ¢ or Briegleb and Czekalla’s “ method 
of evaluating K. 

The values of emax. and to a lesser extent those of Amax. are determined by the accuracy of 
the respective values of K (apart from their being “‘ apparent values”’ because of the 
possibility of contact charge-transfer). This is particularly the case of the complexes with 
1,2,3- and 1,2,4-trinitrobenzene, where large corrections, due to the absorption of the com- 
ponents, have to be applied to evaluate these constants. In this connection, because of the 
low solubility of the polynitrobenzenes alone in cyclohexane, it has not been possible to 
assign values ¢max aNd Amax. for these two complexes. To determine the absorption of 
the hexamethylbenzene-—1,3,5-trinitrobenzene and —1,2,3,5-tetranitrobenzene complexes in 
cyclohexane, values of ¢ for the respective polynitrobenzenes in carbon tetrachloride have 
been used. This is justified by the smallness of the corrections which have to be applied. 

The stabilities are in the expected order. Sinomiya’s observation 4 that the complexes 
of 1,3,5-trinitrobenzene are more stable than those of 1,2,3- or 1,2,4-trinitrobenzene is 
confirmed. That the 1,2,3-isomer forms less stable complexes than 1,2,4-trinitrobenzene 
may be explained by the greater difficulty of intermolecular packing of the vic-substituted 
molecule with hexamethylbenzene, because of the particular orientation of the groups 
about the ring and also because of the conformation of the 2-nitro-group which cannot lie 
in the plane of the ring, thus increasing the steric impedance of the approach of the hexa- 
methylbenzene molecule. This lack of planarity of at least one group with the plane of 
the ring will reduce the mesomeric effect of that group and so decrease the Lewis acidity 
of the molecule. This will decrease the stability of the complex and may also account for 
the high frequency of the charge-transfer band relative to that of the corresponding 1,2,4- 
and 1,3,5-trinitrobenzene complexes. 

The change in solvent appears to have little effect on en,, and only a small, but 
consistent, influence on Amax. The bands are 200—500 cm. lower in carbon tetrachloride 
than in cyclohexane. This is also true of the hexamethylbenzene-chloranil complex and 
the dimethylaniline—1,3,5-trinitrobenzene complex (Table 3). 


TABLE 3. Apparent association constants (K), wavelengths of maximum absorption (Amax), 
and apparent maximum molar extinction coefficients (€max.) of other molecular complexes 
in carbon tetrachloride and cyclohexane (CXA). 


K . Emax, 
(1. mole) (my) (l. mole cm. 
CCl CXA CChk CXA CCL, CXA_ Koxa/Koo, Ref. 
Hexamethylbenzene-chloranil... 10-3 28-9 518 512 2550 -—— 2-8 a,b 
Dimethylaniline—1,3,5-trinitro- 
DEINE. cadegubensgininsindenesteen 3-4 95 484 475 1340 1300 2-8 c 


* Foster, Hammick, and Placito, J., 1956, 3881. % Foster, Hammick, and Parsons, J., 1956, 555. 
* Foster and Hammick, J., 1954, 2685. 


The influence of solvent on K also appears to'be consistent. The ratio of 
Keyciohexane/K carbon tetrachloride iS in all cases ca. 2-5. This includes the complexes in Table 3. 


This work was carried out ounng the tenure of an Edward A. Deeds Fellowship of the 
University of St. Andrews. 


QUEEN’s CoLLEGE, DUNDEE, UNIVERSITY OF ST. ANDREWS. (Received, August 5th, 1959.) 


10 Briegleb and Czekalla, Z. Electrochem., 1955, 59, 184. 
“ Briegleb and Czekalla, Z. Electrochem., 1954, 58, 249. 
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THE ultraviolet absorption spectra of conjugated organic compounds differ from those 
expected for a planar model when the molecule is sufficiently crowded to render coplanarity 
of the conjugated atoms difficult or impossible. The degree of deviation from the expected 








221. Theoretical Considerations Relating Spectra to Steric Factors 
in Hindered Stilbenes. 


By H. H. JAFFé and MILTON ORCHIN. 





Steric crowding in hindered trans- and cis-stilbene is more effectively 
relieved by twisting of the phenyl-ethylene single bonds than by twisting of 
the ethylenic linkage. Schematic ground- and excited-state diagrams of 
potential energy as a function of (a) the angle of twist around the exocyclic 
single bonds and double bond, and (b) the internuclear distance between the 
carbon atoms involved in these bonds are constructed. Analysis of these 
approximate diagrams in terms of the Franck—Condon principle leads to 
conclusions consistent with the observed hypochromic effect exhibited by 
both slightly hindered and moderately hindered stilbenes. With moderately 
hindered stilbenes, an additional contribution to the hypochromic effect 
arises from a reduced transition moment, as demonstrated by crude molecular 
orbital calculations. Such calculations of the bond orders in the ground and 
the excited states, and comparison with known bond angles and bond lengths 
in the ground state, indicate that the bonds involved do not change greatly 
on excitation. Calculation of the m-electron energies in the ground and the 
excited state of a moderately hindered stilbene shows that the molecular 
orbitals of the hindered molecule are compressed in both states relative to 
the planar model and thus the energy required for the long-wavelength 
N —» V transition from x to n* is greater for the hindered model, in 
accordance with the observed hypsochromic effect. Application of the 
Franck—Condon principle alone would not explain the hypsochromic effect. 
The treatment is generalized to apply to other conjugated systems where 
there is hindrance to coplanarity around a single bond. 





spectrum seems to increase with the degree of steric crowding, and on this basis, three | 


types of behaviour of the longest-wavelength band have frequently been distinguished: ! 
(1) Slight crowding, the spectroscopic result of which is a hypochromic effect only. (2) 
Moderate crowding, resulting in both a hypochromic effect and a hypsochromic shift. 
(3) Severe crowding, resulting in complete steric inhibition of resonance, and giving rise 
to the cumulative spectra of the two isolated chromophores. The last type of steric 
effect is well understood, and will not be discussed further here. 


The first two types of steric effect have been observed for many classes of compound 


and have been often separately discussed. A more systematic and unified examination 
of these cases appears desirable and will be attempted in the present paper. In order to 
highlight the problems involved, spectra of the hindered stilbenes will be examined first, 
and the arguments will then be generalized. 


STILBENE 
Stilbene is chosen as the special example for study because its spectrum and those of 


its derivatives * have been studied in detail,4 and because stilbene’s symmetry makes the 


1 Braude, Jones, Koch, Richardson, Sondheimer, and Toogood, J., 1949, 1890; Turner and Voitle, 


J. Amer. Chem. Soc., 1951, 78, 1403; Ingraham in “‘ Steric Effects in Organic Chemistry,’’ ed. Newman, 
John Wiley and Sons, New York, 1956, p. 484. 


2 Haddow, Harris, Kon, and Roe, Phil. Trans., 1948, A, 241, 147. 
* Beale and Roe, J. Amer. Chem. Soc., 1952, 74, 2302. 
* Idem, J., 1953, 2755. 
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treatment particularly attractive. Planar trans-stilbene will be considered as the un- 
oti ss hindered reference molecule, and steric hindrance will be 
‘ ¢ \-& « s assumed to be introduced either by substitution in one or 
i Ys more of the a-, a’-, 2-, 6-, 2’-, and 6’-positions, or by conversion 

his ° Pd of the trans- into the cis-compound. 
H a2 In ethanol trans-stilbene absorbs at 295-5 my with em: = 
29,000, while cis-stilbene absorbs 3 at 280 my with emx = 10,450; the corresponding data for 
some substituted derivatives are shown in Table 1.2 Although vibrations distorting planarity 
occur, the ground state of trans-stilbene is undoubtedly planar and the potential-energy 
minimum corresponds to the planar conformation. Steric repulsion of the ortho-hydrogen 
atoms, however, probably inhibits cis-stilbene from assuming a planar conformation, or at 
least makes this conformation energetically less favourable than a twisted one. The same 


rd 


TABLE 1. Spectra of substituted stilbenes2 


Long-wavelength band Long-wavelength band 

Substituent Amax. (My) 10%<¢ Substituent Amax. (My) 10% ¢ 
ENMeg o.cececsccscescesseee 346 30-8 4-NMe,-2’,4’,6’-Me, ...... 310 27-0 
4-NMe,-2’-Me ..........-+.++ 343 26-5 4-NMe,-2,2’-Me, ......... 338 21-3 
4-NMe,-2’-Et ..........00006 338 25-6 4-NMe,-4’-Me_............ 345 31-2 
4-NMe,-2’-Pr® ....... 200 333 23-6 4-Cl-4’-NMe, ............... 355 31-4 
4-NMe,-2’-Pr' _............ 330 26-0 2-Cl-4’-NMe, ............... 356 30-3 
4-NMe,-2’,5’-Me, ......... 338 24-3 4-NMe,-aa’-Et, ............ 263 17-6 
4-NMe,-2’,5’-Pri,_......... 345 28-2 J. ae se 282 18-9 
4-NMe,-2’6’-Me,_......... 309 25-1 2,4,6,2’,4’,6’-Me, ......... 264 8-3 


repulsion also must lead to a distortion of other molecular parameters. Similarly, repulsion 
between a substituent in the 2(or 2’)-position and the hydrogen attached to carbon atom a 
(or a’), and particularly repulsion between a substituent in the 6(or 6’)-position and the 
hydrogen attached to a’(or a) leads to deviations from planarity and to distortions of other 
molecular dimensions. 

In order to be able to discuss these steric effects systematically, it will be necessary 
first to consider which of all the many possible deformations, corresponding in all to the 
72 fundamental vibrations (3m — 6) of stilbene, are likely to be involved in the relief of 
steric strain; next, the potential-energy diagrams for each of the deformations considered 
of interest will be constructed and used to examine the importance of the Franck—Condon 
principle; and finally a total-energy diagram will be constructed on the basis of these 
discussions and of rough molecular-orbital calculations. 

Examination of models of hindered stilbene derivatives suggests that the following 
distortions of trans-stilbene should be considered: (a) Twisting about the a—1 (and a’-1’) 
bond. (6) Twisting about the a—a’ bond. (c) Stretching of the a—a’ bond. (d) Stretching 
of the a-1 bond (and a’-1’ bond). (e) In-plane deformation of the l-a-a’ (and a-a’-1’) 
angle. (f) Distortion of bond distances and angles at the 2-, 2’-, and 6-, 6’-atoms, and of 
the a-H and a’-H bonds. These distortions (f) are unlikely to make an important contribu- 
tion, and, even if they do, are not likely to affect the spectra seriously, and hence will be 
ignored hereafter. 

Although the twisting modes (a) and (b) do not affect the o-electron skeleton, the 
energetically inexpensive small twists tend to decrease rapidly the interaction between 
repelling atoms. Accordingly, these two are probably the most important modes. Of the 
two modes, twisting about the a-1 bond with a relatively low bond order, and the fact that 
there are two such bonds, make twisting around the single bonds more favourable than 
twisting about the a—a’ bond. 

Stretching of the a—a’ bond, which, at 1-33 A has about the length of a normal double 
bond,' produces an increase in o-bond energy, and a decrease in x-electron energy; this 
mode is not as effective in relieving strain, but probably is involved to some extent. The 
® Robertson and Woodward, Proc. Roy. Soc., 1937, A, 162, 568. 
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a-1 bond length § is 1-44 A, just slightly shorter than recent estimates ® of s$-sf? single. 
bond lengths of 1-48 A; accordingly the decrease in x-electron energy on stretching of the 
a-1 bond is accompanied by little or no increase in e-bond energy. Hence a-I stretching 
is probably less important than the previous three deformations. 

Bending of the 1-a-a’ angle undoubtedly occurs, since even in trans-stilbene this angle 
measures 133°. However, the angle should have no effect on the x-electron system, and 
should not change appreciably during excitation, and hence is of no interest spectro- 
scopically. 

The Twisting Modes.—In constructing the potential energy curves for the twisting 
modes (a) and (b) the unhindered molecule will be considered first. Since, at equilibrium 
the state of the molecule is reasonably assumed to be planar, the ground-state curves must 
have minima for 4 = 0° and 03 = 0°. The total x-electron energy (&), and hence the 
resonance energy of the molecule, will decrease as either of these angles increases. It 
can readily be shown that the resonance integral 8 of the px-orbitals of the atoms forming 
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Fic. 1. Graphic representation of the molecular 
orbitals y4(2) and ,(n*), showing the amplitude of 
the wave functions (and the locations of the nodes) 
used in the calculation of bond orders, 
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Carbon atom number 
a bond is proportional to cos 6, where @ is the angle by which the axes of the fz-orbitals 
of the two atoms are twisted with respect to one another. Since a change A& of & caused 
by a change 2,, in the resonance integral 8,, of a bond rs with bond order #,, can be 


expressed ? as: 
A&® = prsOBrs 


it is apparent that the potential-energy curve should have the shape of a cos 6 curve, and 
that the depth of the minimum, and hence the steepness of the curve, should be proportional 
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to the appropriate #. Examination of the highest occupied (x) and the lowest unoccupied 
(x*) molecular orbitals of stilbene, graphically represented in Fig. 1,8 shows that 7 has no 
node between atoms a and a’, but that x* does have a node between these atoms, while 
the situation is just reversed for atoms 1 and a, and 1’ and a’. Consequently, * makes a 
positive contribution to the bond order (f,,’) of the a-a’ bond and a negative contribution 


* E.g., Coulson, Chem. Soc. Special Publ., No, 12, 1958, pp. 89 et seq. 
7 Coulson and Longuet-Higgins, Proc. Roy. Soc., 1947, A, 191, 39. 
: ® These are constructed on the basis of the free-electron model; cf. Jaffé, J. Chem. Phys., 1953, 
21, 1287. 
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to pu of the 1-a bond. Similarly, x* makes contributions of the opposite signs. These 
changes in bond order are, of course, consistent with the usual resonance-theory description 


Fic. 2. Potential energy as a function 0, for ground and excited states of (a) unhindered, (b) slightly 
hindered, and (c) moderately hindered stilbenes. 
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Fic. 3. Potential energy as a function 0,4 for ground and excited states of (a) unhindered, (b) slightly 
hindered, and (c) moderately hindered stilbenes. 
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Fic. 4. Schematic representation of the probability of a transition allowed by the Franck-Condon 
principle as a function of 0,1. 
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of the two states, in which excitation in the N —» V transition is ascribed to a decrease 
of the importance of state (I) and an increase in the importance of state (IT). 

These considerations then lead’to the potential-energy diagrams given in Figs. 2(a) 
and 3(a). Examination of these Figures indicates that the vibrational twist about the 
4-1 bond reduces the intensity below that predicted from the oscillator strength owing to 
the application of the Franck-Condon principle. This is readily apparent in Fig. 4(a) 
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which shows the distribution function as a function of 0. Classically, the ground state 
in its lowest vibrational level may be found between 6% and 68 indicated as solid vertical] 
lines in Fig. 4(a), and the excited state between 02 and 6%, indicated as broken vertical 
lines. According to quantum mechanics, of course, these values are not rigid limits, 
but may be exceeded, though with drastically reduced probability. The shaded areas 
then correspond approximately to the conformations from which excitation is forbidden, 
and the theoretical oscillator strength should be multiplied by the ratio of these areas to 
the total area under the curve. A similar limitation does not exist with respect to the 
a-a’ bond, since the excited-state curve is shallower than that for the ground state. 

In considering slightly hindered molecules, it appears obvious that, upon twist by just 
a few degrees, since the hindering is slight, the potential-energy curves of hindered and 
unhindered molecule should become identical. Near 6 = 0°, however, a steric repulsion 
energy (Es) raises the curves for the hindered molecule above those for the unhindered 
one. The minima probably no longer occur at 6 = 0°; instead, there should be a very flat 
and slight maximum there, and shallow minima a few degrees displaced from 0°. It 
appears possible, or even likely, that even the zero-point vibrational level lies above the 
central minimum. 

In order to describe quantitative differences between effects on ground and excited 
states, the following quantities are conveniently defined: the equilibrium value of 6 in the 
ground state is denoted by 6,“ and in the excited state by 0,"’, where the prime identifies 
the slightly hindered molecule. The corresponding quantities in the unhindered molecule 
are 0,% and 0,” (both, of course, are zero). Energy differences also are required, and the 
energy at the potential minimum in the ground and the excited state, respectively, of the 
unhindered molecule are denoted by E% and E®, in the hindered one as E® and E®’, 

Thus far the considerations apply equally to 6,,° and to 9. In estimating differences 
between the quantities just defined, however, the two angles must be treated separately. 
For 6,1, the bond order increases on excitation and the resulting greater resistance to twist 
leads to 0,% > 0... However, since cos @ is a very slowly changing function of 6 near 
® = 0°, and since the steric repulsion energy also is quite small, E* — E° ~ E® — E® 
[Fig. 2(b)]. The excitation energy of the slightly hindered molecule is then essentially 
the same as in the unhindered molecule; no hypsochromic effect should be noted. Con- 
struction of the distribution analogue of Fig. 4(a) shows, however, that angles 62° and 6% 
for the hindered molecule do not exceed the corresponding values for the unhindered one 
nearly as much as 02’ and 6% of the hindered molecule exceed 0% and 0% of the unhindered 
one. The result, then, is Fig. 4(6) where the ratio of the shaded area—which again 
corresponds to the population of conformations from which excitation is forbidden—to 
the total area under the curve is seen to be larger than in Fig. 4(a). Consequently, the 
hypochromic effect in slightly hindered molecules may be explained as a Franck—Condon 
effect resulting from the twist of angle 0,3. It will be seen in what follows that no alternative 
explanation appears reasonable for the slightly hindered case. 

Consideration of 9, is quite analogous: ys” < pay* leads to 0,% < 6,”’; again 
ES’ — E° ~ E® — E® is very probable. The result is the potential-energy curve in 
Fig. 3(b), which shows that no Franck—Condon effects are to be expected. 

In the case of moderate steric hindrance the situation is somewhat more complicated. 
The potential-energy curves must have a fairly high and reasonably steep maximum at 
Oa’ = 0° and 6,; = 0°. The equilibrium values 0,°” (double primes identify the moderately 
hindered molecule) for both 0,4 and 6, occur at considerably larger values of @ than in 
the slightly hindered case. The potential energy curves will asymptotically approach 
those of the unhindered case, but only at relatively large values of @—unless the hindering 
groups are so bulky that even the completely twisted states are hindered, in which case 
the chromophores are isolated. The steric repulsion energies E,*’ and E,®”, i.c., at @ = 0° 
the height of the maximum above the unhindered minimum, should also be considered. 

For the a—1 twist 0,°” > 0,2”, and 0,%” > 6,®. But in this case the distortion in 0 is 
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large. Since cos @ < 1, and because of pu? < pu®, E®” — E¢ < E®” — E®, Further, 

contraction of the a—1 bond upon excitation will increase E," slightly over E,°; .this 

difference, however, is probably small enough to be negligible, since the small increase in 

pa should lead to a contraction of no more than 0-01—0-02 A. With these considerations 

as basis, the potential-energy diagram given in Fig. 2(c) is drawn. The excited-state 

energy is raised more than the ground-state energy by the twisting; i.¢., the larger 

difference E®” — E® than E°%’ — E® leads to the observed hypsochromic shift without 

intervention of the Franck-—Condon principle. Similarly, calculation of the transition 

moment by crude semi-empirical LCAO MO theory leads to a reduced value in the 

moderately twisted case and is capable of explaining the hypochromic effect. However, ; 
construction of the distribution function [Fig. 4(c)] corresponding to the potential energy ° 
diagram of Fig. 2(c) also shows a Franck—Condon hypochromic effect similar to that one 

discussed for slightly hindered molecules. 

In considering the a—a’ twist situation, 0,°”< 0,2” owing to the decrease in bond-order 
pesr on excitation, and for the same reason E°%” — E¢< E®” — E®, Qwing to the 
lengthening of the a-a’ bond upon excitation, the maximum at 0,, = 0° is higher in the 
ground than in the excited state, i.e., E,¢ > E,®; the difference also should be small, 
though larger than for the a—1 bond owing to the greater change in fay. These consider- 
ations lead to the construction of the potential-energy diagram of Fig. 3(c). It is readily 
seen that the Franck—-Condon principle produces no limitations on wavelengths and 
intensity. The total-energy change between the ground and the excited state does not 
readily appear from these diagrams, and will be discussed below after consideration of 
the stretching modes. 

The Stretching Modes.—The potential-energy curves as a function of the distances may 
be expected to have the shape of Morse curves. For the ground states, the known 
equilibrium distance locates the minimum, and the shape of the curve can be approximated 
from the force constants. The minima for the excited state may be estimated from the 
change in double-bond character on excitation; this is readily estimated from rough LCAO 


TABLE 2. 
Planar Hindered Isolated Planar Hindered Isolated 
stilbene stilbene chromophores? ~- stilbene stilbene chromophores 
| we 0-6 0-5 0 Gem ,..... 18-694 18-412 18-400 
Ba ® 000000 1-2 1-1 1-2 Ape ,..... 1-508 1-537 2-000 
e"of p,*... —0-754 — 0-768 — 1-000 RE?™@ ... 0-294 0-012 0 
by... 07554 0-768 1-000 T.Me ...... 0-899 0-842 _ 
We, 5 1-000 1-000 1-000 Pag®* ...... 1-244 1-212 1-000 
— 1-054 1-039 1-000 Be noi sesiws 1-48 1-462 1-000 
. 1-436 1-335 1-200 SREY access 2-000 2-000 2-000 
y 2-020 2-012 2-000 Dag sess. 1-680 1-640 1-000 
yy, 2-083 2-050 2-000 


™ In units of Boo in the ring. * The total w-electron energy. ° The energy of the N ——» V 
transition. ” The resonance energy. ¢ Referred to two benzene rings and an ethylene molecule. 
’ The transition moment, in arbitrary units. * The bond order: the superscript G refers to the 
ground state, E to the excited state; the subscript identifies the bond. 


molecular-orbital calculations (cf. Table 2, giving the results of these calculations). It is 
thus found that excitation of one electron from the highest occupied (x) to the lowest 
unoccupied (x*) orbital decreases the bond order faq’ from 2-00 to 1-68, and simultaneously 
increases the bond order #,; from 1-24 to 1-48.¢ If we assume 1-48 A as the normal single- 
bond distance,* and 1-34 A as the normal double-bond distance of two sp? carbon atoms, 
it can be estimated that upon excitation the a-a’ bond is stretched by approximately 
0-05 A, and the a-1 bond compressed by approximately 0-03 A. Since force constants 


+ Jacobs and Coulson * give somewhat different bond orders. The above bond orders are based on 
assumed resonance integrals Byy = 1-2, By = 0-6. The value of 2-00 calculated for the aa’-bond in 
the ground state is in agreement with the bond length of 1-33 A which is substantially the length of a 
pure double bond. 


* Jacobs and Coulson, J., 1949, 1983. 
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also are roughly proportional to bond orders, the same information permits estimation 
of the shapes of the excited-state Morse curves. Since the subsequent arguments are 
independent of the quantitative results for these curves, only schematic representations 
are given in Figs. 5(a) and 6(a). 

Estimation of the corresponding quantities for the hindered molecule is difficult, but 
the qualitative changes are nevertheless apparent and sufficient for the discussion, 
Stretching of the a-a’ bond is favoured by a gain in o-bond energy, and opposed by a 
relatively high bond order of the bond; it is ineffective in reducing repulsion between 
ortho-substituents (or hydrogen) and the a-hydrogen atom, and hence is not involved in 
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cases of slight hindering. The potential-energy minima of slightly hindered and unhindered 
molecules, accordingly, should occur at about the same value of 744, and the corresponding 
potential-energy curves should practically coincide. 

For the moderately hindered case, the ground-state minimum should occur at somewhat 
greater distance. At the same time, the potential-energy curves for both hindered and 
unhindered molecules should approach asymptotically at large 7.2, should deviate 
progressively at low 7a,, with the hindered curve always above the unhindered one, and, 
at 7aq’ less than the equilibrium value, should rise more sharply because of the high power 
with which the van der Waals forces responsible for steric effects depend on 7. The 
equilibrium value of 7 in the ground state is denoted as 7, and that in the excited state 
as 7, both for the unhindered molecule, and the corresponding quantities of the hindered 
molecule as 7,” and 7,”._ The energy values at the potential minimum in the ground 
and the excited state respectively are denoted by E% and E* of the unhindered molecule, 
and by E®” and E®” for the corresponding quantities for the hindered molecule. The 
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relative magnitudes of the quantities E®’ — E%, and E®” — E® are of importance as 
are the quantities 7.%” — r.° and 7,8” — r,.¥. Since the excited state is stretched, relative 
to the ground state, it appears that the steric repulsion energy, E®” — E®, should be less 
in the excited state than the corresponding quantity, E°” — E%, in the ground state: 
E®’ — E® < E®’ — E%. Similarly, it is expected that 7,8” — 1r,® < 1,2” —yr,%. The 
resulting potential-energy diagram is given in Fig. 5(b). The result of these inequalities 
is that any change of the effects due to the Franck-Condon principle would result in a 
bathochromic shift and a hyperchromic effect for the hindered molecule, in contradiction 
to the experimental facts. Accordingly, it may be concluded that any Franck—Condon 
effects due to changes in 7,, are either negligible or subsidiary to other effects. 

The a-l bond may also be somewhat effective in relieving steric strain, although 
probably less so than the a-a’ bond. Hence the direction of the shifts in the minima, and 
the qualitative changes should be the same for these bonds. However, since the a—1 bond 
is compressed by excitation, the inequality of the changes of 7, is reversed, leading to 
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re” — 7" > 1%" — 74. Since the change in bond length is quite small, 7. — r,° is quite 
small, indicating that application of the Franck—-Condon principle should not reduce the 
intensity of the unhindered molecule appreciably, Fig. 6(a). This small reduction would 
be further reduced in the hindered molecule, Fig. 6(b), and again the Franck—Condon 
principle, if involved at all, leads to predictions contrary to experimental fact. Accordingly 
changes in bond lengths of any of the bonds cannot account for the spectral changes 
produced by the hindered molecule. 

n-Electron Energies.—Having considered the various deformations effective in reducing 
steric strain and their potential-energy diagrams, and having found that the Franck- 
Condon principle correctly predicts the hypochromic effect in slightly hindered and at 
least a part thereof in moderately hindered molecules, but fails to provide an explanation 
for the hypsochromic effect in the latter, we can now examine the total-energy level and 
geometry difference due to excitation. Since the a—l bond is both twisted and stretched 
in hindered molecules, the resonance integral 6’, in the moderately hindered molecule 
should be appreciably reduced from the value 8, in the unhindered molecule. The 
deformations relieving steric strain, in order of importance, are (a) a—l twist, (6) a-a’ 
twist, (c) a—a’ stretch, (d) a-1 stretch, aside from the spectroscopically uninteresting modes 
listed under (e) and (f) above. Twists (a) and (b) result in reduction of G1 to B's = 
Bai COS O41, aNd Bay to B’ag = Bag’ COS Oa’, respectively. Since ’s monotonically decrease 
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from a maximum value at zero internuclear distance to a zero value at infinite distance, 
stretches (c) and (d) lead to additional, though smaller, decreases in the respective §’s, 
As a result, hindrance should cause a larger relative reduction in 6,; than in Byy. These 
considerations are made the basis of crude semi-empirical LCAO MO calculations. The 
results given in Table 2 show that the reduction in the §’s alone correctly predicts the 
trends of the experimental observations in the moderately hindered case. It should be 
noted that these calculations do not take account of changes in geometry on excitation, 
so that the total x-electron energy differences are approximated as the energy differences 
between the levels of the excited electron before and after excitation, and any simultaneous 
change of the energies of any other electrons, due to a change in geometry and a consequent 
change in resonance integrals, are neglected. This neglect appears justified since differences 
in geometry between ground and excited state are probably much smaller than the changes 
due to steric distortion. Fig. 7(a) shows the energy level diagram based on the calculations 
and addition of the energy values correctly indicates the decrease in stability in the 
hindered forms, and at the same time the spreading of the highest occupied and lowest 
unoccupied levels responsible for the hypsochromic shift. The data are summarized in 
Fig. 7(b), where total z-electron energies of ground and the excited states are given. 

In both parts of Fig. 7 the column at the far right represents the completely hindered 
case, in which the chromophores are isolated. In this case it is assumed that the a-a’ 
bond remained untwisted for the sake of later generalization, although this probably 
would not be the case. 

Crude calculations of oscillator strength (transition moments) were also made by LCAO 
theory. The calculations for the moderately hindered case (841 = 0-5, Baa’ = 1-1) correctly 
show the observed hypochromic effect. The oscillator strength appears to be relatively 
insensitive to cos 0, and hence, if 1 — cos 6 can be negjected as far as energy calculations 
are concerned, it can probably also be neglected when dealing with intensity calculations. 
Calculations of oscillator strength based on a change in # are thus incapable of explaining 
a hypochromic without accompanying hypsochromic effect, and the Franck—Condon 
effect due to changes in 0,1 on excitation must be called upon to explain this situation. 
In the case of moderate hindrance, where both hypochromic and hypsochromic effects are 
present, it is difficult to decide whether the hypochromic effect should be assigned to a 
reduction in oscillator strength or to a Franck—Condon effect, or to make an assignment of 
the relative contribution of each of these. In the special case of cis-stilbene, as additional 
factor contributing to the hypochromic effect is the shorter distance between the ends of 
the chromophore. A similar situation in the acetylcyclohexenes has been discussed by 
Turner and Voitle.? 


GENERALIZATION 

It now remains to attempt to generalize the treatment, by extension to other molecules 
or, better, to various general types of molecule. The most important general case is 
probably that in which the steric strain is most efficiently and best relieved by twisting 
about—and possibly stretching of—an “‘ essential ” single bond (one which is a single bond 
in the most important resonance structures; an essential double bond is one which is 
double in them). 

In most known cases such a bond attains more double-bond character in the excited 
state, corresponding to a transition predominantly represented by R-R’ in the ground 
state, and by + R=RF in the excited state.t The a—1 bond of stilbene is such a bond, and 

t A somewhat different case, l-acetylazulene, is discussed by Heilbronner and Gerdil (Helv. Chim. 
Acta, 1956, 39, 1996) in which the bond order of the essential single bond about which twist relieves 
steric strain, decreases on excitation. The applicable potential energy diagram would correspond more 
to Fig. 3 than to Fig. 2, leading to no Franck-—Condon effect, but the energy-level scheme would 
correctly predict the observed bathochromic shift, as pointed out by Heilbronner and Gerdil. These 


authors consider other molecules and come to substantially the same conclusions to those reached 
here in the w-electron calculations. 
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the most commonly investigated steric effects in absorption spectra are of this type; 
examples are acetophenones™ and related compounds,” anilines,!? acetanilides,™ 
biphenyls," binaphthyls, etc. In such cases, Figs. 2(a), (6), and (c) are representative 
potential energy diagrams for R-R’ twist, and Figs. 6(a) and (6) for R-R’ stretch 
respectively, and Figs. 4(a), (b), and (c) give the frequency distribution as a function of 
angle of twist. From these diagrams it can be predicted that such steric hindrance must 
lead to a Franck-Condon hypochromic effect. Examination of Fig. 7(a) also indicates 
that moderate hindrance (t.e., hindrance that produces a significant reduction in the 8 for 
the essential single bond) produces a hypsochromic effect, since the highest occupied level 
in the unhindered molecule must lie above the highest occupied level in the pure chromo- 
phores, and reduction of the §’s produces a monotonic progression of the energy of this 
level from the one to the other. A similar progression of the lowest unoccupied level from 
its position for the unhindered molecule below its value for the separated chromophore 
to the latter also further contributes to this hypsochromic effect. Similar monotonic 
shifts of energy levels from the unhindered to the completely hindered molecule also 
permit a prediction of the effect of hindrance of other than the longest wavelength 
(N —» V) transition, provided that such transitions can be identified with specific one- 
electron transitions. It appears very likely that the red shifts observed by Klevens and 
Platt for hindered anilines !* occur in transitions which correspond to some of the higher 
transitions in Fig. 7, for which also blue shifts would be expected (e.g., 4 —» y;, or 
i, —> Ys) ; 

Another important case is that in which, upon excitation, the bond order of an essential 
double bond decreases, 7.e., a transition in which a ground state R=R’ is excited to 
4+R-R’+. A case of this type would be represented by hindered ethylenes. Other cases 
of this type are unlikely to be found readily, since generally twisting about essential single 
bonds adjacent to the essential double bond will be more effective in relieving strain; 
however, it is conceivable that such systems might be produced by imposing other steric 
requirements. The case of the ethylenes is slightly different from those of more com- 
plicated molecules. The planarity of the ground state of ethylene is due to the bonding 
nature of the molecular orbital containing the two x-electrons. Excitation of one of them 
to an antibonding orbital results in a slight- destabilization, compared with two isolated 
carbon atoms, and in the stable configuration of ethylene the two CH, groups are 
perpendicular to each other. In the case of sterically hindered ethylenes, the Franck— 
Condon principle leads to a bathochromic shift and a hyperchromic effect. If the essential 
double bond is, however, part of a conjugated system, the planarity of the molecule is 
insured by the co-operative effect of all the x-electrons, and excitation of one of them to 
an antibonding orbital is insufficient to destroy the planarity. In such a case the potential 
energy diagram for R-R’ twist and stretch would be given, respectively, by Figs. 3(a), 
(b), and (c) and Figs. 5(a) and (5) for the unhindered and the hindered molecules. On the 
basis of these diagrams one would predict much smaller effects; a very small hypochromic 
effect due to the twist and a very small hyperchromic one due to the stretch, for slightly 
hindered molecules, would largely cancel. For more strongly hindered molecules, also, 
the intensity should not be greatly affected, but a bathochromic shift should result from 
the twist [Figs. 3(c) and 7(d)). 


This work was supported in part by the Office of Ordnance Research of the U.S. Army. 


DEPARTMENT OF CHEMISTRY, UNIVERSITY OF CINCINNATI, 
CINCINNATI 21, Onto, U.S.A. (Received, September 14th, 1959.] 


10 Braude and Sondheimer, J., 1955, 3754. 
1 Hedden and Brown, J. Amer. Chem. Soc., 1953, '75, 3744. 
12 Klevens and Platt, ibid., 1949, 71, 1714. 
® Burgers, Hoefnagel, Verkade, Visser, and Wepster, Rec. Trav. chim., 1958, 77, 491; Ungnade, 
J. Amer. Chem. Soc., 1954, 76, 5133. 
4 Pickett, Walter, and France, J. Amer. Chem. Soc., 1936, 58, 2296. 
8 Friedel, Orchin, and Reggel, ibid., 1948, 70, 199. 
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222. The Alkaloids of the Amaryllidaceae. Part V.* A New 
Alkaloid Epihemanthidine from Haemanthus natalensis. 


By Joan Goosen, P. W. Jerrs, J. GRAHAM, F. L. WARREN, and 
WINIFRED G. WRIGHT. 


Epihemanthidine has been isolated from Haemanthus natalensis. It 
yields apohemanthidine on treatment with hydrochloric acid so that the 
basic structure and the configuration of the benzylic group in hemanthidine 
and epihzmanthidine are the same, and the difference is attributed to 
difference in configuration of the methoxy-group. On oxidation with 
manganese dioxide the epi-compound gave oxoepihzemanthine. 


THE basic residue obtained after the separation of hemanthamine (natalensine) ! from 
the alkaloidal mixture from Haemanthus natalensis has now yielded a new alkaloid which 
is seemingly epihemanthidine, C,,H,,O;N (I). It has two hydroxyl (strong absorption 
in Nujol at 3422 cm. and a diacetyl derivative showing an OAc band at 1745 cm.~) and 
one methoxyl group. The infrared absorption in Nujol further indicated a symmetrically 
disubstituted ethylene (1645 cm.), an aromatic nucleus (1618 cm.), and a methylene- 
dioxy-group (1250 and 931 cm.“). The formula may accordingly be expanded to 
C,;H,,N(O,CH,)(OMe)(OH),. Further, the nitrogen atom is tertiary, in that the alkaloid 


gave a methiodide and methopicrate. 
OMe ‘ OMe 
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The alkaloid gave phenanthridine on distillation with zinc dust. On treatment with 
hydrochloric acid it gave “ apohemanthidine ” ? (anhydrodemethylhemanthidine) (II) 
identical with that obtained from hemanthidine, so that the basic structure and the 
configuration of the benzylic hydroxyl group in hemanthidine and epihemanthidine are 
identical. Oxidation of the benzylic hydroxyl group with manganese dioxide gave the 
expected 6-oxoepihemanthine f (III).* 

The difference between epihemanthidine and hemanthidine is attributed to the 
epimerisation of the methoxyl group. The configuration of the 2’-hydroxyl group in 
epihemanthidine is envisaged as the same as in hemanthidine, namely cis to the methoxyl 
group.” The formation of the same apo-compound (II) from both alkaloids is then readily 
understood in that the methoxy-group is removed to leave the same intermediate, 
resonance-stabilised carbonium ion in each case, and ring closure can occur readily with 
the vicinal cts-oxygen atom in the 2’-position. 


EXPERIMENTAL 
Extraction.—The sliced bulbs of H. natalensis were soaked in ethanol, dried, ground, and 
further extracted with ethanol. The extracts were concentrated, steam-distilled, filtered 
through kieselguhr (Celite 545), acidified to pH 2 with hydrochloric acid and extracted with 


* Part IV, J., 1958, 4701. 

+ Hemanthidine is the 6-hydroxy-derivative (cf. I) of hemanthine. Since the prefix oxo denotes 
a change CH, ——» CO, the ketone (III) is 6-oxohzemanthine, and not oxohemanthidine as in previous 
literature. The same nomenclature applies in the epi-series which differs stereochemically from the 
parent series only in the configuration of the methoxyl group. Eb. 


1 Warren and Wright, /., 1958, 4701; Wildman and Kaufman, J. Amer. Chem. Soc., 1955, 77, 1245. 


* Fales and Wildman, Chem. and Ind., 1958, 561. 
* Uyeo, Fales, Highet, and Wildman, J. Amer. Chem. Soc., 1958, 80, 2591. 
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chloroform. The aqueous phase was basified with sodium carbonate and extracted with 
chloroform. The chloroform extract gave a gum (42 g.) which was chromatographed in benzene 
containing 12% of ethyl acetate (1200 ml.) over alumina (1 kg.). Elution with pure ethyl 
acetate (800 ml.) gave hemanthamine (11-7 g.), and then with chloroform gave 3-epiheman- 
thidine (9-0 g.) which crystallised from acetone-light petroleum as prisms, m. p. 211°, [a], 
444° (c lin CHCI,) (Found: C, 64-0, 64-2; H, 5-8,6-15. C,,H,,O,N requires C, 64-3; H, 6-0%). 
It crystallised from ethanol in a solvated form (Found: C, 62-6; H, 68; H, 4-2. 
Cy7Hy9N, C,H,O requires C, 62-8; H, 6-9; N, 39%). It showed bands in ethanol at 242 
and 293 my (log e 3-75 and 3-67 respectively) and in Nujol at 3422 (OH), 1645 (CH°CH), 1618 
(Ar), 1250 and 931 cm. (CH,O,). Crystallisation from aqueous acetone gave a hydrate, m. p. 
146° (Found after drying at 20°/0-01 mm.: C, 62-2; H, 62; N, 42; OMe, 9-5. 
C47H,,O;N,$H,O requires C, 62-5; H, 6-1; N, 43; OMe, 95%). It gave a picrate (Found: 
C, 49-3; H, 4-4; N, 9-6. C,,H,,O,.N,,H,O requires C, 48-9; H, 4-3; N, 9-9%). 

With acetic anhydride and pyridine it gave amorphous OO-diacetylepihemanthidine (Found: 
C, 620; H, 5-7; Ac. 18-0. C,,H,,0,N requires C, 62-8; H, 5-8; Ac, 21-4%), vmx, 1745 cm.-} 
(vs) (ester CO). On one occasion this crystallised from ether-ethanol in rhombohedra, m. p. 
182—184°. 

Epihemanthidine (400 mg.), methyl iodide (1 ml.), and chloroform were warmed to 50° for 
1 hr., during which an oil separated. This methiodide crystallised from water as prisms, m. p. 
174°, [a],** +57° (¢ 1 in EtOH) (Found: C, 44-0; H, 5-6. C,,H,,O,NI,2H,O requires C, 43-6; 
H, 53%), and afforded a methopicrate, m. p. 146° (Found after drying at 100°/0-01 mm.: 
C, 51-1; H, 4:0. C,,H,,O,,N, requires C, 51-4; H, 4:3%). 

Zinc-dust Distillation of Epihemanthidine.—Epihemanthidine (0-3 g.) and zinc (8 g.) were © 
heated strongly in hydrogen. The product with picric acid crystallised from ethanol to give 
phenanthridine picrate which sublimed at 139° to small needles; these changed at 174° to large 
needles, m. p. 222—223°, thus behaving similarly to authentic phenanthridine picrate. 

Apohemanthidine.—Pure epihemanthidine and 6N-hydrochloric acid were heated at 
80—90° for 2hr. The solution was cooled to 0°, basified with sodium carbonate, and extracted 
with chloroform. The gummy product in benzene was chromatographed over alumina; 
benzene—methanol eluted apohemanthidine, m. p. 195—196° (from ethyl acetate), {a},,2* + 125° 
(c 0-73 in CHCl,) (Found: C, 67-0; H, 5-8; OMe, 0. Calc. for C,,H,,O,N: C, 67-35; C, 5-3%), 
Vmax. in Nujol 3090, 2745, and 1611 cm."1, Angx in EtOH 293 my (log ¢ 3-75) and 240(sh) my 
(log e 3-59). Uyeo et al.* give m. p. 195—196°, [e],** + 123°, A 294 my (log ¢ 3-70) and 240(sh) 
my. (log ¢ 3-57). 

6-Ox0-3-epihemanthine.—3-Epihemanthidine (200 mg.) in dry chloroform (50 ml.) was 
shaken for 30 min. with manganese dioxide (2 g.) prepared according to Attenburrow e¢ al. 
The solution was refluxed for 2 min. and the manganese dioxide was filtered off and washed 
with ethanol. The filtrate gave a gum (130 mg.) which, twice crystallised from ethyl acetate, 
gave 6-0x0-3-epihemanthine as prisms, m. p. 195—196°, [a],,2* +-29° (c 0-9 in CHCI,) (Found: 
C, 64:2; H, 5-5. C,,H,,O;N requires C, 64-8; H, 5-4%), vmax in Nujol 1677 (vs broad), 1616 
(vs; Ar-CO) and in CCl, 3605 cm.* (OH), Amax. in ethanol 234, 275, and 326 my (log ¢ 4-36, 
2-79, and 3-71 respectively). 


The authors acknowledge with thanks bursaries to two of them (J. Goosen and W. G. W.); 
grants from the South African C.S.I.R. and assistance from African Explosives and Chemical 
Industries are acknowledged by the authors of this and the following three papers. 


DEPARTMENT OF CHEMISTRY AND CHEMICAL ENGINEERING, 
UNIVERSITY OF NATAL, DURBAN AND PIETERMARITZBURG. [Received, September 15th, 1959.] 


‘ Attenburrow, Cameron, Chapman, Evans, Hems, Jansen, and Walker, J., 1952, 1104. 
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223. The Alkaloids of the Amaryllidaceae. Part VI.1 The Isomer. 
isation of Epihemanthidine to Epitazettine, and the Absolute Con. 
figuration of the Alkaloids from 5,10b-Ethanophenanthridine.* 


By P. W. Jerrs, F. L. WARREN, and WINIFRED G. WRIGHT. 


Epihzmanthidine (I; R = OH) and its methiodide are converted by 
treatment with alkali into de-N-methylepitazettine (II; R = R’ = H) and 
epitazettine (II; R= H, R’ = Me) respectively. The structure of epi- 
tazettine is established by oxidation to epitazettamide (III) and by the 
Hofmann degradation to NN-dimethylglycine 4,5-methylenedioxy-2-pheny]l- 
benzyl ester (IV; R = O-CO-CH,°NMe,), and 4,5-methylenedioxy-2-pheny]l- 
benzyl chloride (IV; R = Cl) and alcohol (IV; R = OH). 

A study of the molecular rotations of epimeric forms of tazettinol, 
tazettine, hemanthidine, and 6-oxohemanthine,f leads to the extension of 
Mills’s observations on allytic terpenoid and steroid alcohols to their methyl 
ethers. Absolute configurations are determined for the derivatives of (+-)- 
crinane (hemanthidine, epihemanthidine, hemanthamine, crinamine, vit- 
tatine, and hemultine), and of (—)-crinane (crinine, epicrinine, buphanisine, 
powelline, epipowelline, and buphanidrine). 


EPIHZMANTHIDINE was recently! isolated from a difficultly separable mixture of 
alkaloids from H. natalensis. In view of the ready conversion, reported previously, of 
hemanthidine into tazettine,? we have investigated a parallel reaction of epihzemanthidine. 

Hemanthidine was originally thought to be de-N-methyltazettine in that with methyl 
iodide * or with formaldehyde and formic acid ‘ it gave tazettine (II; R = H, R’ = Me). 
Uyeo, Fales, Highet, and Wildman,? however, established the formula (I; R = OH) for 
hemanthidine. 

When epihemanthidine was treated with 10% potassium hydroxide at 100° the 
substance gradually dissolved to form an isomer, readily isolated as hydrochloride, which is 
formulated as de-N-methylepitazettine (II; R= R’ =H). This gave a diacetyl deriy- 
ative (II; R = R’ = Ac) showing infrared bands corresponding to O- and N-acetyl groups. 
With methyl iodide it gave epitazettine (II; R = H, R’ = Me) hydriodide, m. p. 245— 
246°, yielding a picrate, m. p. 233°, which compounds differ from epihamanthidine 
methiodide, m. p. 174°, and methopicrate, m. p. 146°. When epihemanthidine methiodide 
is treated with dilute alkali it isomerises rapidly to epitazettine (II; R = H, R’ = Me), 
obtained also from epitazettine hydriodide. The same route is probably followed in the 
conversion of hemanthidine (I; R = OH) into tazettine, namely, by way of hemanthidine 
methiodide and not directly into tazettine.* 


OMe OMe 


§ _ 
te) co CHO te) Ph 
< l < 
oO ° oO CH,R 


ay &R (I) (III) (IV) 





Identification of the isomeric compound as epitazettine was confirmed by its ready 
oxidation with manganese dioxide to epitazettamide, whose infrared bands at 1733 and 


* Phenanthridine numbering as in I.U.P.A.C. Rules and the Ring Index. 
+ Cf. footnote to Part V, p. 1088. 


? Part V, Goosen, Graham, Jeffs, Warren, and Wright, preceding paper. 

* Uyeo, Fales, Highet, and Wildman, J. Amer. Chem. Soc., 1958, 80, 2590. 
* Boit, Chem. Ber., 1954, 87, 1339; Boit and Stander, ibid., 1956, 89, 161. 
* Wildman, Chem. and Ind., 1956, 123. 
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1673 cm.* correspond to similar bands (1736 and 1666 cm.) for tazettamide (III) 5 and 
attributed to a six-ring lactone and an amide group respectively. Further, epitazettine 
(I; R=H, R’ = Me) gave with methyl iodide a quaternary salt characterised as its 
picrate. Hofmann degradation of this quaternary salt gave NN-dimethylglycine 4,5- 
methylenedioxy-2-phenylbenzyl ester (IV; R = O-CO-CH,*NMe,) (isolated as its picrate) 
and 4,5-methylenedioxy-2-phenylbenzyl chloride (IV; R=Cl) (characterised by con- 
version into the alcohol). These products have previously been isolated * after Hofmann 
degradation of tazettine (II; R = H, R’ = Me). 

Tazettine has been smoothly demethylated’ with 10% hydrochloric acid to two 
isomeric alcohols, tazettinol and isotazettinol, whose molecular rotations, assessed on the 
basis of Mills’s rule * for terpenoid and steroid allylic alcohols, assigned absolute configur- 
ations to the methoxy-groups of tazettine and the then unknown epitazettine. The 
present isolation of epitazettine from epihemanthidine, paralleling the formation of 
tazettine from hemanthidine,?* permits a comparison of the molecular rotations of the 
epimeric allylic ethers of known configuration. It will be seen in Table 1 that tazettine, 
hemanthidine, and 6-oxohemanthine, are more levorotatory than their epimers. It 


H OR RO H 


(V) O O (VI) 


seems, therefore, that, in this series at least, Mills’s rule 8 for allylic alcohols and certain of 
their esters can be extended to allylic methyl ethers, namely, that compound (V; R = Me) 
is more levorotatory than its stereoisomer (VI; R= Me). It follows that crinamine, 
known to be epimeric with hemanthamine,® belongs to the epi-series (see Table 1). 


TABLE 1. Molecular rotations of epimeric allylic alkaloid alcohols and ethers. 





(V) OR axial (VI) OR equatorial; A[M]p 

(S)-configuration (R)-configuration (VI) — (V) 
ES ee ne +377°? +827°? 450° 
REE Avista smusiatinenpbeakaens +526 - +953 427 
Hezmanthidine coe —1293 +152 281 
6-Oxohemanthine .................. —130?2 +911 221 
BROUGMERATIMO occ c ce cicascosccccccs +593 } 437 
GER OO OI ES: +496 m 
REE S6vacceccosnesnqenacsepecnonsense —65l 
BIN Giiicoci-AcOlcossaecedldandls —385 } 334 
BENED Aikansscddscvisdataesorecidvees Q1 } 310 
Fiplpowelline. .....02.0ccsscesevsscveceee —310 


Wildman ® pointed out that hemanthamine (I; R = H) and hemanthidine (I; R = 
OH) must possess the nucleus represented by (XI; R? = R? = R? = R* = H) or its mirror 
image (VIII), and that the hydroxyl group in these two alkaloids must be cis to the 
methoxyl group to permit the formation of apohemanthamine (IX; R = H) and apo- 
hemanthidine (IX; R= OH). The benzylic hydroxyl group in hemanthidine (I; R = 
OH) may be assigned the pseudo-equatorial orientation since it can be oxidised to, and 
obtained by reduction from, 6-oxohemanthine;? and since epihemanthidine gives the 
same apohemanthidine as is obtained from hemanthidine,! it must have the same orient- 
ation at position 6. The absolute configuration of the methoxyl group in epihemanthidine 
established above from molecular rotations limits the possible formule to (VII) and 
(VIII). 


5 Highet and Wildman, Chem. and Ind., 1951, 1159. 

* Ikeda, Taylor, and Uyeo, Chem. and Ind., 1955, 1088; Taylor, Uyeo, and Yajima, J., 1955, 2962. 
* Ikeda, Taylor, Tsuda, Uyeo, and Yajima, J., 1956, 4749. 

§ Mills, J., 1952, 4977. 

® Wildman and Fales, Chem. and Ind., 1958, 561; J. Amer. Chem. Soc., 1958, 80, 6465. 

#0 Wildman, J. Amer. Chem. Soc., 1958, 80, 2567. 
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A decision between these two is forthcoming from two considerations. Al 
tazettine is readily demethylated, epitazettine is very stable to boiling acid. This can be 
explained if epitazettine has formula (X) since the proton of the conjugate acid would 
stabilise the methoxyl group by hydrogen bonding. A similar interaction has been 
advanced by Ikeda e¢ al.’ to explain the greater basicity of deoxyisotazettinol than of 
deoxytazettinol and fits in well with the configuration of tazettine advanced by these 
authors. It follows that epihemanthidine has formula (VII), and not (VIII). 





H 
OMe 
4 
Oo <A 
<<GO: 
ax) HO (x) 





(XI) (+)-Crinane skeleton. (XII) (—)-Crinane skeleton. 


Since hemanthamine is deoxyhemanthidine* and crinamine is epihemanthamine,’ 
these two alkaloids can be represented by the same general formula (XI). Vittatine, 
considered by Boit™ as the optical antipode of crinidine, which is identical with 


TABLE 2. Absolute configuration of Amaryllidaceae alkaloids from 
5,10b-ethanophenanthridines. 


Alkaloid Formula R?! R? R? R¢ R§ 
CaP EMII nedccccdsceccdccsccee XI H H H H — 
Hemanthidine .................. XI OMe H OH OH — 
Epihemanthidine ............... XI H OMe OH OH _— 
Hzmanthamine .................. XI OMe H OH H —_ 
REET snbthacdcenacdcssennares XI H OMe OH H _ 
WR tbc cdididcdsradidesivesedse XI OH H H H _ 
PIIIINED ca sdebcoccckskcestadecds XIa H H OH H a 
Seer RUUNNINND: scpncsaasonbenskesens XII H H —- 7 H 
MEN Tieccednatancteseccsedabes XII OH H — — H 
TRITEED © deve ecicccttnedccosecccd XII H OH — ao H 
IND, - nose pnenespcneusecees XII OMe H — — H 
SE < sth adiinatienenenannas XII H H _— — OMe 
SEE ~ Suva ceachotncctcamteekin XII OH H — — OMe 
Epipowelline ................000+ XII H OH —_ — OMe 
Buphanidrine .................0++. XII OMe H —_— — OMe 


crinine ! (see below), is therefore of this series (XI), as also is hemultine 4 which is 


obtained from hemanthamine and crinamine by reduction and demethoxylation (see 
Table 2). 


1 Boit, Chem. Ber., 1954, 87, 1704. 
#2 Wildman, J. Amer. Chem. Soc., 1958, 80, 2567. 
1% Boit and Dopke, Chem. Ber., 1958, 91, 1965. 
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In the enantiomorphic (—)-crinane series [basic skeleton (XII)] are included crinine, 
powelline, buphanidrine, buphanisine, undulatine, and buphanamine.“ Comparison. of 
the molecular rotations of crinine and powelline with their respective epimers (see Table 1) 
shows that the epimeric forms are the more levorotatory. This result differs from that 
in the (-+)-crinane series, and it therefore seems that the normal forms have the hydroxyl 
or methoxyl group axial in both the (+-)- and the (—)-crinane series. 

Crinine and powelline are then assigned absolute configurations as in Table 2. 
Buphanidrine is the methyl ether of powelline,’*!* undulatine is 1,2-epoxydihydro- 
powelline,!® buphanisine is Ar-demethoxybuphanidrine,” and buphanamine ® is known 
to have the powellane nucleus. 

These relative configurations are confirmed by the observation that deoxydihydro- 
hemanthamine is the optical enantiomorph of dihydrobuphanisine.® The basic structure 
(+)-crinane is (4aR,10bR)-1,2,3,4,4a,5,6,10b-octahydro-8,9-methylenedioxy-5,10b-ethano- 
phenanthridine. 


EXPERIMENTAL 


Isomerisation of Epihemanthidine to De-N-methylepitazettine—Epihemanthidine gradually 
dissolved in 10% potassium hydroxide solution at 90—100°. After 30 min. the dark solution 
was cooled and extracted with chloroform. The chloroform extract gave a gum which with 
5n-hydrochloric acid yielded a white precipitate. This precipitate was washed with 
5n-hydrochloric acid, and dissolved in water; the solution was washed with ether, decolorised 
with charcoal, and concentrated, to give de-N-methylepitazettine hydrochloride, needles, m. p. 
248—250°, [oJ,,2* +198° (c 1-1 in H,O) (Found, after drying at 20°/0-01 mm.: C, 54-9, 54-9; 
H, 5-7, 6-0; Cl, 9-3. Found, after crystallisation from ethanol: C, 54-5; H, 5-9; N, 3-2; Cl, 
9-3; OMe, 8-1; N-Me, 0. C,,H,,»O,;NCI1,H,O requires C, 54-9; H, 6-0; N, 3-8; Cl, 9-6; OMe, 
8-4. Found, after drying at 100°/0-01 mm.: C, 56-1; H, 5-4. C,,H,.0,NCI1,4H,O requires C, 
56-3; H, 5°8%). The sample crystallised from water gave Amx in EtOH at 241 and 290 mu 
(log ¢ 3-66 and 3-64 respectively) and vp,x in Nujol at 3400 (OH), 3180 (NH), 1624 (C=C), 1237 
and 939 cm.*1 (CH,O,). 

De-N-methylepitazettine, generated from the hydrochloride by the addition of aqueous 
potassium hydroxide, was amorphous, with [a],,*° + 227° (c 1 in CHCI,) (Found, after drying at 
20°/0-01 mm.: C, 61-2; H, 5-7. C,,H,,O;N,H,O requires C, 60-9; H, 6-3. Found, after 
drying at 112°/0-01 mm.: C, 62-7; H, 6-2; loss of wt., 3-1. C,,H,,0;N,}H,O requires C, 62-5; 
H, 6:2; $H,O, 2-7%), Amax, in EtOH 240 and 292 my (log « 3-75 and 3-66 respectively). Tritur- 
ation of the electrostatically charged substance with acetone gave needles, m. p. 195°, subliming 
above 162° to stellate clusters. The crystals gave, with methyl iodide, epitazettine hydriodide, 
m. p. 245° (see below). The picrate crystallised from ethanol in needles, m. p. 243-—244° 
(Found: C, 50-1; H, 4-4; N, 10-7. C,,;H,.0,.N, requires C, 50-1; H, 4:05; N, 10-2%). The 
picrolonate had m. p. 230—235° (Found, after drying at 100°/0-01 mm.: C, 55-7; H, 4-6; N, 
10-1. C,,H,,0, 9N, requires C, 55-9; H, 4-7; N, 12-0%). 

Acetylde-N-methylepitazettine.—Demethylepitazettine (209 mg.), pyridine (1 ml.), and acetic 
anhydride (1 ml.) were allowed to react and the product crystallised from ethanol to give 
O-acetylde-N-methylepitazettine in prisms, m. p. 210—212° (Found: C, 62-7; H, 5-85; Ac, 12-1, 
12:2. C,,H,,0,N requires C, 62-8; H, 5-8; Ac, 24-45), vmax in Nujol 930 and 1482 (CH,O,), 
1641 vs (NAc), 1758 vs, and 1235 cm.-! (OAc), Amax, 239 and 292 my (log ¢ 3-76 and 3-62 respec- 
tively). Grove et al.” found two acetyl groups for amino-3,5-dimethoxyphenol triacetates on 
normal analysis. 

Epitazettine—Demethylepitazettine (230 mg.) chloroform and methyl iodide (3 ml.) were 
set aside for 2hr. The product crystallised from ethyl acetate-ethanol and then from ethanol 
to give epitazettine hydriodide as prisms, m. p. 245—246° (Found: C, 47-2, 47-2; H, 4-8, 4-85; 
OMe, 6-4; N-Me, 3-1. C,,H,,O;NI requires C, 47-1; H, 4:8; OMe, 6-7; N-Me, 6-3%). The 
hydriodide was treated with aqueous picric acid and the product crystallised from ethanol, to 


“ Wildman, J. Amer. Chem. Soc., 1958, 80, 6466. 
‘* Wildman, Chem. and Ind., 1956, 1090. 
46 Warnhoff and Wildman, ibid., 1958, 1293. 

pe. Grove, MacMillan, Mulholland, and Zealley, J., 1952, 3667; Groves, Jeffs, and Rustidge, J., 1956, 
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give epitazettine picrate, m. p. 233° (Found: C, 51-2; H, 4-4. C,,H,O,,N, requires C, 51-4; 9 
43%). The hydriodide was basified with sodium carbonate and extracted with ether and 
chloroform, and the product crystallised from acetone to give epitazettine, m. p. 214° (forming 
at 192° a characteristic sublimate of perfectly square crystals), [a],,?* + 288° (c 1-0 in CHCl) 
(Found: C, 65-2; H, 6-6; OMe, 9-4; N, 4:2; N-Me, 7-1. C,,H,,O,N requires C, 65-2; H, 6-4: 
OMe, 9-3; N, 4:2; N-Me, 8-7%). 

In boiling chloroform (45 min.) and methyl iodide it gave, after treatment with picric acid, 
the methopicrate, plates (from ethanol), m. p. 260° (Found: C, 52-3; H, 4:35. C,;H,,0,,.N, re 
quires C, 52-2; H, 4:6%). 

Isomerisation of Epihemanthidine Methiodide to Epitazettine—Epihzmanthidine methiodide 
with cold potassium hydroxide gave epitazettine, m. p. and mixed m. p. 214° (Found, after 
drying at 100°/0-01 mm.: C, 65-1; H, 6-3%). 

Oxidation of Epitazettine with Manganese Dioxide.—Epitazettine (350 mg.), dry chloroform 
(100 ml.), and manganese dioxide (3 g.), prepared according to Attenburrow e¢ al.,18 were shaken 
for 42 hr. The product (240 mg.) crystallised from acetone in plates and then from ethanol in 
needles, m. p. 276°, [a],,24 + 187° (c 0-75 in CHCI,) (Found, after drying at 100°/0-01 mm.: C, 
62-6; H, 5-6. C,,H,,O,N requires C, 62-6; H, 5-6%), Amax 238 and 292 my, vmax, in Nujol 1723 
(6-ring lactone), 1673 (amide), and 1650 cm.+ (CH=CH), and in CHCl, the band at 1723 had 
moved to 1733 cm... Tazettamide, m. p. 174°, {aJ,** + 113°, showed bands at 1736 and 
1666 cm."}. 

Hofmann Degradation of Epitazettine—Epitazettine was refluxed with methyl iodide as 
above and the product in water stirred with silver oxide, filtered, and evaporated to dryness, 
The clear gum was heated at 103°/0-01 mm. for 90 min., cooled, and treated with n-hydrochloric 
acid. The oily precipitate was removed with ether, and the hydrochloric acid solution divided 
into two portions. One portion was evaporated to dryness in a desiccator to give 4,5-methylene- 
dioxy-2-phenylbenzyl chloride, m. p. 59° (Found: C, 67-7; H, 4-7. Calc. for C,,H,,0,Cl: 
C, 68-1; H, 45%); Taylor, Uyeo, and Yajuma ® give m. p. 58—59°. On alkaline hydrolysis 
this substance yielded the alcohol, m. p. 101°. The other portion with picric acid gave a 
precipitate which crystallised from ethanol to yield NN-dimethylglycine 4,5-methylenedioxy-2- 
phenylbenzyl ester picrate, m. p. 178° (Found: C, 53-0; H, 4-2. Calc. for C,,H,,0,,N,: C, 
53-1; H, 4-1%); Taylor et al.* give m. p. 178°. 


Goosen and Warren: 





The authors acknowledge with thanks a C.S.I.R. bursary (to W. G. W.), and some infrared 
spectra determined by Dr. J. R. Bartels-Keith and Mr. J. F. Grove of the Akers Laboratory of 
Imperial Chemical Industries Limited. 


DEPARTMENT OF CHEMISTRY AND CHEMICAL ENGINEERING, UNIVERSITY OF NATAL, 
DURBAN AND PIETERMARITZBURG, SOUTH AFRICA. [Received, September 15th, 1959.] 


18 Attenburrow, Cameron, Chapman, Evans, Hems, Jansen, and Walker, J., 1952, 1104. 





224. The Alkaloids of the Amaryllidaceae. Part VII.* The Alkaloids 
from Boéphone disticha Herb., Buphanitine (“ Crystalline’? Hom- 
anthine), Buphanamine, and Buphanidrine (Distichine). 

By A. Goosen and F. L. WARREN. 
Distichine and its sublimate have been identified as hydrated forms of 
buphanidrine, and the formula for buphanitine (‘‘ crystalline ’’ hamanthine) 


is corrected to C,,H,,0,N. Lewin’s derivatives of his “‘ oily ’’ hemanthine 
are shown to be derivatives of buphanamine. 


SEVERAL workers have isolated different individuals from the complex mixture of 
alkaloids from Bodphone disticha. We have re-investigated this mixture and found the 
alkaloids to exist in several different forms. The preparation of appropriate derivatives 
has permitted a comparison of the reported alkaloids with known alkaloids in this family 


* Part VI, preceding paper. 
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and given further quantities for structural studies. The mixed alkaloids were freed from 
phenolic alkaloids and lycorine, and then separation was effected by shaking a chloroform 
solution with hydrochloric acid. Buphanidrine (distichine) hydrochloride was soluble 
in the chloroform whilst buphanamine and buphanitine hydrochlorides were preferentially 
soluble in water; and the last two bases were separated chromatographically. 

Buphanidrine, C,,H,,O,N, was first reported as a gum from B. fischerii} and later 
obtained as crystals, m. p. 88—89°.2 Distichine, m. p. 144°, was isolated by us* from 
B. disticha. Warnhoff and Wildman,‘ however, suggested that “ distichine is in all 
probability undulatine contaminated with traces of buphanidrine since the infrared 
spectrum of a specimen ‘ (supplied by us) ’ was identical with a 3 : 1 mixture of undulatine, 
C,sH,,0;N, m. p. 149°, and buphanidrine.” Distichine crystallised from aqueous 
methanol in needles, whose m. p. (144°) was not changed by recrystallisation from ether; 
but when an ethereal solution was seeded with a sample of buphanidrine, kindly supplied 
by Dr. Wildman, it crystallised in prisms, m. p. 90—92°. Further, when Dr. Wildman’s 
sample of anhydrous buphanidrine was crystallised from aqueous methanol the melting 
point was raised; but once the anhydrous form had been obtained three or four crystallis- 
ations were necessary to obtain m. p. 144° again. Our analytical figures for the derivatives 
of distichine fit equally well as derivatives of buphanidrine, and the infrared spectra of the 
perchlorate, picrate, and methiodide of buphanidrine (kindly supplied by Dr. Wildman) 
and of distichine were all appropriately identical. Distichine, C,gH,,O,N,1$H,O, and 
sublimed distichine, C,,H,,O,N,}H,O, are accordingly hydrated forms of buphanidrine. 

Buphanitine, m. p. 240°, was isolated from B. disticha by Tutin ® who reported a hydro- 
chloride, m. p. 265°, and a methiodide, m. p. 278°. Lewin ® held that buphanitine was a 
mixture, one component of which he reported as an oil, hemanthine, which gave a hydro- 
chloride, m. p. 175°, and nitrate, m. p. 125°. The re-isolation ? of these salts confirmed the 
chemical individuality of Lewin’s hemanthine. Later ® a crystalline alkaloid, m. p.s 230° 
and 240°, which was called hemanthine, was identified with Tutin’s buphanitine and the 
formula corrected to C,,H,,O;N,}H,O since it sublimed to a compound thought to be the 
anhydrous form, m. p. 197—199°. This sublimate is best obtained by sublimation from 
alumina under reduced pressure, and does not give the “ crystalline ” hemanthine deriv- 
atives. Buphanitine has been further studied: the needles, m. p. 230°, after numerous 
crystallisations from chloroform-—ether gave needles, m. p. 234°, changing crystalline form 
at 210°, and prisms, m. p. 232°; at 180°/0-1 mm. the needles and prisms sublimed to 
needles and prisms respectively, without changing their characteristic melting habits. 
Both forms when recrystallised from acetone gave prisms, m. p. 232°. Buphanitine hydro- 
chloride and nitrate have m. p.s 265° and 222—224° respectively. A new formula for 
buphanitine, C,,H,,0,;N, is accordingly now proposed which fits well the reported analyses 
as well as its degradation products. It is probable that Tutin’s buphanitine methiodide,5 
m. p. 278°, is buphanidrine methiodide, m. p. 271°. 

Buphanamine, m. p. 184—186° (perchlorate, C,,H,0,NCl, m. p. 232—234°), was 
isolated by Renz, Stauffacher, and Seebeck? from B. fisherii. The unnamed alkaloid, 
m. p. 189° (perchlorate C,,H,,O,NCI,1}H,O, m. p. 119°), previously isolated from 
B. disticha by Humbold and Taylor® was shown by Wildman to be identical with 
buphanamine.'° We have also obtained this alkaloid and prepared its hydrochloride, 
m. p. 180°, and nitrate, m. p. 130°, which seemingly are identical with Lewin’s salts from 


1 Renz, Stauffacher, and Seebeck, Helv. Chim. Acta, 1955, 38, 1209. 
® Wildman, ]. Amer. Chem. Soc., 1958, 80, 2567. 

* Bates, Cooke, Dry, Goosen, Kriisi, and Warren, J., 1957, 2537. 

* Warnhoff and Wildman, Chem. and Ind., 1957, 1385. 

5 Tutin, J., 1910, 1240. ’ 

* Lewin, Arch. expt. Path. Phar., 1912, 68, 333. 

* Cooke and Warren, J. S. African Chem. Inst., 1953, 6, 2. 

® Goosen and Warren, Chem. and Ind., 1957, 267. 

* Humbold and Taylor, Canad. J. Chem., 1955, 38, 1268. 

© Wildman, personal communication. 
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his “oily’’ hemanthine* and are not derivatives of buphanitine (‘‘ crystalline” 
hemanthine) as previously reported.** In view of the confusion which has bee, 
associated with the name hemanthine it is proposed that Lewin’s “oily ’’ hemanthine be 
known as buphanamine. 





(19 






EXPERIMENTAL 


The alcoholic extract of B. disticha was processed as previously. The chloroform extract 
was concentrated, filtered from precipitated lycorine, washed with sodium hydroxide, and Bul 
extracted with hydrochloric acid. ? 


Buphanidrine (Distichine).—The chloroform solution was shaken with sodium carbonate nitt 
solution, concentrated, and chromatographed over alumina to give a solid which, crystallised The 
four times from aqueous methanol, gave the previously reported distichine (hydrated the 
buphanidrine) as needles, m. p. 144°. A solution in ether seeded with a sample of buphanidrine, trez 
kindly supplied by Dr. Wildman, deposited prisms, m. p. 90—92° (Found: C, 68-1; H, 66, 

Calc. for C,,H,,O,N: C, 68-5; H, 6-7%). Wildman’s anhydrous buphanidrine, crystallised (ph 
three times from aqueous methanol, gave needles, m. p. 110—125°. The ovalate (Found: ; two 
C, 59-0; H, 5-7. CyoH,,0,N requires C, 59-25; H, 5:7%). The analyses for the Cy, 
previously reported distichine (hydrated buphanidrine) (Found: C, 64-2; H, 6-8. Cale. 

for C,,H,,O,N,1$H,O: C, 64-3; H, 7-1%), sublimate (Found: C, 66-8; H, 6-4%), chloro- 

platinate (Found: C, 40-7; H, 4-4; Pt, 18-7. Calc. for C,,H,,O,N,PtCl,,H,O: C, 40-9; H, 

4-2; Pt, 18-4%), and styphnate (Found: C, 50-5; H, 4-1. Calc. for C,,H,,0,.N,,4H,0: C, 

50-6; H, 4-4%), as weli as the perchlorate, picrate, and methiodide, m. p. 271°, which are : 
unsolvated, fit the formulation as derivatives of buphanidrine. 

Buphanitine.—The hydrochloric acid extract was basified and extracted with chloroform. 

The gum from the chloroform extract was dissolved in acetone and set aside; buphanitine ' 
(“ crystalline ” hemanthine) separated. These crystals together with the later fraction after (de 
the chromatographic separation of buphanamine (see below) crystallised from chloroform- the 
ether to give buphanitine first in needles, changing crystalline form at 210°, m. p. 234°, [a},™ fen 
— 102° (c 1 in CHCI,) (Found: C, 63-4; H, 6-4. (C,,H,,O;N requires C, 63-9; H, 6-6%), and ga\ 
later in prisms, m. p. 232°, [aJ,*® —101° (c 1 in CHCI,) (Found: C, 63-4; H, 64%). These ant 
needles and prisms, sublimed at 180°/0-1 mm., gave needles and prisms respectively without mo 
changing their characteristic melting habits or infrared spectra. Both forms when crystallised str 
from acetone gave prisms, m. p. 232°, and from alcohol gave previously reported rhombohedra : 

which lost solvent of crystallisation at 130°, m. p. 240° subliming to needles, m. p. 234°. The F the 
nitrate had m. p. 222—224° (Found: C, 53-1; H, 5-9. C,,H,,0,N, requires C, 53-4; H, 5-8%). 

The previously reported analyses for the derivatives of crystalline hemanthine, namely, the ] 
perchlorate (Found: C, 46-8; H, 5-8. Calc. for C,,H,,O,NCI,H,O: C, 46-6; H, 5-5%%) the - 
hydrochloride, methiodide, m. p. 248°, and diacetyl derivative which are unsolvated, fit their she 


formulation as derivatives of buphanitine. 
Buphanamine.—The acetone mother-liquors from the separation of buphanitine (see above) 
gave a gum which was chromatographed in chloroform over alumina. The earlier fractions 
gave buphanamine which crystallised from acetone in prisms, m. p. 192—194° (Found: C, 
67-7; H, 6-3. Calc. for C,,H,gO,N: C, 67-8; H, 64%). Humbold and Taylor ® report an 
alkaloid, m. p. 189°, and Renz ' e¢ al. report buphanamine, m. p. 184—186°. ‘ 


THE DEPARTMENT OF CHEMISTRY AND CHEMICAL ENGINEERING, 
UNIVERSITY OF NATAL, 
PIETERMARITZBURG, SOUTH AFRICA. [Received, October 5th, 1959.) 
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225. The Alkaloids of the Amaryllidaceae. Part VIII.1 The 
Structure of Buphanitine. 


By A. GoosENn and F. L. WARREN. 


Experiments with buphanitine (dihydroxybuphanitane) indicate that 
it has the previously unknown 5: 10b-ethanophenanthridine skeleton (II) 
with cis-B/c rings. 


BUPHANITINE, C,,H,,0;N, a major alkaloid from Bodphone disticha, contains a tertiary 
nitrogen atom and the formula has been expanded to C,,H,,N(O,CH,)(OMe)(OH),.1? 
The methoxyl and the methylenedioxy-groups were seemingly in a benzene ring since 
the alkaloid showed strong absorption at 1622 cm.+.3 Proof of this was obtained by 
treatment with sodium in butan-l-ol to give demethoxybuphanitine, C,,H,,0,N. 

Buphanitine is not reduced by hydrogen and Adams'’s catalyst and so it is tetracyclic 
(plus the methylenedioxy-ring.). To establish the nature of the basic ring system, the 
two hydroxyl groups have been eliminated to yield a new compound buphanitane, 
Cy,H,gN(O,CH,)OMe, which was different from powellane (I). 





(11) 


Two tetracyclic ring structures are known for this series of alkaloids, namely, pyrrolo- 
(de]phenanthridine and 5,10b-ethanophenanthridine. The alkaloid seemingly had not 
the pyrrolo[de]phenanthridine structure since it was stable to oxidation with potassium 
ferricyanide and mercuric acetate, and both the Hofmann and the von Braun reaction 
gave back the starting material. The alkaloids known to have the 5,10b-ethanophen- 
anthridine structure were recently shown to have ¢rans-B/c rings and to include both enantio- 
morphic forms. It seemed likely that buphanitane possessed the previously unknown 
structure (II) (or its mirror image) with cis-B/c-rings. 

The hydroxy-groups in buphanitine (dihydroxybuphanitane) were secondary in that 
the alkaloid gave a diacetate * and was not readily dehydrated. 

Buphanitine (III) possesses 1,3-dihydroxy-groups since it is unattacked by periodic 
acid and oxidation with Meerwein—Pondorff reagent gave buphanitenone (IV), which 
showed in the infrared spectrum a conjugated carbonyl group. 


1°) 


MeO () 
—_—_> (e) 
< a ¢ 
0 N 
Me 


(111) (IV) (V) (VI) 





Buphanitenone on catalytic reduction with 10% palladium-charcoal gave buphanit- 
anone, whose infrared spectrum showed a non-conjugated ketone in a six-membered ring. 
By the Huang-Minlon modification of Wolff—Kishner reaction this ketone gave buphanitane 
(II), m. p. 143—144°, yielding a picrate, m. p. 210—213°. This substance was different 


* Part VII, Goosen and Warren, preceding paper. 

* Bates, Cooke, Dry, Goosen, Kriisi, and Warren, J. 1957, 2537. 

* Fales and Wildman, J. Amer. Chem. Soc., 1958, 80, 4397. 

* Fales, Warnhoff, and Wildman, J. Amer. Chem. Soc., 1965, 77, 5885. 
5 Jeffs, Warren, and Wright, J., 1960, 1090. 
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from powellane (I), m. p. 113—115° (picrate 213—215°), which for comparison was prepared 
from buphanidrine.® 

Buphanitenone gave a methiodide which readily underwent the Hofmann reaction to 
give an optically inactive methine, m. p. 131—132°, showing a strong band at 1663 cm. 
This substance has the same properties as powellenone methine which has been assigned 
structure (V)® and this confirms the stereochemistry envisaged for the skeleton of 
buphanitine. The Hofmann reaction on powellenone, the stereochemistry of which has 
recently been defined as in (VI),5 and on buphanitenone, destroys the asymmetry to yield 
the same product (V). The structure of (IV) necessitates that buphanitine is 1,3-dihydroxy. 
buphanitane (III) or its mirror image. 

Reduction of buphanitenone with lithium aluminium hydride gave buphanitenol, 
which was reoxidised to buphanitenone with manganese dioxide, so that reduction was not 
accompanied by allylic rearrangement. Reduction of buphanitanone with lithium 
aluminium hydride, or catalytic reduction of «-buphanitenol, gave «-buphanitanol. One- 
stage catalytic reduction of buphanitenone in the presence of platinum gave $-buphanitanol, 


EXPERIMENTAL 


Optical rotations refer to chloroform solutions unless otherwise stated. 

Buphanitenone (IV).—(a) Buphanitine (0-5 g.), aluminium isopropoxide (3 g.), and cyclo- 
hexanone (16 ml.) were heated under reflux in nitrogen. The product was cooled, sodium 
hydroxide added (20 ml.), and the whole extracted with chloroform. The chloroform solution 
was extracted with 2n-hydrochloric acid (4 x 30 ml.). The acid solution was washed with 
ether (2 x 30 ml.), basified with sodium carbonate solution, and extracted with chloroform. 
The chloroform solution gave a gum which solidified on trituration with ether. The product 
in acetone was decolorised with charcoal and crystallised to'give buphanitenone as rhombohedra, 
m. p. 184—185°, [a],,2° +34° (c 0-5) (Found: C, 68-2; H, 6-0; N, 5-1. C,,H,,O,N requires 
C, 68-2; H, 5-7; N, 4-7%). A Nujol mull showed a strong band at 1670 cm.*1. 

(b) Manganese dioxide (1-5 g.), prepared according to Attenburrow et al.,’ was stirred for 
6 hr. at 20° with «-buphanitenol (100 mg.). The product was twice crystallised from acetone, 
to give buphanitenone, m. p. and mixed m. p. 184—185°. 

6-Buphanitanol.—Buphanitenone (100 mg.) in methanol was shaken with hydrogen and 
Adams catalyst. The product crystallised from acetone to give 8-buphanitanol as rhombohedra, 
m. p. 130—140° with resolidification and m. p. 209—212°, [aJ,2* (c 1 in EtOH) (Found, after 
drying at 20°/0-01 mm.: C, 63-6; H, 7-4. C,,H,,0O,N,H,O requires C, 63-5; H, 7-2%). A 
sample sublimed at 170°/0-01 mm. had m. p. 209—212° (Found: C, 63-8; H, 6-8%). A Nujol 
mull showed an absorption at 3650 cm.7. 

Buphanitanone.—Buphanitenone (200 mg.) in ethanol (40 ml.) was shaken with hydrogen 
and prereduced 10% palladium-charcoal. One mol. of hydrogen was rapidly absorbed. The 
product crystallised from acetone to give buphanitanone as rhombohedra, m. p. 174—177’, 
{a],,2° —5-6° (c 1) (Found: C, 68-0; H, 6-5. C,,H,O,N requires C, 67-8; H, 64%). A Nujol 
mull showed a strong band at 1718 cm.*1. 

Buphanitenone Methiodide.—Buphanitenone (200 mg.) in methanol (10 ml.) was heated 
with methyl iodide (1 ml.) for 30 min. and the product crystallised from methanol to give the 
methiodide as needles, m. p. 241—243° (Found: C, 48-1; H, 5-1. C,,H,,O,N,CH,I,4H,0 
requires C, 47-9; H, 49%). 

Buphanitenone Methine (V).—Buphanitenone methiodide (300 mg.) was heated with 3% 
sodium hydroxide solution (15 ml.) for 10 min., cooled, and extracted with benzene. This 
process was repeated until the aqueous solution gave a negative test with Meyer’s reagent. 
The benzene extracts gave a gum which, when triturated with, and crystallised from, acetone, 
gave buphanitenone methine as rhombohedra, m. p. 131—132°, [a],,2° 0° (c 1) (Found: C, 68-5; 
H, 6-1. C,ygH,gO,N requires C, 69-0; H, 61%). A Nujol mull showed a strong band at 
1663 cm... 

a-Buphanitenol._—Buphanitenone (300 mg.) was boiled for 12 hr. with lithium aluminium 


* Wildman, J. Amer. Chem. Soc., 1958, 80, 2567. 
7 Attenburrow, Cameron, Chapman, Evans, Hems, Jansen, and Walker, J., 1952, 1104. 
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hydride (1 g.) in ether (100 ml.). Ethyl acetate was added, then 6N-sodium hydroxide, and 
the ether was distilled off. The solution was extracted with chloroform; the chloroform extract 
gave a gum which, when triturated with, and crystallised from, acetone, gave a-buphanitenol, 
m. p. 167—170°, [aJ,° 0° (¢ 1) (Found: C, 67-6; H, 6-5. C,,H,,0O,N requires C, 67-8; H, 6-4%). 
It showed in carbon tetrachloride a band at 3650 cm.". 

a-Buphanitanol.—(a) Buphanitenol (200 mg.) in methanol (30 ml.) was shaken with hydrogen 
in the presence of Adams catalyst for 3 hr. a-Buphanitanol crystallised from acetone as 
rhombohedra, m. p. 211—213°, [a],,2* 0° (c 1 in EtOH) (Found: C, 63-6; H,6-7. C,,H,,O,N,H,O 
requires C, 63-5; H, 7:2%). 7 on 

(b) Buphanitanone was reduced with lithium aluminium hydride as described above; the 
product, crystallised from acetone, had m. p. 211—213° alone or mixed with «-buphanitanol 
(identical infrared spectrum). 

Buphanitane—Buphanitanone (140 mg.), 85% hydrazine hydrate, and a solution of 
potassium hydroxide (0-8 g.) in diethylene glycol (5 ml.) were heated at 175—185° for 2 hr. 
The cooled solution was poured into water and extracted with ether. The ether extract gave 
a gum which, treated with picric acid and crystallised three times from ethanol, gave buphanitane 
picrate, m. p. 210—213°, [a),* +3° (¢ 1) (Found: C, 53-6; H, 4-4; OMe, 5:5. C,3H,4O,.N, 
requires C, 53-5; H, 4-7; OMe, 6-0%). The infrared spectrum was similar to, but not identical 
with, that of powellane picrate, m. p. 213—215°. The new picrate was chromatographed in 
chloroform over alumina to give a gum which when lixiviated with ether gave a solid, subliming 
at 140°/0-01 mm. to give buphanitane (laminz), m. p. 143—144°, [aJ,,"* + 4-6° (c 1) (Found: C, 70-7; 
H, 7:7. C,;H,,O,;N requires C, 71-05; H, 7-4%). Mixed with sublimed powellane (needles, 
m. p. 113—115° prepared from buphanidrine) it had m. p. 102—113°. 

Demethoxybuphanitine.—Buphanitine (1 g.) in boiling butan-1l-ol (150 ml.) was treated with 
sodium (9-7 g.) during 1 hr. The product was treated with ammonium chloride, steam- 
distilled to remove butanol, basified with sodium carbonate, and extracted with chloroform. 
The chloroform extract gave a gum which, chromatographed over alumina, gave a small amount 
of ether-soluble material and a gum whence two crystallisations from chloroform-ether gave 
demethoxybuphanitine as needles, m. p. 258°, [a),,7* — 105° (c 1) (Found: C, 66-3; H, 6-8; N, 5-0; 
OMe, 0. Cy, gH,O,N requires C, 66-4; H, 6-6; N, 48%). The hydrochloride, m. p. 304—308° 
(Found: C, 58-9; H, 6-7. C,H. O,NClI requires C, 58-8; H, 6-2%), and the perchlorate, m. p. 
285—287° (Found: C, 48-8; H, 5-5. C,ygH,gO,NCl requires C, 49-2; H, 5-2%), crystallised 
from methanol-ether in needles. 

DEPARTMENT OF CHEMISTRY AND CHEMICAL ENGINEERING, 
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226. New Fluorides and Oxyfluorides of Rhenium. 
By G. B. HARGREAVES and R. D. PEAcock. 


The preparation of the pentafluoride, tetrafluoride, oxytetrafluoride, 
and oxytrifluoride of rhenium is described. The magnetic moments of the 
pentafluoride and oxytetrafluoride have been measured over the temperature 
range 90—300° k. 


THERE is little information about the fluorides and oxyfluorides of rhenium. Ruff showed 
that rhenium forms a hexafluoride but not a heptafluoride—a conclusion which has since 
been amply confirmed. Ruff and his co-workers also reported that a green tetrafluoride 
is formed by the reduction of the hexafluoride with hydrogen or sulphur dioxide at high 
temperatures, and claimed! that rhenium forms four oxyfluorides; ReOF,, ReO,F,, 
ReO,F, and possibly ReOF,. Later work has confirmed the trioxyfluoride,? but the 
formule of the sexivalent oxytetrafluoride and dioxydifluoride have been in doubt since 


* Ruff and Kwasnik, Z. anorg. Chem., 1934, 219, 65. 
* Englebrecht and Grosse, J. Amer. Chem. Soc., 1954, 76, 2042. 








1100 Hargreaves and Peacock: 


the discovery * of the septavalent compounds ReOF; and ReO,F;, and there has been no 
confirmation of the tetrafluoride. 


TABLE 1. Reduction of rhenium hexafluoride by the carbonyls of molybdenum, tungsten, 


and rhenium. 
Reagents Reaction products 
ReF, (excess) +- Re,(CO),, ReOF, and residue 
ReF, (large excess) and W(CO), ReOF,, WF,, and impure ReF, 
ReF, (small excess) and W(CO), ReOF,, ReF,;, WF,, and impure ReF, 
ReF, (small excess), WF, (large excess) ReF, and impure ReF, 
and W(CO), 
ReF, + Mo(CO), ReOF,, ReF;, MoF;, and residue 


The present work was begun with the object of preparing carbonylrhenium fluorides, 
Although unsuccessful in this, nonetheless the enquiry has resolved some of the problems 
outlined above. 

Preliminary experiments showed that fluorine behaves towards decacarbonyldirhenium 
much as it does towards hexacarbonyltungsten. No perceptible reaction occurs at 25°: 
at higher temperatures rhenium hexafluoride and products of indefinite composition are 
formed. Indirect methods in which rhenium hexafluoride was reduced by carbonyls of 
molybdenum, tungsten, and rhenium were therefore tried. 

These experiments (Table 1) have yielded directly rhenium oxytetrafluoride, which 
does not have the properties ascribed to it by Ruff, and the unknown rhenium penta- 
fluoride. In addition, impure rhenium tetrafluoride is formed. From the oxytetra- 
fluoride we have prepared the new quinquevalent rhenium oxytrifluoride. From the 
pentafluoride we have obtained the pure tetrafluoride, which is quite distinct from the 
material described by Ruff. 

Rhenium Oxytetrafluoride.—Rhenium oxytetrafluoride is a blue crystalline solid which 
melts at 108° to a blue liquid. At 171° under atmospheric pressure the liquid boils toa 
colourless vapour. At 250° the vapour attacks “ Pyrex” with the formation of the 
oxytrifluoride. With water the oxytetrafluoride behaves as does rhenium hexafluoride, 
giving per-rhenic acid, hydrated rhenium dioxide, and hydrofluoric acid. Rhenium 
oxytetrafluoride is very reactive; it attacks carbon tetrachloride with the formation of a 
red-brown solution (ReCl;), and is quickly attacked by moist air. 

The magnetic moment of the oxytetrafluoride (Table 3) is as expected for a rhenium(vi) 
compound; it is lower than the value calculated for one unpaired spin (u = 1-88 B.M.) and 
varies with temperature as predicted by Kotani (cf. ref. 4). 

Rhenium Oxytrifluoride.—“ Pyrex ”’ glass is attacked slowly at 250° by the oxytetra- 
fluoride to give black, non-volatile rhenium oxytrifluoride. Since the formation of this 
compound should involve the concurrent appearance of a rhenium(vII) compound, we 
looked for the volatile oxyfluorides ReOF,; and ReO,F, but these escaped detection, 
probably because the quantities of material were so small. 

The oxytrifluoride has a tetragonal unit cell (a = 8-54 A; c = 8-21 A). It is very 
hygroscopic and gives a blue aqueous solution which presumably contains a complex 
oxyfluoro-ion. 

Rhenium Pentafluoride.—Rhenium pentafluoride is a green or yellow-green crystalline 
solid which melts at 48° to a viscous yellow-green oil. The liquid crystallises with 
difficulty on cooling. At its boiling point (240°) it disproportionates rapidly into hexa- 
fluoride and the tetrafluoride; this dismutation is evident in a vacuum at 180° and is 


apparently irreversible 
2ReF, —— > Ref, + ReF, 


At lower temperatures the pentafluoride gives a colourless vapour and can be sublimed or 
distilled unchanged under a good vacuum. 


* Aynsley, Peacock, and Robinson, J., 1950, 1622, 
* Hargreaves and Peacock, J., 1958, 3776. 
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Rhenium pentafluoride is noticeably less reactive than the oxytetrafluoride but attacks 
carbon tetrachloride at once. It is decomposed readily by moist air but can be handled in 
a dry box. It is attacked violently by water, yielding per-rhenic, fluororhenic, and hydro- 
fluoric acid, and hydrated rhenium dioxide. Analysis of the products of hydrolysis shows 
that the three rhenium compounds are formed in nearly equal amounts in accordance with 
the equation: 

3ReF, + 6HyzO —— ReF,2- + ReQ,~ + ReO, + 9F- + I2H* 


The magnetic behaviour of the pentafluoride (Table 3) is complicated; the large value 
of @ shows that there is antiferromagnetic interaction. 

Rhenium Tetrafluoride—The residue from the thermal decomposition of the penta- 
fluoride is pale blue, powdery rhenium tetrafluoride. The salt, which sublimes at about 
300° in a high vacuum, is hydrolysed immediately by water to rhenium dioxide and hydro- 
fluoric acid (cf. molybdenum tetrafluoride®). It has not been possible to index the X-ray 
powder photograph. 

DISCUSSION 


The reduction of rhenium hexafluoride by carbonyls is clearly a complicated process, 
since in addition to the expected formation of lower fluorides the oxytetrafluoride appears. 
This can only mean that the liberated carbon monoxide is taking part in the reaction, and 
that oxygen is being abstracted from it by rhenium, presumably in exchange for fluorine. 
The formation of oxyfluoride is favoured by vigorous reaction conditions, and the formation ° 
of pentafluoride by milder conditions. 


TABLE 2. Physical properties of the transition-metal oxytetrafluorides. 






M. p. B. p. Colour Ref. 
wpiastsopscénakerdniownmesas 97° 180° White a 
ie 110 185 White b 
108 171 Blue 


a Ruff and Eisner, Ber., 1907, 40, 2931. b Ruff, Eisner, and Heller, Z. anorg. Chem., 1907, 52, 
256. 

Rhenium oxytetrafluoride, apart from its colour, resembles the analogous molybdenum 
and tungsten compounds closely in appearance, melting and boiling points (Table 2), and 
chemical behaviour. Like them it is also formed by slow decomposition of the hexa- 
fluoride in “ Pyrex” and glassware, and hence must have been overlooked several times 
in the past. 

Rhenium pentafluoride, as is evident from its preparation and thermal decomposition, 
is unstable or metastable. The disproportionation recalls that of vanadium tetrafluoride ® 
but is otherwise unparalled among transition-metal fluorides. The viscosity of the liquid 
from visual observation is of the same order as that of antimony and molybdenum penta- 
fluoride, and implies a considerable degree of association. The hydrolysis and the large 
antiferromagnetic contribution to the magnetic moment of the solid also suggest a poly- 
meric structure. The properties ascribed by Ruff and Kwasnik to rhenium tetrafluoride 
are remarkably like those to be expected for a mixture of the tetrafluoride and pentafluoride. 
It is, of course, possible that they obtained another form of the tetrafluoride, but our own 
experience with these substances has shown how easily confusion may arise. 


EXPERIMENTAL 


Reagents.—Rhenium and tungsten hexafluorides were prepared from the elements. 
Carbonyls were resublimed in a vacuum. 

Action of Rhenium Carbonyl on Rhenium Hexafluoride—Rhenium carbonyl dissolved in 
liquid rhenium hexafluoride with the intermittent evolution of carbon monoxide; the solution, 
which was initially yellow, became blue-green, and blue crystals appeared on the sides of the 

5 Peacock, Proc. Chem. Soc., 1957, 59. 

® Ruff and Lickfett, Ber., 1911, 44, 506. 

oo 
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vessel above the liquid. After the excess of rhenium hexafluoride had been pumped offa blue-greeg 
solid remained which, at 40° under a high vacuum, yielded crystals of rhenium oxytetvafluoride, 
which sublimed from the reaction bulb (Found: Re, 66-7; F, 28-1. ReOF, requires Re, 66-9: 
F, 27-3%). A brown residue of indefinite composition remained. 

Action of Tungsten Carbonyl on Rhenium Hexafluoride.—(a) Large excess of rhenium hexg. 
fluoride. The tungsten carbonyl dissolved quietly in liquid rhenium hexafluoride with the 
steady evolution of carbon monoxide; the initially yellow solution changed to blue, and the 
products were rhenium oxytetrafluoride (Found: Re, 66-8; F, 28-0. Calc. for ReOF,: Re, 
66-9; F, 27-3%), tungsten hexafluoride, and a pale green or brown residue which contained 
tungsten (Found for a typical sample: Re, 68-3; F, 25-2. Calc. for ReF,: Re, 71-0; F, 29-0%). 

(b) Small excess of rhenium hexafluoride. The colour change stopped at grass-green. After 
the rhenium and tungsten hexafluoride had been pumped off there remained a green solid, 
m. p. 59° (decomp.), and blue crystals of rhenium oxytetrafluoride appeared. When the tem. 
perature was raised further a yellow-green oil distilled which at 25° gradually crystallised, 
This was rhenium pentafluoride (Found: Re, 66-5; F, 33-6. ReF,; requires Re, 66-2; F, 
33-8%). The residue was impure tetrafluoride (Found: Re, 62-6; F, 23-2%. Tungsten present), 

(c) As (b), but in the presence of a five-fold excess of tungsten hexafluoride. The reaction was 
less vigorous than in the previous experiments, and the carbonyl was attacked slowly. As the 
concentration of the rhenium hexafluoride increased owing to the steady loss of tungsten hexa- 
fluoride (b. p. 19°) by evaporation, the colour of the solution changed from yellow through 
brown to apple-green. No oxytetrafluoride was formed; when the excess of the hexafluorides 
had been pumped off, the green residue was heated to 120°; yellow-green pentafluoride then 
distilled (Found: Re, 66:5; F, 340%). The brown, non-volatile residue contained rhenium 
and tungsten. 

Action of Molybdenum Carbonyl on Rhenium Hexafluoride.—Molybdenum carbonyl dissolved 
in liquid rhenium hexafluoride with the formation of rhenium oxytetrafluoride, rhenium penta- 
fluoride, and molybdenum pentafluoride. The brown residue contained molybdenum and 
rhenium. 

Hydrolysis of Rhenium Pentafluoride—Rhenium was estimated (a) in the precipitate, (6) 
in the filtrate before treatment (giving per-rhenate), and (c) in the filtrate after exaporation to 
dryness and fusion with sodium hydroxide (giving per-rhenate + fluororhenate) [Found: 
Re (a), 23-7; (b), 23-6; (c), 42-8. Calc: 22-1; 22-1; 44:2% respectively). 

Thermal Decomposition of Rhenium Oxytetrafluoride.—The black residue left on pyrolysis of 
the oxytetrafluoride at 250° was rhenium oxytrifluoride (Found: Re, 71-5; F, 21-6. ReOF, 
requires Re, 71-8; F, 22-0%). 

Thermal Decomposition of Rhenium Pentafluoride.—The pale blue residue from pyrolysis of 
the pentafluoride at 240° was rhenium tetrafluoride (Found: 71-1; F, 29-0. ReF, requires Re, 
71-0; F, 29-0%). 

Analyses.—Rhenium was estimated as nitron per-rhenate, and fluorine volumetrically after 
distillation from sulphuric acid and precipitation as lead chlorofluoride. 

Physical Properties.—B. p.s were determined by Siwoloboff’s method. Magnetic measure- 
ments were by Gouy’s method in the temperature range 80—300° k. Since the compounds are 
unstable in air, the powdered specimens were introduced into ‘‘ Pyrex’ tubes (whose dia- 
magnetism had previously been determined) under vacuum. Results are given in Table 3. 


TABLE 3. Corrected molar susceptibilities. 


Rhenium pentafluoride Rhenium oxytetrafluoride 

Temp. (°K) 10%yA peff. Temp. (°K) 10%yA peff. 
295-0 835 1-41 294-6 748-5 1-33 
272-0 864 : 270-0 807-7 1-32 
249-0 887 250-0 873-5 1-31 
231-0 905 : 222-0 948-5 1-30 
210-0 940 . 198-0 1047 1-29 
191-0 952 “ 175-0 1166 1-28 
170-0 971 : 152-0 1303 1-26 
149-5 996 , 130-0 1480 1-24 
129-5 1024 : 106-4 1762 1-23 
110-5 1049 , 84-1 2170 1-21 
105-0 1067 , 


@ = 580° @ = 34° 
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227. Reaction of Trifluoromethanesulphenyl Chloride with 
Ammonia, Amines, and Phosphine. 


By H. J. Emettus and S. N. Nasi. 


The reaction of trifluoromethanesulphenyl chloride with ammonia yields 
trifluoromethanesulphenamide, CF,*S*NH, and bistrifluoromethanesulphen- 
imide (CF,S),NH. Analogous reactions occur with methylamine, dimethyl- 
amine, and aniline. Trifluoromethanesulphenyl chloride and ethanethiol 
give ethyl trifluoromethyl disulphide. With phosphine it gives bistrifluoro- 
methylthiophosphine (CF,°S),PH and __ tristrifluoromethylthiophosphine 
(CF,’S),P. Some reactions of these compounds have been studied. The 
general behaviour of the sulphenyl chloride resembles that of known alkyl 
and ary] sulpheny] derivatives. 


TRIFLUOROMETHANESULPHENYL CHLORIDE was first prepared by photochemical reaction 
of bistrifluoromethyl disulphide with chlorine. Its aqueous and alkaline hydrolysis 
and the reaction with hydrogen peroxide have been studied.? It reacts with mercury to 
form bistrifluoromethyl disulphide, and with trifluoromethanethiol and hydrogen sulphide 
to form the fluoroalkyl di- and tri-sulphides, respectively. The main object of the 
present investigation was to study its behaviour as an acid chloride and compare its 
reactions with those of other sulphenyl chlorides. 

The reaction with ammonia gave an almost quantitative yield of trifluoromethane- 
sulphenamide, CF,*S‘NH,, or, with a higher proportion of the sulphenyl chloride, of 
trifluoromethanesulphenimide (CF,°S),NH: no (CF,°S);N was found. Methylamine, 
dimethylamine, and aniline behaved similarly and formed N-methyl- and NN-dimethyl- 
trifluoromethanesulphenamide, CF,*S‘-NHMe and CF,°S:NMe,, and _trifluoromethane- 
sulphenanilide, CF,‘SSNNHPh. These reactions are characteristic of an acid chloride. 
Methanesulphenyl chloride, which has been described recently,®* is very unstable and its 
reaction with ammonia is unknown, but the reactions of numerous other alkane- and 
arene-sulphenyl chlorides resemble those of the fluoroalkyl compound.5 This analogy 
is also evident in the reaction of trifluoromethanesulphenyl chloride with ethanethiol, 
which gives the disulphide CF,°S:S‘C,H;. The comparatively high thermal stability of 
trifluoromethanesulphenyl chloride is matched by that of the trichloro-analogue.* The 
reaction of the Jatter with ammonia has not been reported but, with amines, simple 
elimination of hydrogen chloride occurs if the temperature is low, whereas at higher temper- 
atures the trichloromethyl group is decomposed. The trichloro-compound also behaves 
normally with compounds containing an S-H bond.® 

The Trouton constants of the new fluoroalkyl compounds are: CF,°S:NH,, 25-5; 
(CF3°S),NH, 25-1; CF,°S‘NHMe, 25-1; CF,°S‘NHPh, 24-1; CF,°S*NMe,, 22-2. These 
values indicate association in all but the last, which may be attributed to hydrogen 


1 Haszeldine and Kidd, J., 1953, 3219. 

? Haszeldine and Kidd, /J., 1955, 2901. 

3 Schneider, Ber., 1951, 84, 911. 

4 Brintzinger, Koddebusch, and Kling, Ber., 1950, 88, 87. 

° Reid, ‘‘ Organic Chemistry of Bivalent Sulphur,” Vol. I, Chap. 3, Chem. Publ. Co., N.Y., 1958. 
® Sosnovsky, Chem. Rev., 1958, 58, 509. 
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bonding. Dry hydrogen chloride reacts quantitatively with the compounds to form the 
sulphenyl chloride and ammonium chloride or the amine hydrochloride. Billman ang 
O’Mahony found that organic sulphenamides possess weak basic properties, but do not 
form salts such as hydrochlorides,’ and both they and trichloromethanesulphenamides 
also yield the corresponding sulphenyl chloride with dry hydrogen chloride.® 

Trifluoromethanesulphenamide is very slowly attacked by water at ordinary temper. 
atures, liberating sulphur. Dilute hydrochloric acid gives bistrifluoromethyl disulphide, 
ammonium chloride, and trifluoromethanesulphinic acid. The initial attack appears to 
be on the S-N bond. This is followed by hydrolysis of the sulphenyl chloride as suggested 
by Haszeldine and Kidd.? Small amounts of carbonyl sulphide and fluoride ion are also 
formed: 

CF4'S*NH, + 2HCI = CF,'SCI + NH,CI 


3CF,SCI + 2H,O = CFySO,~ + CF,SyCFs + 3CI- + 4H+ 


Trifluoromethanesulphenamide is incompletely hydrolysed by 15% aqueous sodium 
hydroxide at room temperature to fluoroform, ammonia, sulphur, fluoride, sulphide, and 
carbonate but, at 75°, breakdown to ammonia, sulphur, fluoride, sulphide, and carbonate 
is complete. These products suggest the intermediate formation of bistrifluoromethy] 
disulphide, the alkaline hydrolysis of which has been studied in detail.*® Preliminary 
experiments have shown that trifluoromethanesulphenamide is slowly decomposed by 
ammonia at ordinary temperatures but is completely decomposed at 180°. At this temper- 
ature the sulphenamide itself is stable and may be recovered unchanged after being heated 
in an evacuated glass tube. 

The reaction of trifluoromethanesulphenyl chloride with phosphine gave bistrifluoro- 
methylthiophosphine (CF,°S),PH and tristrifluoromethylthiophosphine, according to the 
proportions of the reactants. No comparable reaction has been reported with alkane- or 
arene-sulphenyl halides, though similar products might be expected. Preliminary experi- 
ments on the reaction of sulphur dichloride with phosphine show that hydrogen chloride 
is eliminated and chlorothiophosphine, Cl‘S‘-PH,, appears to be formed, though it has not 
yet been fully characterised. This reaction, and that of alkyl- and aryl-phosphines with 
sulphur dichloride is being further investigated. Trifluoromethanesulpheny] chloride and 
arsine gave a complex mixture of products, from which the thiol, CF,“SH, and hydrogen 
chloride were isolated. Here arsine behaves primarily as a reducing agent. 

Bis- and tris-trifluoromethylthiophosphine decomposed at 40—50°. The tris-compound 
formed an unstable adduct with chlorine, which decomposed just below 0° and gave a 
mixture of products including phosphorus trichloride, bistrifluoromethyl disulphide, 
and trifluoromethanesulphenyl chloride. Dry hydrogen chloride did not react with tristri- 
fluoromethylthiophosphine. It was, however, slowly attacked by air-free water, and 
both the bis- and the tris-compound were decomposed by aqueous alkali to sulphur, 
sulphide, fluoride, phosphite, and carbonate. These products indicate that the hydrolysis 
of the CF,°S group follows the same course as that of the thiol, CF,SH, which was 
investigated by Haszeldine and Kidd.* 

The infrared spectra of some fluoroalkyl compounds containing the CF,°S group have 
been discussed by Nabi and Sheppard.’ The sulphenamides, data for which are tabulated 
on p. 1108, show absorption in the region 473—463 cm.7, which is within the region 
(490—445 cm.) suggested by these authors for the C-S stretching frequency. Carbon- 
fluorine stretching frequencies occur at 1200—1100 cm.7, where there are two strong 
maxima in each case except for (CF,°S),NH, which has three, characteristic of the presence 
of two CF; groups. Each compound has one strong band at about 750 cm. and another 


? Billman and O’Mahony, J. Amer. Chem. Soc., 1939, 61, 2340. 
® Connolly and Dyson, /., 1934, 822. 

* Brandt, Emeléus, and Haszeldine, J., 1952, 2198. 

10 Nabi and Sheppard, J., in the press. 
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at 590—545 cm.~1, due respectively to CF, asymmetrical and symmetrical deformations. 
Nitrogen-hydrogen stretching frequencies lie in the region 3450—3360 cm., and —NH, 
deformation is represented by one band at 1590 cm.*. The absorption bands due to 
vibrations of the CH, and C,H; groups present in some of the compounds occur at their 
usual frequencies. A medium strong band at about 2800 cm. in the spectra of 
CF,'S*NMe, and CF;‘S‘NHMe is characteristic of N-methyl compounds in which the lone 
pair of electrons on the nitrogen atoms is not involved in conjugation. Divergent values 
for the S-N stretching frequency have been reported from Raman and infrared studies 
of such compounds as the alkane- and arene-sulphonamides and sulphur nitride, and this 
value cannot be identified in the CF,S‘-N compounds studied. Its position is probably 
largely dependent on the nature of the attached groups. 


EXPERIMENTAL 

Trifluoromethanesulpheny] chloride was prepared by the action of chlorine on bistrifluoro- 
methyl disulphide. It was separated from chlorine, which is otherwise difficult to remove, by 
adding excess of iodine, with which chlorine forms products of low volatility. 

Preparation of Trifluoromethanesulphenamide.—Trifluoromethanesulpheny! chloride (1-059 
g., 7°76 mmoles) and ammonia (0-264 g., 15-52 mmoles) reacted at — 45° in a Carius tube. The 
products were separated by fractional condensation. The fraction which condensed at —78° 
was treated with calcium chloride to remove traces of ammonia and refractionated. It was 
trifluoromethanesulphenamide (0-895 g., 98%) (Found: C, 9-75; H, 2-0; N, 11-9; S, 270%; M, 
117. CH,NF,S requires C, 10-3; H, 1-7; N, 12-0; S, 27-35%; M, 117). Sulphur was. 
estimated as barium sulphate after decomposition with 15% sodium hydroxide at 75°, oxidation 
with hydrogen peroxide, and evaporation with hydrochloric acid to remove fluoride. The 
vapour pressure (—55° to 18°) was given by logy) p (mm.) = 8-46 — 1783/7. The b. p. was 
46-5° (extrap.), the latent heat of vaporisation 8160 cal./mole, Trouton’s constant 25-5, and the 
m. p. —89°. 

Reactions of Trifluoromethanesulphenamide.—(a) With hydrogen chloride. The sulphenamide 
(0-198 g.) and dry hydrogen chloride (0-087 g.) reacted immediately in a sealed tube at room 
temperature to form trifluoromethanesulphenyl chloride (0-225 g., 97%) (Found: M, 137. 
Calc. for CCIF,S: M, 136-5). The identity was checked by the infrared spectrum. 

(b) With water and dilute acid. The sulphenamide (0-225 g.) was shaken with water (5 ml.) 
at 20° (24 hr.) and 84% was unchanged. The water became turbid, owing to liberation of 
sulphur. Trifluoromethanesulphenamide (0-240 g.), when shaken with 2N-hydrochloric acid 
(5 days, 20°), gave 0-112 g. of bistrifluoromethyl disulphide (Found: M, 201. Calc. for C,F,S,: 
M, 202), the infrared spectrum of which was checked. A small amount of more volatile 
reaction product was identified by its infrared spectrum as carbonyl sulphide (a strong doublet 
at 2080, 2060 cm.“!) (Found: M, 57. Calc. for COS: M, 60). The white solid obtained by 
freeze-drying the hydrolysate contained ammonium chloride and also showed infrared absorp- 
tion at 3400—3200, 1160, 1065, and 998 cm."}, characteristic of the CF;°SO,° group. 

(c) With aqueous alkali. The sulphenamide (0-194 g.) and 15% sodium hydroxide solution 
(5 ml.) in a sealed tube (3 days, 20°) gave unchanged sulphenamide (0-04 g.) (Found: M, 115. 
Calc. for CH,NF,S: M, 117), ammonia (0-065 g.), and fluoroform (0-091 g.) (Found: M, 71-6. 
Cale. for CHF,: M, 70). The hydrolysate contained CO,~, F~,andS=. A similar experiment 
at 75° (48 hr.) with 0-258 g. of the sulphenamide gave ammonia (0-034 g.) as the only volatile 
product. The hydrolysate contained S, S=, CO,™, and F~. The total sulphur in it was 
estimated as barium sulphate (Found: S, 69-8 mg. Calc. for CF,‘S*NH, taken: S, 70-5 mg.). 

(d) With ammonia. Trifluoromethanesulphenamide (0-259 g., 2-21 mmoles) and dry 
ammonia (0-0376 g., 2:21 mmoles) were sealed in a Carius tube (60 ml.). After 24 hr., 0-244 g. of 
the sulphenamide was recovered by vacuum fractionation (Found: M, 117). The identity was 
checked by the infrared spectrum. In a similar reaction with excess of ammonia at 180° no 
sulphenamide was recovered. 

Preparation of Bistrifluoromethanesulphenimide.—Trifluoromethanesulphenyl chloride (1-96 
g., 14-4 mmoles) and ammonia (0-366 g., 21-5 mmoles) reacted immediately in a sealed tube at 
room temperature. The volatile products gave a fraction which condensed in a bath at — 63°. 
It was treated with calcium chloride to remove traces of ammonia and identified as bistrifluoro- 
methanesulphenimide (1-24 g., 70%) (Found: S, 28-5; F, 51:9%; M, 217. C,HNF,S, requires 
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S, 29-5; F, 52-56%; M,217). The residue in the reaction tube was ammonium chloride (Found: 
Cl, 66-1. Calc. for H,NCI: Cl, 66-4%). A very small amount of a volatile yellow solid reaction 
product was not identified. Vapour pressures of the sulphenimide (—30° to 20°) were given by 
logy P (mm.) = 8-38 — 1905/T. The extrapolated b. p. was 73°, the latent heat of vaporisation 
8720 cal./mole, Trouton’s constant 25-2, and the m. p. —47°. In a further experiment with 
0-599 g. of the sulphenyl chloride and 0-099 mmole of ammonia under the same conditions, 
unchanged sulphenyl chloride (0-055 g.) was recovered. The sulphenimide (0-19 g.) was again 
formed. There was again a small amount of a volatile yellow solid in the product, but it 
appeared to be a mixture, and attempts to identify the compound N(S-’CF;), were unsuccessful, 

Preparation of N-Methyltrifluoromethanesulphenamide.—Trifluoromethanesulpheny]1 chloride 
(1-00 g., 7-33 mmoles) and methylamine (0-45 g., 14-6 mmoles) reacted in a sealed tube at —22° 
forming methylamine hydrochloride (Found: Cl, 52-1. Calc. for CH,NCI: Cl, 52-5%). The 
volatile products on fractionation gave N-methyltrifluoromethanesulphenamide, which condensed 
at —74° (0-938 g., 97-7%) (Found: C, 18-1; H, 3-5; N, 10-7%; M, 135. C,H,NF;S requires 
C, 18:3; H, 3-05; N, 10:-7%; M, 131). Vapour pressures (—50° to 21°) were given by 
logy) P (mm.) = 8-36 — 1754/T. The extrapolated b. p. was 47°, the latent heat of vaporisation 
8028 cal./mole, and Trouton’s constant 25-1. 

Preparation of NN-Dimethyltrifluoromethanesulphenamide.—Trifluoromethanesulphenyl 
chloride (1-00 g., 7-33 mmoles) and dimethylamine (0-694 g., 14-65 mmoles) reacted similarly to 
form dimethylamine hydrochloride (Found: Cl, 42-8. Calc. for C,H,NCl: Cl, 44-0%) and 
NN-dimethyltrifluoromethanesulphenamide, which condensed at —63° (0-967 g., 91%) (Found: 
S, 21-9; F, 385%; M, 144. C,H,NF,S requires S, 22-1; F, 39-3%; M, 145). The compound 
exploded when heated in oxygen during the analysis for carbon and hydrogen by micro- 
combustion. Vapour pressures (—50° to 23°) were given by logy, p (mm.) = 7-72 — 1578/T. 
The extrapolated b. p. was 53°, the latent heat of vaporisation 7220 cal./mole, Trouton’s 
constant 22-1, and the m. p. —92°. 

Reaction of NN-Dimethyltrifluoromethanesulphenamide with Hydrogen Chloride.—The sulphen- 
amide (0-319 g., 2:2 mmoles) and dry hydrogen chloride (0-241 g., 6-60 mmoles) reacted at —21° 
to form dimethylamine hydrochloride (0-140 g.) (Found: C, 29-0; H, 9-3; N, 17-5. Cale. for 
C,H,NCI: C, 29-4; H, 9-8; N, 17-2%). Fractionation of the volatile products gave trifluoro- 
methanesulphenyl chloride (0-218 g.) (Found: M, 136. Calc. for CF,:SCl: M, 136-5), 
unchanged hydrogen chloride (0-788 g.), and a fraction (M, 86) containing trifluoromethane- 
sulphenyl chloride and hydrogen chloride. 

Preparation of Trifluoromethanesulphenanilide.—Trifluoromethanesulphenyl chloride (1-04 
g., 7°6 mmoles) and aniline (1-00 g., 11 mmoles) in ether (10 ml.) at 20° gave aniline hydro- 
chloride (Found: C, 55-8; H, 6-4; N, 11-0. Calc. for C,H,NCl: C, 55-6; H, 6-2; N, 10-8%). 
Vacuum fractionation of the ether solution gave trifluoromethanesulphenanilide (1-79 g., 76%) 
(Found: C, 43-7; H, 2-7; N, 7-1. C,H,NF,S requires C, 43-5; H, 3-1; N, 7-25%). It wasan 
oily liquid with an aromatic smell. Vapour pressures, determined with an isoteniscope (60— 
140°), were given by log,) p (mm.) = 8-17 — 2454/T. The extrapolated b. p. was 191°, the 
latent heat of vaporisation 11,230 cal./mole, and Trouton’s constant 24-2. 

Preparation of Ethyl Trifluoromethyl Disulphide.—Trifluoromethanesulpheny1 chloride (1-00 
g., 7°33 mmoles) and ethanethiol (0-454 g., 7-33 mmoles) reacted in a Carius tube at room 
temperature. Fractionation gave ethyl trifluoromethyl disulphide (0-542 g., 45-6%) (Found: 
F, 33-9; S, 38-4%; M, 162. C,H,F,;S, requires F, 35-2; S, 39-5%; M, 162). Hydrogen 
chloride (0-233 g.; M, 36-5) was also recovered. The disulphide was a colourless liquid witha 
smell like that of the thiol. Vapour pressures (—20° to 30°) were given by log,,  (mm.) = 
7-85 — 1766/T. The extrapolated b. p. was 82°, the latent heat of vaporisation 8080 cal./mole, 
and Trouton’s constant 22-7. 

Reaction of Trifluoromethanesulphenyl Chloride with Phosphine.—Trifluoromethanesulphenyl 
chloride (1-20 g., 8-77 mmoles) and phosphine (0-0994 g., 2-92 mmoles) reacted in a sealed tube 
at —95°, forming a white solid and a yellow liquid. The solid disappeared and the colour was 
discharged as the tube attained room temperature. Fractionation of the products gave 
hydrogen chloride (0-312 g., 8-54 mmoles) (Found: M, 36-7. Calc. for HCl: M, 36-5). A 
fraction which condensed at —45° gave, on refractionation at —35°, tristrifluoromethylthio- 
phosphine (0-937 g., 2:80 mmoles) (Found: C, 11-1; S, 28-1; F, 51-:9%; M, 336. C,F,S,P 
requires C, 10-8; S, 28-7; F, 51-2%; M, 334). The compound was decomposed for analysis by 
heating in a sealed tube with 15% aqueous sodium hydroxide (70°, 10 hr.). It was a colourless 
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liquid which was stable at 20° but decomposed above 50°. The vapour pressure was 30-5 
mm. at 20° and 70-6 mm. at 50°, giving a extrapolated b. p. of about 180°. The m, p. 

—75°. 
wa The suiphenyl chloride (2-40 g., 17-6 mmoles) and phosphine (0-299 g., 8-78 mmoles) when 
allowed to react under similar conditions gave hydrogen chloride (0-574 g.). Repeated fraction- 
ation of the less volatile products gave bistrifluoromethylthiophosphine (0-40 g.) (Found: C, 
9-45; S, 27-1; F, 49:0%; M, 238. C,HF,S,P requires C, 10-3; S, 27-3; F, 48-7%; M, 234), 
tristrifluoromethylthiophosphine (0-792 g.) (Found: C, 11-1; S, 27-8; F, 521%; M, 338), and 
a fraction (0-231 g.; M, 281) which was probably a mixture of these two compounds. Bistri- 
fluoromethylthiophosphine was also formed in 72% yield from an equimolar mixture of the 
reactants. Its vapour pressure was 149 mm. at 40°, above which temperature it decomposed. 
In an attempt to prepare trifluoromethylthiophosphine, CF,°S-PH,, the sulphenyl chloride 
(1-00 g., 7°33 mmoles) and phosphine (0-50 g., 14-6 mmoles) were mixed, but the volatile 
products were not satisfactorily separated. 

Reactions of Tristrifluoromethylthiophosphine.—(a) With hydrogen chloride and chlorine. 
(i) From a mixture of tristrifluoromethylthiophosphine (0-212 g.) and dry hydrogen chloride at 
—74° both reactants were recovered quantitatively. 

(ii) The phosphine (0-268 g., 0-8 mmole) and chlorine (0-058 g., 1-6 mmoles) were 
mixed in a vessel connected to a glass spiral manometer used as a null instrument. 
A white solid formed at —74° and, after material volatile at —45° had been pumped 
off, dissociation pressures were measured at increasing temperatures to 17°. There was a 
sharp break in the linear log p-1/T curve at about —8°, indicating decomposition of an 
addition compound which was probably (CF;°S);PCl,. The only decomposition product 
identified was CF,°SCl (0-034 g.) (Found: M, 138. Calc. for CCIF;S: M, 136-5). A fraction 
(0-187 g.) of M 183 was probably a mixture of phosphorus trichloride and bistrifluoromethy] 
disulphide. These two compounds were identified by the infrared spectrum. 

(b) With water and aqueous alkali. Tristrifluoromethylthiophosphine (0-326 g.) when 
shaken with water (2 ml.) at 20° (48 hr.) gave unchanged phosphine (0-10 g.) and carbonyl 
sulphide (0-020 g.) (Found: M, 57. Calc. for COS: M, 60). The aqueous solution was acid 
(pH 2-3) and contained fluoride and phosphate. With aqueous alkali decomposition was 
complete, as it was for bistrifluoromethylthiophosphine. No gaseous products were formed. 
This reaction was used in decomposing the compounds for analysis. 

Reaction of Trifluoromethanesulphenyl Chloride with Arsine.—The chloride (0-90 g.) and 
arsine {0-171 g.) reacted in a sealed tube at —74° to yield a yellowish-brown solid, which 
gradually became deep brown. The volatile products were hydrogen chloride (0-045 g.), 
trifluoromethanethiol (0-380 g.) (Found: M, 102. Calc. for CHF,S: M, 102) (identity checked 
by infrared spectrum), and trifluoromethanesulphenyl chloride (0-248 g.) (Found: M, 133. 
Calc. for CCIF,S: M, 136-5). <A fraction of low volatility, which contained arsenic, evolved 
CF,SH and HCl slowly. It contained chlorine equivalent to 0-193 g. of arsenic trichloride. 
The brown solid was probably arsenic. 

Reaction of Sulphur Dichloride with Phosphine.—Sulphur dichloride (0-323 g.) and phosphine 
(0-107 g.), in a sealed tube at —74°, gave yellow solids and a red liquid which gradually turned 
yellow and became viscous. Hydrogen chloride (0-051 g.) was recovered (Found: M, 38. 
Cale. for HCl: M, 36-5). Other volatile products were not satisfactorily separated. They 
were shown by infrared measurements to contain hydrogen chloride and phosphine, but other 
unidentified compounds were also present. The viscous liquid (chlorothiophosphine) was 
soluble in carbon disulphide but insoluble in ether and was decomposed by water with liber- 
ation of sulphur (Found: Cl, 34-5. H,CISP requires Cl, 35-4%). 

Ultraviolet Absorption Spectra.—These were measured in the range 400—200 my with a 
Carey recording spectrometer (model 14). The following maxima and minima were observed. 


Annex. (mp) Emax. Amin. (mp) Emin. 


CF,’S‘NH, Vapour 210—200 — oats 

CF,°S‘NHMe Vapour 211 346 204 328 

CF,;S‘-NHPh Ether solytion 299 9790 _ _ 
237 315 

(CF,:S),NH Vapour ror a 

(CF,*S)NMe, Vapour 240—200 — — ave 

CF,’S,°C,H, Vapour 239 269 216 136 


(CF,°S)3P Vapour 262 1010 241 472 
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Infrared Absorption Spectva.—The spectra were recorded in the region 4000—400 cm.+1 on g 
Perkin-Elmer model 21 double beam spectrometer, with sodium chloride or potassium bromide 
prisms. All were measured in the vapour phase with a 10 cm. cell, except trifluoromethane. 
sulphenanilide, for which a liquid film was used. The frequencies (cm.) and intensities are 
tabulated below. 

CF,’S‘NH,: 3450s, 3360 s, 2650 w, 2285 w, 2230 w, 1900 w, 1590s, 1380w, 1320 m, 1298 m, 

1167 s, 1148 s, 1088 m, 878 s, 775s, 758 s, 750s, 700 m, 588 w, 512s, 470s, 423 m. 


(CF,°S),NH: 3424s, 3150 w, 2970 w, 2300m, 1918 w, 1892 w, 1463 w, 1315 m, 1300 m, 
1262 m, 1188s, 1163s, 1125s, 1030 m, 878s, 795 m, 752s, 547 m, 473 m, 414 m. 


CFyS*‘NHMe: 3415s, 2970s, 2830s, 2305 m, 2280m, 1887 m, 1735 w, 1590 w, 1465 m, 
1425 s, 1402s, 1305 m, 1292 m, 1262 m, 1168s, 1143s, 1073 s, 847 m, 797 m, 752s, 552s, 
522 s, 472 m. 


CF,°S*NMe,: 3000 m, 2930 s, 2880 s, 2800 s, 2290 w, 2252 w, 1890 w, 1475 s, 1265 m, 1218s, 
1175s, 1145s, 1053 m, 990s, 755 m, 672 m, 558 s, 462s. 


CF,‘S‘NHPh: 3360s, 3055 m, 2875 w, 2775 w, 2515 w, 2260 w, 1942 w, 1848 w, 1770w, 
1705 w, 1602s, 1498s, 1477s, 1389m, 1283 m, 1227s, 1162s, 1115s, 1027 m, 995w, 
922 m, 885 m, 820 w, 750s, 692 s, 617 w, 580 w, 545 w, 503 m, 462 m. 


The infrared spectra of (CF,S),P and (CF,S),PH are recorded elsewhere.?” 
The authors thank Dr. N. Sheppard for his assistance in interpreting the infrared spectra, 


One of them (S. S. N.) is indebted to the Royal Commission for the Exhibition of 1851 for the 
award of an Overseas Scholarship and to the Government of Pakistan for supplementary grants. 
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228. Reactions of Bistrifluoromethylthiomercury and Trifluoro- 
methylthiomercuric Chloride. 


By H. J. Emevtus and H. Puau. 


Bistrifluoromethylthiomercury reacts with phosphorus and arsenic 
chlorides to form compounds of the types R;M, R,MCI, and RMCI, (R = 
CF,°S, M = P or As), some reactions of which are recorded. The reaction of 
bistrifluoromethylthiomercury with mercuric chloride, aqueous potassium 
iodide, iodine, bromine, and nitrosyl chloride has also been studied. 


BISTRIFLUOROMETHYLTHIOMERCURY was first made by irradiating a mixture of bistri- 
fluoromethy] disulphide and mercury with ultraviolet light A more convenient prepar- 
ation is the reaction of carbon disulphide with mercuric fluoride at high temperatures. 
It is a crystalline solid which dissolves in water and organic solvents and is decomposed 
by dry hydrogen chloride to trifluoromethanethiol, CF,-°SH.* It also reacts with chlorine, 
the main product being trifluoromethanesulphenyl chloride. It seemed probable that the 
mercurial would be a suitable reagent for introducing the trifluoromethylthio-group into 
inorganic and organic molecules, and present investigations have shown this to be the case. 
This paper describes the reaction of the mercurial with phosphorus and arsenic trichlorides 
and also some of its other reactions, together with those of trifluoromethylthiomercuric 
chloride. 

The reaction of bistrifluoromethylthiomercury with an equimolar proportion of phos- 
phorus trichloride at room temperature gives an almost quantitative yield of trifluoro- 
methylthiomercuric chloride, CF,-S‘HgCl. The other product is dichloro(trifluoromethyl- 
thio)phosphine, CF,°S*PCl,. A small amount of trifluoromethanethiol is also obtained in 


1 Brandt, Emeléus, and Haszeldine, J., 1952, 2198. 

2 Muetterties, U.S.P. 2,729,663; Chem. Abs., 1956, 50, 11,362; Man, Coffman, and Muetterties, J. 
Amer. Chem. Soc., 1959, 81, 3575. 
* Haszeldine and Kidd, J., 1953, 3219. 
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all the experiments with phosphorus and arsenic chlorides, but this is readily accounted 
for by the action of a small amount of water on the non-metal halide and reaction of the 
resulting hydrogen chloride with the mercurial. By increasing the proportion of the 
mercurial, two or three atoms of chlorine in the phosphorus halide can be replaced, though 
it is necessary to heat the reaction mixture to obtain tristrifluoromethylthiophosphine. In 
each case the mercurial is converted into the half-chloride and no other product is formed, 
other than a small amount of thiol. Reaction of the mercurial with arsenic trichloride is 
very similar, and this method should be applicable for introducing the trifluoromethyl- 
thio-group into alkyl- and aryl-phosphines and -arsines by reaction with a chloro- 
derivative. Non-fluorinated analogues of the above compounds, such as (EtS),P* and 
Et*PSCl, > are known, but have not been extensively studied. 

Bistrifluoromethylthiomercury reacts in these cases as a mild fluoroalkanethiolating 
agent and shows a greater resemblance to diethyl- or diphenyl-mercury than to bistri- 
fluoromethylmercury. The last does not react with phosphorus or arsenic trichloride at 
100°, whereas diethylmercury yields ethyldichlorophosphine * and, with excess of arsenic 
trichloride, ethyldichloroarsine.? Diphenylmercury reacts similarly with phosphorus ® 
and arsenic trichlorides ® and, in each case, the mercurial is converted into mercuric chloride 
rather than into phenylmercuric chloride. 

The reactions of the trifluoromethylthio-phosphines and -arsines have not yet been 
studied in detail. The two phosphines (CF;°S),PH and (CF,°S),P were prepared by the 
reaction of trifluoromethanesulphenyl chloride with phosphine, and there was some. 
evidence that the latter forms an unstable compound with chlorine.” If such a com- 
pound is formed by dichloro(trifluoromethylthio)phosphine, it appears to be at least as 
unstable. Preliminary experiments on the hydrolysis of the chloro(trifluoromethylthio)- 
phosphines and -arsines showed that the trifluoromethylthio-group was readily split 
off and no acids containing this group were formed. The hydrolytic reactions were not 
studied in sufficient detail for a full discussion of the reaction products or mechanism. 
Reaction of chloro(bistrifluoromethylthio)phosphine with ethanol gave trifluoromethane- 
thiol and probably also chloro(trifluoromethylthio)ethoxyphosphine, CF,°S:PCI(OEt). 
It is likely, therefore, that even if the trifluoromethylthio-acids are unstable, some of their 
derivatives may be made. The reaction of chlorobistrifluoromethylarsine with ammonia 
was also complicated, but no direct replacement of chlorine by the NH, group occurred. 
With chlorobistrifluoromethylphosphine this occurs readily and yields the compound 
(CF,).P*NH,.4 

Bistrifluoromethylthiomercury reacted with mercuric chloride in ether to form trifluoro- 
methylthiomercuric chloride in good yield. This is a convenient preparative method which 
parallels that for the selenium analogue.!* Mercuric bromide under similar conditions did 
not react. There was no evidence for the formation of complex ions containing 
the trifluoromethylthio-group on mixing bistrifluoromethylthiomercury with aqueous 
potassium iodide. Mercuric iodide and carbonyl sulphide were produced. Mercurials 
containing fluoroalkyl groups, which are more stable to hydrolysis, readily form such 
complexes.48 Jellinek and Lagowski™ have also found, by conductimetric titration of 
bistrifluoromethylthiomercury with tetramethylammonium or potassium iodide in acetone 


* Liffert and Reid, J. Amer. Chem. Soc., 1938, 60, 2370. 

5 Michaelis, Ber., 1872, 5, 6. 

® Guichard, Ber., 1899, $2, 74; Michaelis, Ber., 1880, 18, 2174. 

7 La Coste, Annalen, 1881, 208, 33. 

8 Schwarze, J. prakt. Chem., 1874, 10, 222; Michaelis and Graeff, Ber., 1875, 8, 922; Michaelis 
Annalen, 1876, 181, 265. 

* La Coste and Michaelis, Annalen, 1880, 201, 196. 

10 Emeléus and Nabi, preceding paper. 

1 Harris, J., 1958, 512. 

1 Dale, Emeléus, and Haszeldine, J., 1958, 2939. 

18 Emeléus and Lagowski, J., 1959, 1497. 

\* Jellinek and Lagowski, J., in the press. 
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solution, that complexes can exist under conditions where hydrolysis is excluded. Bist). 
fluoromethylthiomercury was converted by iodine in carbon tetrachloride solution into 
bistrifluoromethyl disulphide and mercuric iodide. With bromine the products were 
mercuric bromide and a mixture of the disulphide and trifluoromethanesulpheny] bromide. 
With nitrosyl chloride there was no evidence that the nitrosyl radical formed a compound 
with the trifluoromethylthio-group, as it does with the trifluoromethyl group. The 
mercurial was instead converted into mercuric chloride, and bistrifluoromethyl] disulphide 
was formed in high yield. 


EXPERIMENTAL 


Bistrifluoromethylthiomercury was prepared by irradiation of a mixture of bistrifluoro- 
methyl disulphide with mercury. All the experiments described were made in a vacuum 
apparatus of the usual type, and separations were done either by fractional distillation or 
fractional condensation, using the appropriate low-temperature baths. 

Reaction of Bistrifluoromethylthiomercury with Phosphorus Trichloride——Phosphorus tri- 
chloride (0-426 g., 3-09 mmoles) and bistrifluoromethylthiomercury (1-250 g., 3-10 mmoles) 
reacted in a sealed tube at room temperature and gave trifluoromethylthiomercuric chloride 
(1-038 g.) (Found: Cl, 10-7. Calc. for CCIF,;SHg: Cl, 10-55%) and trifluoromethanethiol 
(0-011 g.) (Found: M, 100. Calc. for CHF,S: M, 102). The first of these products was also 
analysed in all subsequent experiments and, for the second, the molecular weight was 
determined and the infrared spectrum checked. The only other volatile product of the above 
reaction was dichloro(trifluoromethylthio)phosphine (Found: C, 5-9; Cl, 34-7; S, 15-9%; M, 203. 
CC1,F;PS requires C, 5-9; Cl, 35-0; S, 158%; M, 203). It was analysed by decompostion 
with 15% aqueous sodium hydroxide, oxidation with hydrogen peroxide, acidification with 
nitric acid, and precipitation of chloride as silver chloride. The filtrate was evaporated 
repeatedly with hydrochloric acid to remove fluoride, and sulphur then determined as barium 
sulphate. Vapour pressures of the compound (20—90°) were given by logy, ) (mm.) = 
7-345 — 1655/T. The b. p. was 98°, the latent heat of vaporisation 7568 cal./mole, and 
Trouton’s constant 20-4. 

Phosphorus trichloride (0-217 g., 1-58 mmoles) and bistrifluoromethylthiomercury (1-275 g,, 
3-17 mmoles) in a sealed tube at room temperature (40 hr.) gave trifluoromethylthiomercuric 
chloride (1-045 g.), trifluoromethanethiol (0-031 g.), and chloro(bistrifluoromethylthio) phosphine 
(Found: C, 8-4; Cl, 13-7; S, 13-55%; M, 267. C,CIF,PS, requires C, 8-9; Cl, 13-2; S, 238%; 
M, 269). Vapour pressures (20—100°) were given by log,,) p (mm.) = 7-312 — 1721/T. The 
b. p. was 115°, the latent heat of vaporisation 8198 cal./mole, and Trouton’s constant 21-l. 
A mixture of phosphorus trichloride (0-194 g., 1-33 mmoles) and bistrifluoromethylthiomercury 
(1-69 g., 4-20 mmoles) when heated in a sealed tube at 50° (72 hr.) gave trifluoromethylthio- 
mercuric chloride (1-302 g.), trifluoromethanethiol (0-027 g.), and tristrifluoromethylthiophosphine 
(Found: C, 10-3; S, 29-2%; M, 330. C,F,PS, requires C, 10-8; S, 28-8%; M, 334). With 
these proportions of reactants at room temperature a mixture of the above products was 
formed. 

Reaction of Bistrifluoromethylthiomercury with Arsenic Trichloride—Arsenic trichloride 
(0-497 g., 2-74 mmoles) and bistrifluoromethylthiomercury (1-103 g., 2-74 mmoles) reacted in an 
evacuated sealed tube at room temperature (48 hr.) and gave trifluoromethanethiol (0-023 g.) 
(Found: M, 99. Calc. for CHF,S: M, 102) (identity was confirmed by infrared spectrum), 
and trifluoromethylthiomercuric chloride (0-917 g., 2:72 mmoles). The only other volatile 
product was dichloro(trifluoromethylthio)arsine (0-63 g.) (Found: C, 4-9; Cl, 29-0; S, 12-9%; 
M, 224. CCI,F,AsS requires C, 4:9; Cl, 28-7; S, 130%; M, 247). Vapour pressures (20— 
100°) were given by log,, p (mm.) = 7-75 — 1939/T. The b. p. was 125°, the latent heat of 
vaporisation 8885 cal./mole, and Trouton’s constant 22:3. The m. p. was —34°. A similar 
preparation with arsenic trichloride (0-364 g., 2-01 mmoles) and bistrifluoromethylthiomercury 
(1-625 g., 4-03 mmoles) gave trifluoromethylthiomercuric chloride (1-345 g.), trifluoromethane- 
thiol (0-015 g.), and chloro(bistrifluoromethylthio)arsine (0-597 g.) (Found: C, 7-7; Cl, 11-6; S, 
20:3%; M, 319. C,CIF,AsS, requires C, 7-7; Cl, 11-4; S, 20-56%; M, 312). Vapour pressures 
(20—100°) were given by log)  (mm.) = 8-03 — 2066/T. The b. p. was 128°, the latent heat 
of vaporisation 9490 cal./mole, and Trouton's constant 23-7. The m. p. was —50°. Arsenic 
trichloride (0-319 g., 1-76 mmoles) and bistrifluoromethylthiomercury (2-306 g., 5-73 mmoles), 
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after being heated in a sealed tube at 50° (72 hr.), gave trifluoromethylthiomercuric chloride 
(1-702, g.), trifluoromethanethiol (0-004 g.), and, after several refractionations, tristrifluoro- 
methylthioarsine (0-60 g.) (Found: C, 9-4; S, 26-0%; M, 374. C,F,AsS, requires C, 95; S, 
25°5%; M, 378). 

Reaction of Dichloro(trifiuoromethylthio)phosphine with Chlorine.—The phosphine (0-470 g., 
2-31 mmoles) and chlorine (0-164 g., 2-31 mmoles) were sealed in a 20 ml. tube and left at —78° 
(12 hr.). A pale yellow solid and some liquid were present. Volatile material was removed at 
_22° and fractionated. It gave a liquid which condensed at —63° (0-252 g.) (Found: Cl, 47-2; 
S, 115%; M, 150). This is consistent with a mixture of phosphorus trichloride (0-072 g.) and 
dichloro(trifluoromethylthio) phosphine (0-180 g.). The volatile fraction was trifluoromethane- 
sulphenyl chloride (Found: M, 136. Calc. for CCIF,S: M, 136-5), whose identity was con- 
firmed by the infrared spectrum. The solid was phosphorus pentachloride (Found: Cl, 86-0. 
Calc. for Cl,P: Cl, 85-0%). 

Hydrolysis of Chloro(trifiuoromethylthio)-phosphines and -arsines.—(a) Chloro(bistrifluoro- 
methylthio)phosphine. The phosphine (0-430 g.) and water (0-029 g.) were shaken for 24 hr. 
and gave a viscous liquid and a more mobile phase. The volatile products were trifluoro- 
methanethiol (0-160 g.) (Found: M, 100. Calc. for CHF,S: M, 102) and unchanged chloro- 
(bistriflu oromethylthio) phosphine (Found: Cl, 13-9; S, 24-6. Calc. for C,CIF,PS,: Cl, 13-2; 
S, 239%). The viscous involatile liquid showed no infrared absorption bands due to the 
trifluoromethylthio-group. It gave a strongly acid solution in water, which contained chloride 
and reduced mercuric chloride solution. 

(b) Dichloro(tr ifluoromethylthio)phosphine. The chlorophosphine (0-391 g.) and water 
(0-070 g.) were shak en as before and gave hydrogen chloride (0-142 g.), which, from the infrared 
spectrum, contained a small amount of thiol. A fraction which condensed at — 132° (0-180 g.) 
had M 98 and was trifluoromethanethiol. The infrared spectrum showed the presence of a 
little carbonyl sulphide. The involatile product gave qualitative tests for phosphorous acid 
and showed no infrared absorption due to the trifluoromethylthio-group. 

(c) Dichlorotriflu oromethylthioarsine.—The arsine (0-572 g.) and water (0-083 g.) formed a 
homogeneous solution when shaken together. Fractionation of the volatile products gave a 
fraction which condensed at —196° (0-073 g.), had M 71, and was shown, by its infrared 
spectrum, to contain carbonyl sulphide, silicon tetrafluoride, and trace of the thiol. Hydrogen 
chloride was absent. <A fraction which condensed at — 132° (0-040 g.) had M 81, and, from the 
infrared spectrum, contained the thiol and carbonyl sulphide. Dichloro(trifluoromethylthio)- 
arsine (0-287 g.; M, 242) was recovered unchanged. The residual liquid of low volatility gave 
no infrared absorption due to the trifluoromethylthio-group. With water it gave a solution 
containing chloride and arsenite. 

Reactions of Chloro(bistrifluoromethylthio)phosphine.—(i) With ammonia. The chloro- 
phosphine (0-228 g.) and ammonia (0-030 g.) reacted quickly in a sealed tube after removal from 
a cooling bath at —78°. A small quantity of the chlorophosphine was recovered (M, 269) 
The infrared spectrum of this showed no bands due to the amino-group. All the ammonia was 
used. The solid residue was soluble in water, and the solution contained ammonium chloride 
and fluoride. 

(ii) With ethanol. The chlorophosphine (0-410 g.) and ethanol (0-071 g.) in a sealed tube 
at 20° (36 hr.) gave trifluoromethanethiol (0-152 g.) (Found: M, 100. Calc. for CHF,S: M, 
102). <A volatile fraction which condensed in a trap at —63° (0-228 g.) was probably impure 
chloro(trifluoromethylthio)ethoxyphosphine (Found: Cl, 18-7; S, 17:-2%; M, 195. C,H,OCIF,PS 
requires Cl, 16-7; S, 15:1%; M, 212). Its infrared spectrum showed bands at 1040 and 
960 cm."1, characteristic of the P-OEt group, and also those of the trifluoromethylthio-group. 
A small amount of solid was left in the reaction tube which showed infrared bands characteristic 
of the trifluoromethylthio-group. 

Reactions of Bistrifluoromethylthiomercury.—(a) With mercuric chloride. Bistrifluoromethyl- 
thiomercury (0-301 g.) and mercuric chloride (0-204 g.), each in ether (10 ml.), were mixed and 
shaken at room temperature. The product, after removal of ether, was sublimed in a vacuum 
at 40—50° and was trifluoromethylthiomercuric chloride (0-45 g.) (Found: Hg, 61-0; Cl, 10-4. 
Calc. for CF,CISHg: Hg, 61-2; Cl, 10-55%). 

(b) With mercuric bromide. The mercurial (0-400 g.) and mercuric bromide (0-358 g.) in a 
similar experiment gave, after removal of ether and vacuum sublimation, mercuric bromide 
(mixed m. p. 232—235°; m. p. of HgBr,, 235°). The X-ray powder photograph was identical 
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with that of mercuric bromide. A second, more volatile fraction in the sublimation was bistyj- 
fluoromethylthiomercury (m. p. 35°). Its identity was checked by infrared spectrum and jt 
contained no bromide. 

(c) With aqueous potassium iodide. Bistrifluoromethylthiomercury (0-200 g., 0-50 mmole) 
and potassium iodide (0-166 g., 1-0 mmole) reacted rapidly in water (2 ml.) at room temperature 
to form carbonyl sulphide (0-053 g.) (Found: M, 60. Calc. for COS: M, 60) (identity confirmed 
by infrared spectrum) and mercuric iodide (0-215 g.). Similar experiments with aqueous 
potassium chloride or bromide and the mercurial in a 2: 1 molar ratio also gave approx. 90% of 
the carbonyl sulphide expected from the complete breakdown of the trifluoromethylthio-groups, 
Tristrifluoromethylthiomercuric chloride (0-400 g., 1-2 mmoles) and potassium iodide (0-400 g., 
2-4 mmoles) in water (2 ml.) gave carbonyl sulphide (0-064 g., 1-1 mmoles) and mercuric iodide 
(0-525 g.). 

(d) With bromine and iodine. The mercurial (0-458 g.) and iodine (0-578 g.) in carbon tetra- 
chloride solution at room temperature gave bistrifluoromethyl disulphide (Found: M, 20), 
Calc. for C,F,S,: M, 202) (identity checked by the infrared spectrum) and mercuric iodide 
(0-508 g., m. p. 259°). Reaction in absence of a solvent was similar but less complete.  Bistri- 
fluoromethylthiomercury (0-533 g.) and bromine (0-422 g.) at 20° gave mercuric bromide 
(0-470 g., m. p. 236°), free bromine (0-037 g.), and a mixture (M, 184) which, from the infrared 
spectrum, contained trifluoromethanesulphenyl bromide and bistrifluoromethyl disulphide, 
In a repeat experiment at 0° this mixture had M 190 and contained Br, 24-5%, indicating a 
mixture of 55% of the sulphenyl bromide and 45% of disulphide. It could not be separated 
by trap-to-trap distillation in the vacuum system. A reaction in carbon tetrachloride solution 
gave similar results. 

(e) With nitrosyl chloride. Bistrifluoromethylthiomercury (0-201 g.) and nitrosyl chloride 
(0-065 g.) reacted below room temperature and gave bistrifluoromethyl disulphide (0-096 g., 
95%). A fraction which condensed in liquid nitrogen (0-035 g.; M, 40) was mainly nitric 
oxide mixed with a little trifluoromethanesulphenyl chloride, detected by its infrared spectrum. 
Mercuric chloride (0-133 g., m. p. 274—276°) was also produced. 

Reactions of Trifluoromethylthiomercuric Chlovide.—(i) With silver nitrate. The chloride 
(0-300 g.) and silver nitrate (0-150 g.) were separately dissolved in water (10 ml.) acidified with 
nitric acid, and the solutions mixed. Silver chloride was filtered off, and the filtrate freeze- 
dried. The residue was sublimed in vacuum at 100° and gave trifluoromethylthiomercuric 
nitrate (0-235 g., 65%) (Found: Hg, 56-6. CO,NF,SHg requires Hg, 56-7%). 

(ii) With silver acetate. The mercurial (0-324 g.) and silver acetate (0-161 g.) similarly gave 
silver chloride and a solid residue after the filtrate had been freeze-dried. When this was 
sublimed in vacuum a small amount of unchanged chloride sublimed at 40°. The sublimate at 
70° was trifluoromethylthiomercuric acetate (0-21 g., 60%), which was free from chloride (Found: 
Hg, 57-3. C,H,O,F,SHg requires Hg, 57-2%). 

Infrared Spectra.—Measurements were made on a Perkin-Elmer Model 21 double-beam 
spectrometer fitted with sodium chloride or potassium bromide prisms. The spectra of the 
phosphines and arsines were measured in the vapour phase with a 10 cm. cell, and solid 
mercurials were examined as mulls with Nujol and hexachlorobutadiene. The chief bands 
observed are listed below, the letters having their usual significance. 


CF,°S*PCl,: 2290 w, 1303 w, 1325 w, 1182s, 1172s, 1118s, 1100s, 1020 w, 754 m. 

(CF,°S),PCl: 2285 w, 1933 w, 1883 w, 1865 w, 1324 w, 1303 w, 1183s, 1173 s, 1120s, 1100s, 
753 m 

(CF,°S),P: 2270 w, 1323 w, 1300 w, 1262 w, 1183s, 1170s, 1126s, 1097s, 1013 w, 754 m. 

(CF,°S)AsCl,: 2260 w, 1378 w, 1368 w, 1183s, 1165s, 1113s, 1098s, 757 m. 

(CF,°S),AsCl: 2280 w, 1180s, 1166s, 1097s, 735 m. 

(CF,°S),As: 2290 w, 1300 w, 1163s, 1125s, 1097 s, 1027 w, 756 m. 

(CF,°S)HgCl: 1307 w, 1300 w, 1215 w, 1165s, 1135s, 1090s, 1073 s, 752 m. 

(CF,’S)HgNO,: 1387s, 1308 m, 1215 w, 1185s, 1135s, 1098 s, 808 w, 754 m. 

(CF,S)HgOAc: 2940 w, 1600 m, 1387 m, 1325 m, 1219 w, 1092s, 1018 w, 753 m. 


One of the authors (H. P.) is indebted to Imperial Chemical Industries Ltd. (Billingham 
Division) for a maintenance grant. 
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229. The Synthesis of Compounds with Potential Antifolic Acid 
Activity. Part VII. Styryl-pteridines and -purines. 
By J. H. Lister and G. M. Tris. 


4-Dialkylaminostyryl derivatives of aminopurines and aminopteridines 
have been synthesised, and the ethylene groups have been hydrogenated. 


In continuation of our search for compounds with antifolic acid activity for the treatment 
of experimental malignancies, we have prepared and examined various pteridine derivatives. 
Many were active, most markedly derivatives of 2,4-diaminopteridine; but since, in general, 
compounds with antifolic activity are poor tumour-inhibitors, special modifications were 
introduced. Because of the growth-inhibiting activity of p-dialkylamino-stilbenes and 
-quinolines,? we prepared the pteridine (I) and purine analogues (IT). 


CH: CHAr CH:CHAr CH: CHAr CH:CHAr 


(I) 


(11) (111) (IV) 
Ar = p-R,N°*C,H, here and below. 


Another reason for adding the dimethylaminostyryl group was the conversion in vivo 
of dimethylaniline into o-aminophenol® and the inhibition of adenosine triphosphate 
phosphorylase by the latter. This enzyme controls the function of adenosine triphosphate 
which, like folic acid, is essential for biosynthesis of nucleic acid. Our styryl compounds 
would, we hoped, be metabolised to derivatives of o-aminophenol and thus cause additional 
interference with this biosynthesis. 

To date only two styrylpteridines have been reported; * benzaldehyde was condensed 
with 4-methyl-5-nitrouracil in piperidine and the product converted into its 2,6-dichloro- 
derivative which on amination, reduction, and ring closure gave the pteridines. However, 
replacement of the 2-chloro-atom requires working under pressure and this causes fission 
of the ethylenic bond.‘ 

As most of the derivatives we required had a 2-amino- or substituted 2-amino-group 
a less vigorous method was needed. This basic group was introduced into the 4-methyl-5- 
nitropyrimidine, and the resulting 2,6-diamino-4-methyl-5-nitropyrimidines condensed 
with the aldehydes in ethanol containing a small amount of hydrochloric acid (piperidine 
was ineffective as catalyst). 

In view of the physiological importance of the amino-group in the styryl moiety, the 
amino- and dialkylaminostyryl-nitropyrimidines (III) were prepared. 

Previous preparations of 4-aminostyryl derivatives*5 have utilised the stable and 
readily available p-nitrobenzaldehyde but this is unsatisfactory as the zinc chloride fusion 
required to effect condensation gives rise to products contaminated with inorganic matter. 
The use of p-aminobenzaldehyde has perhaps been discouraged by claims of its readiness 
to polymerise. We find this aldehyde * to be stable for some weeks in the dark. It 
readily condensed in ethanolic hydrochloric acid. 

A “nitrogen mustard” aldehyde [/-di-(2-chloroethyl)aminobenzaldehyde]” has also 

1 Part VI, Osdene and Timmis, J., 1955, 2214. 

* Haddow, Harris, Kon, and Roe, Phil. Trans. Roy. Soc., 1948, A, 241, 147; Hughes, Bates, Bahner, 
ag pane Proc. Soc. Exp. Biol. Med., 1955, 88, 230; Bahner, Proc. Amer. Assoc. Cancer Res., 1957, 2, 

® Horn, Z. physiol. Chem., 1936, 288, 84; 242, 23. 

* Koss, J., 1948, 1128. 

- Brown and Kon, J., 1948, 2147. 


Beard and Hodgson, J., 1944, 4. 
? Anker and Cook, J., 1944, 489. 
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been condensed with a methylnitropyrimidine, but the product (III; R = CH,-CH,C}, 
X = Et,N) was not converted into a pteridine. 







The nitrostyrylpyrimidines (III) were reduced by stannous chloride or hydrogen over ‘ 
Raney nickel to the triamines (IV) which were usually difficult to crystallise. In one case, 
2,4,5-triamino-6-methylpyrimidine was isolated as a hydrolytic product. P 

Ring-closures with a-diketones to the pteridines (I) were carried out in ethanol from h 
which the products were precipitated. The products (IV; X = NH, or NEt,, R = H) i 
with glyoxal gave maroon solids which could not be crystallised, were insoluble in most } 
solvents, and gave unsatisfactory analyses, and it seemed that the -aminostyryl group 
was also involved in the reaction. To obviate this p-acetamidobenzaldehyde was treated « 


with the methylpyrimidine but reaction was slow and produced only the deacetylated 
styrylpyrimidine. It seemed that deacetylation of the benzaldehyde was necessary before f: 
condensation could take place. Acetylation of the styrylpyrimidine (III; R=H, 
X = NEt,) produced the derivative (V) which on catalytic reduction gave the 8-methyl- 
purine (VI). The ready solubility of this purine in dilute alkali precluded the possibility 
that acetylation had produced a NN-diacetylamino-pyrimidine as this on ring closure 
would have given rise to an insoluble 9-acetylpurine. 


Oo 


CH:CH-C,.H,-NHAc CH:CH-C,H,-NHAc 


7 F N 
N No N [ Sue 
EN NHAc EN N 
(v) 4H wh 

The styrylpteridines were unstable in acid solution, this being expected since electron- 
attracting substituents reduce the stability of simple pteridines.6 They were also relatively 
insoluble in water, the effect increasing with the number of primary amino-groups; m 
associated with this was readiness to form hydrates, a notable characteristic of 2-amino- 1 
pteridines, although the anhydrous bases were generally obtained by drying. 

Variations were made on the groups at the 2-, 6-, and 7-positions in an exploration of 
their effect on solubility and stability towards acid. The 2-position was substituted by 
diethylamino-, benzylamino-, cyclohexylamino-, and furfurylamino-, and the 6- and the 
7-position were substituted by isopropyl, phenyl, and phenanthryl groups. Solubility was 
decreased by the 6- and 7-substituents but stability was not appreciably increased by the 
electron-releasing isopropyl group. 

No identifiable product was obtained on attempted preparation of the purine (II; 
R = Et, X = NEt,, Y =H). The product was gummy as were the pyrimidine inter- c 
mediates, the combined diethylamino-groups giving a low-melting and very soluble 
pteridine. 

Attempts to condense aldehydes with 4-methyl-, 2-amino-4-methyl-, and 2-acetamido- 
4-methyl-pteridine led to destruction of the pteridine nucleus. In attempts to cause 


— 2s © DD OO. 
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4-methyl-5-nitropyrimidines to react with dimethylaminocinnamaldehyde under various - 
conditions, only starting materials were recovered. d 
I 
CH,*CH,Ar CH-CH,Ar CH:CHAr ; 
N } 
N7 NH NZ S NZ \-N I 
Om iat ) T'S 
re N° “N No : 

(VID) (VII) (IX) 
A further modification made was reduction of the ethylenic bond. Direct hydrogen- ' 
ation of styrylpteridines was unsatisfactory. However hydrogenation of nitrostyryl- c 
pyrimidines (III) with palladium-charcoal in ethanol gave compounds (VII) which were g 


readily converted into aminophenethylpteridines (VIII) by the usual means. 
§ Albert, Quart. Rev., 1952, 6, 216. 
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The synthesis of some 6-styrylpurines is included in this paper because they were readily 
obtained from the intermediates prepared for the pteridines. They may also have anti- 
folic acid action and, in any case, they may affect adenosine triphosphate in the way 
postulated for the styrylpteridines. 

The appropriate 4,5-diaminopyrimidines (IV) or (VII) (or their hydrochlorides) were 
heated in formamide containing hydrochloric acid at 170—180° and the products were 
isolated by the addition of water or dilute ammonia solution. Compound (IX; R = Me, 
X = NH,) was isolated as a hydrated monoformy] derivative. 

Purines in which the ethylenic bond has been reduced show the same hypsochromic 
colour shift as known for the pteridines. 

Of the styrylpteridines examined, the compound (I; X = NH,, Y = H, R = Me) has 
fairly marked activity as a folic acid antagonist.® 


EXPERIMENTAL 


Products were dried at 110° for analysis unless otherwise stated. M. p.s were determined 
on a Kofler block. 

4-Amino-2-benzylamino-6-methyl-5-nitropyrimidine.—To a stirred solution of 4-amino-2- 
chloro-6-methyl-5-nitropyrimidine (1-9 g.) in chloroform (80 ml.) was added dropwise benzyl- 
amine (2-5 ml.) in chloroform (30 ml.) in 20 min. After refrigeration the benzylamine hydro- 
chloride was filtered off and the chloroform solution washed three times with water and dried 
(Na,SO,). Evaporation left a yellow oil which quickly crystallised. 4-Amino-2-benzylamino-6- 
methyl-5-nitropyrimidine recrystallised from methanol as cream needles (2-1 g., 81%), m. p. 
142—143° (Found: C, 55-5; H, 5-2; N, 26-8. C,,H,,0,N;, requires C, 55-6; H, 5-1; N, 27-0%). 

4-Amino-2-cyclohexylamino-6-methyl-5-nitropyrimidine.—The chloropyrimidine (2-85 g.) 
and cyclohexylamine (3-8 ml.) were treated as above. 4-Amino-2-cyclohexylamino-6-methyl-5- 
nitropyrimidine (3-3 g., 88%) crystallised from aqueous methanol as lemon-yellow prisms, m. p. 
141—142° (Found: C, 52-8; H, 6-8; N, 28-0. C,,H,,O,N; requires C, 52-6; H, 6-8; N, 27-9%). 

4-Amino-2-furfurylamino-6-methyl-5-nitropyrimidine was similarly obtained (yield 56%) as 
buff crystals, m. p. 132—133° (from methanol) (Found: C, 48-3; H, 4-4; N, 28-1. C,9H,,O,N; 
requires C, 48-2; H, 4-5; N, 28-1%). 

2-A cetamido-4-methylpteridine.—2-Amino-4-methylpteridine © (0-9 g.) was heated on a 
water-bath for 30 min. with acetic anhydride.” When the solution was evaporated to half- 
volume and cooled 2-acetamido-4-methylpteridine (0-85 g., 75%) was obtained; it gave fawn 
needles, m. p. 181—183°, from ethanol (Found: C, 53-7; H, 4-1; N, 34:3. C,H,ON, requires 
C, 53-2; H, 4:5; N, 34-5%). 

4-Amino-5-nitro-6-styrylpyrimidines (Table 1).—The preparation of 2,4-diamino-5-nitro-6-4’- 
dimethylaminostyrylpyrimidine (III; R = Me, X = NH,) is given as an example. 


TABLE 1. Compounds (III). 


Yield Found (%) Required (%) 

x R M. p. Solvent OS. Geo ak is Formula Cc a8 
NH, H 279° Aq. Me,N-CHO 60 53:0 4-7 30-5 C,,H,,0,N, 52-9 44 30-9 
NH, Me 279 <Aq.Cellosolve 51 56:0 5-1 27-5 C,4H,.O.N, 56-0 54 28-0 
NH, Et 221 Aq. dioxan 40 58:5 63 25-5 C,H ON, 58:5 61 25-6 
NEt, H 204 Aq. Me,N-CHO 52 58-1 5-8 25-4 C,,H.O,N, 58-5 61 25-6 
NEt, Me 159 EtOH 49 60:9 6-9 23-4 C,,H,,O,N, 60:7 6-8 23-6 
NEt, CH,°CH,Cl 186 EtOAc 73 53-6 5-9 18-4 C,,H,,O,N,Cl, 53:4 5-8 18-5 
NH’C,H, Me 210 Aq. Cellosolve 61 64:2 5-6 21-4 C,,H,,O,N, 64:6 5-7 21:5 
NH-C,H,, Me 170 Aq. acetone 34 63:0 6-9 21-6 C,,.H,,O,N, 62-8 6-9 22-0 
NH-‘C,H,O Me 181 Aq. acetone 35 60:3 4:9 22-6 C,H ,O,N, 60:0 53 22-1 


2,4-Diamino-6-methyl-5-nitropyrimidine (1-5 g.) in ethanol (100 ml.) containing hydrochloric 
acid (d 1-16; 1 ml.) and water (8 ml.) were heated with p-dimethylaminobenzaldehyde (1-65 g.) 
for 3 hr. The solution was concentrated to half-volume, then cooled, and the purple-black 
crystals of the hydrochloride were filtered off. Trituration under ammonia solution (d 0-88) 
gave 2,4-diamino-6-4’-dimethylaminostyryl-5-nitropyrimidine which crystallised from aqueous 
® Collier, personal communication, 1958. 
° Lister, Ramage, and Coates, J., 1954, 4109. 
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Cellosolve as scarlet prisms (1-35 g., 51%), m. p. 278—279° (Found: C, 56-0; H, 5-1; N, 275. 
C,,H,,0,N, requires C, 56-0; H, 5-4; N, 28-0%). 

Reduction of 4-Amino-5-nitro-6-styrylpyrimidines.—(A) Siannous chloride. 4,5-Diamino-9. 
diethylamino-6-4’-dimethylaminostyrylpyrimidine (IV; R=Me, X= Et,N). 4-Amino-9. 
diethylamino-6-4’-dimethylaminostyryl-5-nitropyrimidine (3 g.) was added slowly to hydro. 
chloric acid (d 1-2; 30 ml.) and treated portionwise with stannous chloride (12 g.). After 
10 minutes on the water-bath the solution was cooled and the solid filtered off and taken up 
with water (130 ml.). Hydrogen sulphide was passed in, the sulphides were filtered off (Filter. 
cel), and the cake was washed with hot water. The combined washings and filtrate were 
evaporated to dryness, the residue was taken up in warm water (60 ml.), and the solution 
basified with ammonia. After cooling, the crystalline precipitate was filtered off and recrystal. 
lised from the minimum of methanol. 4,5-Diamino-2-diethylamino-6-4'-dimethylaminostyryl. 
pyrimidine hydrochloride (2-4 g., 75%) was obtained as lemon-yellow prisms, m. p. 217—229° 
(Found: N, 22-5; Cl, 9-5. C,sH..N,,HC1,4H,O requires N, 22-6; Cl,9-5%). Catalytic reduction 
(method B) of the nitropyrimidine gave the free base, m. p. 184—186°, as yellow prisms from 
aqueous methanol (Found: C, 66-1; H, 7-6; N, 25-6. C,gsH,.N, requires C, 66-3; H, 80; 
N, 25-8%). 

(B) Raney nickel. 2,4,5-Triamino-6-4’-dimethylaminostyrylpyrimidine (IV; R= Me, 
X = NH,). A solution of 2,4-diamino-6-4’-dimethylaminostyryl-5-nitropyrimidine (3 g.) in 
ethanol was hydrogenated over Raney nickel. The filtered solution was evaporated under 
reduced pressure and the residue crystallised from ethanol. 2,4,5-Triamino-6-4’-dimethyl- 
aminostyrylpyrimidine (1-45 g., 54%) crystallised in yellow-brown prisms, m. p. 222—226° 
(Found: C, 62-1; H, 6-4; N, 31-0. C,,H,,N, requires C, 62:2; H, 6-7; N, 31-1%). 

Similarly were obtained 2,4,5-triamino-6-4’-diethylamino- (from aqueous ethanol), m. p. 
190—192° (Found: C, 64:3; H, 7-4; N, 28-0. C,,H..N, requires C, 64-5; H, 7-4; N, 28-29%), 
4,5-diamino-2-benzylamino- (48%), yellow needles, m. p. 192—195° (from aqueous methanol) 
(Found, for material dried at 140°: C, 70-0; H, 6-8. C,,H,,N, requires C, 70-0; H, 6-7%), and 
4,5-diamino-2-cyclohexylamino-6-4'-dimethylaminostyrylpyrimidine, lemon-yellow, m. p. 169— 
171° (from ethyl acetate) (Found: C, 68-1; H, 7-7; N, 23-9. C.9H,,N, requires C, 68-1; H, 8-0; 
N, 23-9%). 

(C) Palladium—charcoal. 2,4,5-Triamino-6-4’-dimethylaminophenethylpyrimidine (VII; 
R=Me, X=NH,). An ethanolic solution of 2,4-diamino-6-4’-dimethylaminostyryl- 
5-nitropyrimidine (1-8 g.) was reduced catalytically over 5% palladium-charcoal (0-2 g). 
Absorption ceased after 4 hr. and the solution was filtered and evaporated. The residual 
brown oil was taken up in methanol, water cautiously added, and the solution cooled. 2,4,5- 
Triamino-6-4'-dimethylaminophenethylpyrimidine was deposited as buff prisms (1-2 g., 71%), 
m. p. 154—155° (Found: C, 60-6; H, 7-4; N, 30-0. C,H 9N,,4H,O requires C, 60-7; H, 7:5; 
N, 30-4%). Drying at 130° gave the anhydrous hase (Found: C, 61-4; H, 6-9; N, 31-4. 
C,,HegN, requires C, 61:7; H, 7-4; N, 30-9%). 

Styrylpteridines (Table 2).—The following is an example. 2,4,5-Triamino-6-4’-dimethyl- 
aminostyrylpyrimidine (7-1 g.) and glyoxal monohydrate (2-1 g.) were heated in ethanol under 


TABLE 2. Compounds (I). 
Yield Found Required 


R Solvent M.p. (%) 
Me Bu"OH 253° 68 
Et Aq. EtOH 241 47 
Me Dioxan 262 35 
Me C,H, Aq. Me,N-CHO 310 42 
Me Y+ Y= _ Aq. Me,N-CHO 300 86 
Phenanthryl 
NEt, Me H EtOH 180 69 
NH’C,H, Me H Aq. dioxan 252 «71 
NH-C,H,, Me H EtOH 232 — 
NH-C,H,O Me H Dioxan 248 29 


H N Formula 
28-0 C,,.Hi.N, 
26-1 CisHooNg 
22-0 C,,.H,.N, 
18-9 C,,H.,N, 
18-8 C,,H,.N, 
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reflux for 20 min. After cooling, the deep maroon precipitate was filtered off and recrystallised 
from butan-l-ol. 2-Amino-4-4’-dimethylaminostyrylpteridine (5-3 g., 68%) was obtained as 
maroon plates with a coppery lustre, m. p. 251—253° (Found: C, 65-4; H, 5-3; N, 28-0. 
C,gH,,.N, requires C, 65-7; H, 5-5; N, 28-75%). 
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9-Amino-4-4’-dimethylaminophenethylpteridine (VIII; R= Me, X = NH,).—The nitro- 
diamine (III; R = Me, X = NH,) (0-5 g.) in ethanol was hydrogenated over 5% palladium— 
charcoal (0-1 g.). The solution was evaporated and the yellow gum heated in fresh ethanol 
(50 ml.) with glyoxal monohydrate (0-13 g.). The yellow product (0-25 g., 51%) was recrystal- 
lised from Cellosolve, giving 2-amino-4-4’-dimethylaminophenethylpteridine as orange prisms 
m, p. 243° (Found, for material dried at 130°: C, 65-4; H, 6-2; N, 28-4. C,,H,,N, requires 
C, 65:3; H, 6-2; N, 286%). 

2-Diethylamino-4-4’-dimethylaminophenethylpteridine (VIII; R-=Me, X = Et,N).—The 
pyrimidine (III; R = Me, X = Et,N) (1 g.) was hydrogenated as above. The crude diamine 
(VII; R = Me, X = Et,N) was obtained as white needles, m. p. 104°, from chloroform (Found: 
C, 57-7; H, 8-0; N, 22-8; Cl, 9-1. Calc. for C,,H.,N,,$H,O,}CHCI,: C, 58-4; H, 7-9; N, 22-3; 
Cl, 94%). As the anhydrous material could not be obtained by drying or recrystallisation 
the solvate was heated in ethanol with glyoxal monohydrate (0-2 g.) for 30 min. Concentration 
to half-volume and cooling gave 2-diethylamino-4-4’-dimethylaminophenethylpteridine as yellow 
crystals, m. p. 131—132° (Found: C, 68-4; H, 7-4; N, 23-8. C,H, ,N, requires C, 68-5; H, 7-5; 
N, 24:0%). 

cr SO and theiy Derivatives.—6-4'-Dimethylaminostyryl-2-formamidopurine (IX; 
R = Me, X = H-CO-NH). A suspension of the triaminopyrimidine (IV; R = Me, X = NH,) 
as the hydrochloride (0-53 g.) was heated in formamide (8 ml.) at 170—180° for 20 min. An 
equal volume of 2n-ammonia was added, depositing a yellow precipitate which crystallised 
from the minimum of methanol. 6-4’-Dimethylaminostyryl-2-formamidopurine formed orange 
crystals, m. p. 230° (Found, on material dried at 150°: C, 61-3; H, 5-3; N, 26-95. 
CygH,gON,,tH,O requires C, 61-4; H, 5-3; N, 26-9%). 

Similar preparations gave 2-diethylamino-6-4’-dimethylaminostyryl-, m. p. 220—222° (from 
methanol) (Found: C, 67-7; H, 7-3; N, 25-1. CygH,N, requires C, 67-8; H, 7-2; N, 25-0%), 
and 2-amino-6-4'-diethylaminostyryl-purine, m. p. 221—223° (from aqueous ethanol) (Found, on 
material dried at 135°: C, 66-6; H, 6-4. C,H, N, requires C, 66-2; H, 6-5%). 

4-Acetamido-6-4’-acetamidostyryl-2-diethylamino-5-nitropyrimidine (V).—4-Amino-6-4’- 
aminostyryl-2-diethylamino-5-nitropyrimidine (0-5 g.) in acetic anhydride (15 ml.) was heated 
on a water-bath for 15 min. The yellow 4-acetamido-6-4'-acetamidostyryl-2-diethylamino- 
compound (0-3 g., 48%) crystallised on cooling and, recrystallised from aqueous ethanol, had 
m. p. 243—244° (Found: C, 57-9; H, 5-8; N, 20-3; O, 15-9. C,)H,,O,N, requires C, 58-3; 
H, 5-9; N, 20-4; O, 15-5%). 

6-4’-A cetamidostyryl-2-diethylamino-8-methylpurine (V1).—The above diacetamidopyrimidine 
(0-6 g.) was hydrogenated over Raney nickel in ethanol. Evaporation left a glass which 
crystallised from methanol as yellow prisms of 6-4’-acetamidostyryl-2-diethylamino-8-methyl- 
purine, m. p. 157—159° (Found: C, 62-3; H, 6-7; N, 21:8; H,O, 4:8. C.9H,,ON,,H,O requires 
C, 62-8; H, 6-9; N, 22-0; H,O, 4:7%). Drying to 150° gave the anhydrous base (Found: 
C, 65-8; H, 6-9. C.9H,,ON, requires C, 65-9; H, 6-6%). 

2-Amino-6-4’-dimethylaminophenethylpurine.—The nitropyrimidine (III; R= Me, X = 
NH,) (2 g.) in ethanol was reduced over 5% palladium-charcoal (0-2 g.). Solvent was removed 
and the residue heated in formamide (20 ml.) containing hydrochloric acid (d 1-16; 2 ml.) at 
170—180° for 20 min. 2n-Ammonia (20 ml.) was added to the cooled solution, precipitating 
yellow 2-amino-6-4’-dimethylaminophenethylpurine (0-81 g., 41% which was obtained from 
water as a yellow hydrate, m. p. 97—99° (Found: C, 60-1; H, 6-4; N, 28-2. C,;H,,N,,H,O 
requires C, 60-0; N, 6-7; N, 280%). Drying at 100° gave the [anhydrous base, m. p. 186—188° 
(Found: C, 63-8; H, 6-4. C,,H,,N, requires C, 63-9; H, 6-4%). 

2-Diethylamino-6-4'-dimethylaminophenethylpurine (69%), m. p. 148—149°, was similarly 
prepared (Found: C, 67-4; H, 7-7; N, 24-8. Cy, H,,N, requires C, 67-4; H, 7-8; N, 24-8%). 
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230. Lavulic Acid. Part I. The Knoevenagel Reaction. 
By RoGER STEVENS. 


Levulic acid and its esters condense with ethyl cyanoacetate, cyano- 
acetamide, and malononitrile to give derivatives of 5-cyano-4-methylpent- 
4-enoic acid. During condensations with cyanoacetic acid some rearrange- 
ment to the pent-3-enoic acid takes place. Hydrogenation of these products 
gives the saturated compounds and thence $-methyladipic acid. Hydrolysis 
of the product from ethyl levulate and cyanoacetic acid affords «3-dihydro-8- 
methylmuconic acid, but the condensation product with ethyl cyanoacetate 
reverts to levulic and malonic acid. 


La&vutic Acip (I; R =H), produced by acid degradation of materials which contain 
hexose residues, is potentially cheap.1 We are therefore examining its conversion into 
dicarboxylic acids suitable for use as textile intermediates, e.g., for modified nylons? 
Preliminary work showed that preparation of «a-methyladipic acid by way of pentane-1,4- 
diol and the corresponding dihalide and dinitrile was unattractive on account of the high 
pressures and critical conditions needed for the hydrogenation, and attention was turned 
to the synthesis of 8-methyladipic acid. 

Earlier workers 4 showed that the Reformatsky reaction between ethyl levulate and 
ethyl bromoacetate produced y-ethoxycarbonyl-y-methylbutanolide (VI; R = Et); 
hydrolysis then gave a crude acid (V; R =H) which could be reduced to §-methyl- 
adipic acid. The intermediate dihydromuconic acid did not crystallise in the early 
work #5 and later workers 45® record a wide range of melting points (118—161°), 
8-Methyladipic acid has also been prepared by desulphurisation of the condensation 
product of levulic acid with rhodanine, but the overall yield was less than 10%.” In view 
of the low yields in these two procedures an alternative route using the Knoevenagel 
reaction has been investigated. Ethyl levulate with cyanoacetic acid in the presence of 
piperidine * gives ethyl 5-cyano-4-methylpent-4-enoate (II; R = Et, R’ = H) in 26% 
yield; its condensation with ethyl cyanoacetate has also been investigated ® although in 
neither case has the position of the double bond in the product been established. In the 
presence of alcoholic ammonia, ethyl levulate condenses with two molecules of ethyl 
cyanoacetate to give a Guareschi imide, hydrolysis of which leads to 8-carboxymethyl-$- 
methyladipic acid.’ 

In the present investigation, diethyl 2-cyano-3-methylhex-2-enedioate (II; R = Et, 
R’ = CO,Et) has been prepared in good yield by using the conditions developed by Cope 
et al. Hydrogenation of this ester with palladium-charcoal proceeded smoothly at 
atmospheric pressure to give the saturated ester (III; R = Et, R’ = CO,Et) which, on 
acid-hydrolysis, gave the required 6-methyladipic acid. Alternatively, alkaline hydrolysis 


1 Wiggins, Adv. Carbohydrate Chem., 1949, 4, 306; Leonard, Ind. Eng. Chem., 1956, 48, 1330; 
Dunlop, “ Furfural from Agricultural Sources,” Roy. Inst. Chem. Lectures, Monographs, Reports, 1956, 
No. 4, p. 15. 

® Caruthers, U.S.P. 2,130,948 (Chem. Abs., 1938, 32, 9519). 

® Christian, Brown, and Hixon, J. Amer. Chem. Soc., 1947, 69, 1961. 

* (a) Duden and Freydag, Ber., 1903, 36, 953; (b) Staudinger and Ruzicka, Helv. Chim. Acta, 1924, 
7, 251; (c) Linstead, Lunt, Weedon, and Shephard, /J., 1952, 3621; Baumgarten, J. Amer. Chem. Soc., 
1953, 75, 979. 

§ Kuhn, Kohler, and Kohler, Z. physiol. Chem., 1936, 242, 171. 

* Penfold, Ramage, and Simonsen, J., 1939, 1486; Elvidge, Linstead, and Sims, J., 1951, 3386. 

? Allan, Maclean, and Newbold, J., 1952, 5053. 

® Shemyakin and Trakhtenberg, J. Gen. Chem. (U.S.S.R.), 1943, 18, 552 (Chem. Abs., 1945, 39, 
497). 
® Bannerjee, Science and Culture, 1940, 5, 566; J. Indian Chem. Soc., 1940, 17, 423.; Raha, ibid., 
1953, 30, 129, 205. 

10 Farmer and Ross, J., 1925, 127, 2368. 
11 Cope, J. Amer. Chem. Soc., 1937, 59, 2327; Cope, Hofmann, Wyckoff, and Hardenbergh, ibid., 
1941, 68, 3452. 
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of the saturated cyano-ester afforded 2-methylbutane-1,1,4-tricarboxylic acid ® (IV; 
R =H, R’ = CO,H) which was readily decarboxylated to 6-methyladipic acid. 

Similarly, cyanoacetic acid with levulic acid and its methyl, ethyl, and benzyl ester 
gave the corresponding derivatives of 5-cyano-4-methylpentenoic acid. Hydrogenation 
of these esters with palladium—charcoal afforded the corresponding pentanoates. During 
hydrogenation of the benzyl ester two mols. of hydrogen were absorbed and the 
debenzylated acid (III; R = R’ = H) was obtained. All the derivatives of 5-cyano-4- 
methylpentanoic acid were hydrolysed almost quantitatively to §-methyladipic acid 

IV; R= R’ = H). 

Alexander and Cope }* have described a technique whereby the equilibrium in the 
Knoevenagel reaction is displaced by hydrogenation of the unsaturated product; in this 
way the saturated esters (III; R = Et, R’ = H and CO,Et) have been prepared directly 
but the slow hydrogen absorption, even with regular renewal of the palladium-—charcoal 
catalyst, and the low yields make the method unattractive. Attempts to hydrogenate 
the crude undistilled Knoevenagel reaction product were also unsuccessful. 

When Raney nickel was used as catalyst in the hydrogenation of ethyl 5-cyano-4- 
methylpentenoate either at 27° or at 100°/150 atm. only a small quantity of the saturated 
ester (III; R= Et, R’ =H) was obtained, together with large basic fraction which, 
although not completely characterised, behaved as ethyl 6-amino-4-methylhexanoate and 
polymerised on attempted distillation. Acid-hydrolysis of the polymer gave a deliques- 
cent hydrochloride thought to be 6-amino-4-methylhexanoic acid hydrochloride.“ 

Attempts to condense ethyl levulate with ethyl acetoacetate, diethyl malonate, and 
acetonitrile were unsuccessful but condensations with cyanoacetamide and malononitrile 
yielded the substituted esters (II; R= Et, R’ = CO-NH, and CN). The amide was 
hydrogenated over palladium-charcoal to the saturated derivative (III; R= Et, 
R’ = CO-NH,), which on hydrolysis gave 8-methyladipic acid, but under similar conditions 
the dinitrile (II; R = Et, R’ = CN) was unchanged. 


Me Me 
CHs*CO*CHy°CH,*CO,R NC*CR’=C*CHy*CHyCO,R NC*CHR’*CH-CHyCH,*CO,R 
(1) (II) © (III) 
Me Me te | [me 
RO,C*CHR’*CHCHy"CH,°CO,R RO,C*CH=CH-CHyCHyCO,R \ o/“\aco . 
2 
(IV) (V) 
Me Me 
NC*CHR"C=CH:CH,*CO,R EtO,C*C(CN)J=C’CH,°CO, Et 
(VII (VIII) 
Me Me 
RO,C*CHy*C=CH*CH,y°CO,R NC*CH,*C=CH:CO, Et 
(X%) (TX) 


Following the practice of the earlier workers, we generally write the products of the 
Knovenagel reaction as «$-unsaturated nitriles, i.e., as derivatives of 5-cyanopent-4-enoic 
acid (II), though Zaar !* reported them to be mixtures of A**- and Afr-forms (e.g., II and 
VII). Kitson and Griffiths 1” found that the nitrile stretching frequency of saturated or 


12 Noyes and Cox, J. Amer. Chem. Soc., 1903, 25, 1093. 

8 Alexander and Cope, J. Amer. Chem. Soc., 1944, 66, 886. 

Cf. Ruzicka, Helv. Chim. Acta, 1921, 4, 479. 

® Cf. Ungnade and McLaren, J. Org. Chem., 1945, 10, 29. 

16 Zaar, Ber. Schimmel and Co. Akt. Ges., Jubilee No., 1929, 299 (Chem. Abs., 1930, 24, 2107). 
” Kitson and Griffiths, Analyt. Chem., 1952, 24, 334. 
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unconjugated nitriles lies in the range 2249—2260 cm. while conjugated nitriles absorh 
at about 2221 cm.. The stretching frequencies of some of the nitriles obtained in this 
work are collected in Table 1 where it can be seen that the condensation product of ethyi 
levulate and ethyl cyanoacetate absorbs at 2222 cm., confirming the conjugated structure 
(II) in this case. The infrared spectra of the products from cyanoacetamide and malono. 
nitrile are also in agreement with the conjugated structure (II). On the other hand, the 
spectrum of the product from cyanoacetic acid has bands at both 2217 and 2252 cm7. 
suggesting that it is a mixture of the conjugated (II; R= Et, R’ =H) and the 
unconjugated form (VII; R= Et, R’ = H), in which the former predominates. This 
rearrangement made the spectra of the condensation products of ethyl acetoacetate with 
ethyl cyanoacetate and cyanoacetic acid of interest. Ethyl acetoacetate and ethy| 
cyanoacetate '* gave a small yield of what, on the basis of the nitrile stretching frequency 
(2232 cm.~), is thought to be diethyl 2-cyano-3-methylpent-2-enedioate (VIII). For the 
product from ethyl acetoacetate and cyanoacetic acid,’ both the nitrile stretching frequency 
(2242 cm.*) and a band at 1631 cm.", associated with a conjugated carbonyl group, 
indicate that the product is ethyl 4-cyano-3-methylbut-2-enoate (IX). It therefore 
appears that when the Knovenagel condensation is accompanied by decarboxylation some 
rearrangement occurs but that in other cases the product is almost entirely the ag- 
saturated nitrile. 

Before the infrared spectra had clarified the situation, hydrolysis of the product from 
ethyl levulate and cyanoacetic acid was studied. Alkaline hydrolysis afforded an oil 
which on long storage gave a small yield of an acid, m. p. 128—130°. The same acid was 
obtained if the crude hydrolysate was esterified and the distilled ester hydrolysed. That 
it was a dihydro-8-methylmuconic acid was established by analysis and hydrogenation to 
8-methyladipic acid and it was shown to be the trans-A*v-isomer (X; R = H) by com- 
parison of its infrared spectrum with those of authentic samples of the isomeric trans- 
dihydro-8-methylmuconic acids kindly provided by Dr. J. A. Elvidge. In particular, the 
spectrum of the acid obtained in this work and that of the authentic «8-dihydro-$-methyl- 
muconic acid lacked the absorption at about 1630 cm.+ (conjugated C=O) which was 


TABLE 1. Infrared nitrile stretching frequencies (cm.*). 


Thickness v Thickness v 

0-025 mm. 2257 * (II; R’ = CN) Nujol mull 2198 
NC-CH,°CO,Et ’ 2268 (Il and VII; R’=H) 0-025 mm. 2217s, 
(III; R’ = H) . . 2257 2252m 
(III; R’ = CO,Et) . x 2252 (VIII) 2232 
(II; R’ = CO,Et S J 2222 0-025 mm. 2242 
(II; R’ = CO-NH,) ... Nujol mull 2198 


* Kitson and Griffiths !” report 2254 cm."". 


present in the spectra of the other two isomers and of the methyl ester of the crude 
hydrolysate of the condensation product. The isolation of the «8-dihydro-f-methyl- 
muconic acid (X; R = H) on hydrolysis of a nitrile which on spectral evidence was itself 
chiefly in the A**-form may be due to relative solubilities but is more probably an example 
of three-carbon tautomerism. The many examples given by Linstead and his co-workers ® 
lead to the view that in the dihydro-B-methylmuconic acid series the A*y-form will be 
the most stable. 

It was thought that a study of the hydrolysis of the ester which was shown by infrared 
evidence to have the structure (II; R = Et, R’ = CO,Et) might help to elucidate the 
tautomerism of this series, but after alkaline hydrolysis only malonic acid and levulic 
acid could be recovered. The absence of any dihydro-$-methylmuconic acid was shown 

1 Kon and Nanji, J., 1931, 560. 


18 See table by Linstead in “ Organic Chemistry ” (ed. Gilman), Wiley, New York, 2nd edn., 1943, 
p. 1042, and references there cited. 
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py esterification of the crude hydrolysate and examination by vapour-phase chromato- 
graphy. In a similar manner, it was shown that only levulic acid resulted from acid- 
hydrolysis of this ester. Ethanolysis of ethyl 5-cyano-4-methylpentenoate gave diethyl 
dihydro-$-methylmuconate, presumably a mixture of (V) and (X) (R = Et), which was 
smoothly hydrogenated to diethyl 8-methyladipate. 


EXPERIMENTAL 


Infrared spectra were measured on a Perkin-Elmer spectrophotometer model 137. For 
determination of the nitrile stretching frequencies, the spectrum of polystyrene was super- 
imposed on the chart, and wavelengths were corrected to the bands at 3-42, 3-50, and 6-24 u 
in that spectrum. 

Levulic acid (I; R = H) asa film had y,,,,, 2941—3333s, 1695—1754s, 1404s, 1370s, 1211s, 
1166s, 1064w, 1026w, and 990w cm.*?. 

Ethyl levulate (I; R = Et) as a film had v,,, 3030s, 2985s (infl.), 1779m (infl.), 1733s, 
1481m (infl.), 1462m (infl.), 1445s (infl.), 1410s, 1370s, 1311s, 1209s, 1160s, 1099m, 1064m, 
1033s, 990w, 926m, 874w, 787w, and 767w cm.7. 

8-Methyladipic Acid.—A sample prepared by oxidation of 4-methylcyclohexanone with 
alkaline potassium permanganate *° had m. p. 92—94° and vy, (Nujol mull) 2900—3030s, 
1695—1724s, 1471s, 1418s, 1388s, 1351m, 1266—1316s, 1224s, 1176s, 1127m, 961m, 78lw, 
and 787w cm.7}. 

Knoevenagel Condensations.—These were carried out by Cope’s method; the levulic 
derivative (0-5 mol.), the cyanoacetic derivative (0-5 mol.), glacial acetic acid (6 g.), and 
ammonium acetate (3-85 g.) in benzene (50 ml.) were heated under reflux under a Dean-Stark 
adaptor until no more water separated (usually overnight). Working up of the products is 
described below. 

Ethyl 2-Cyano-3-methylhex-2-enedioate (II; R= Et, R’ = CO,Et).—The product from 
ethyl levulate (86 g.) and ethyl cyanoacetate (49 g.) was washed twice with both 2N-sodium 
carbonate and water, dried (MgSO,), and distilled; the ester had b. p. 145—148°/1 mm., »,,”” 
1-4708 (67-4 g., 65%) (Found: C, 60-3; H, 7-1; N, 5-7. Calc. for C,,H,,O,N: C, 60-3; H, 7-1; 
N, 5-9%) (lit.,® b. p. 154—160°/5-5 mm.), vingx, 2976s, 2222m, 1701—1754s, 1600s, 1449s, 1377s, 
1163—136ls, 1075s, 1301s, 943m, 905w, 862m, and 784s cm.7}. 

Ethyl a-Cyano-B-methyladipate (III; R= Et, R’ = CO,Et).—(i) The preceding ester 
(22-2 g.) in ethanol (50 ml.) was shaken in hydrogen with 5% palladised charcoal (0-5 g.). 
The calculated absorption (2-3 1. at 27°/760 mm.) was achieved in 6 hr. After the removal of 
catalyst and solvent, the saturated ester had b. p. 147—152°/0-5 mm., ,,*” 1-4415 (17-7 g., 79%) 
(Found: C, 59-2; H, 7-7; N, 5:7. Calc. for C,,H,,O,N: C, 59-7: H, 7-9; N, 5-8%) (Noyes 
and Cox ™ report b. p. 175—185°/20 mm.), vmx 3021s, 2252w, 1724—176l1s, 1623w (infl.), 
1471s, 1425m, 1395s, 1377s, 1163—1282s, 1099s, 1020—1042s, 947w, 862m, 794m, 769m (infl.), 
and 685s cm."}, 

(ii) Ethyl cyanoacetate (28-3 g.), ethyl levulate (39-6 g.), ammonium acetate (1-95 g.), and 
acetic acid (3 g.) in ethanol (50 ml.) were shaken with 5% palladised charcoal (0-5 g.) in hydrogen. 
The catalyst was replaced by fresh portions after 4, 48, 76, and 99 hr. After 120 hr. the 
hydrogenation wasstopped (uptake 4-31. at 27°/760 mm., 70% oftheory), the catalyst was removed, 
and the residue was distilled; the fraction having b. p. 142—147°/0-3 mm., m,*” 1-4490 (38 g., 
63%) (Found: C, 59-2; H, 7-9; N, 5-7%), was collected. The saturated ester (8 g.) was heated 
under reflux overnight with 5n-hydrochloric acid, and the hydrolysate diluted with water and 
extracted with ether to give B-methyladipic acid (5-3 g., 989%), m. p. and mixed m. p. 90—93° 
(from benzene). 

2-Methylbutane-1,1,4-tricarboxylic Acid (IV; R=H, R’ = CO,H).—Ethyl «-cyano-f- 
methyladipate (5 g.) and sodium hydroxide (10 g.) in aqueous ethanol (50 ml.) were heated 
under reflux overnight, cooled, acidified, and continuously extracted with ether. The ethereal ex- 
tract gave the tricarboxylic acid (4-15 g.), m. p. 123—128° raised to 128—130° by recrystallisation 
from water (Found: C, 47-7; H, 5;9. Calc. for C,H,,0,: C, 47-1; H, 595%). Noyes and 
Cox * record m. p. 127°. The acid (IV; R = H, R’ = CO,H) was heated at 200° for 30 min., 
cooled, and recrystallised from benzene (charcoal), to give 8-methyladipic acid (0-8 g.), m. p. 
and mixed m. p. 90—93°. 


*® Wallach, Annalen, 1896, 289, 344. 
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TABLE 2. 5-Cyano-4-methylpentenoic acid derivatives (II and VII; R’ = H), 


Yield Found (%) Required (%) 
B. p./mm. Np?” Formula H N Cc H N 
163—165°/1-5 1-4760 C,H,O,N * 
159—161°/30 1-4540 C,H,,0,N 6 
162—163°/30 t  1-4510 C,H,,0,N 6 
172—178°/1 1-5180 C,,H,O,N 7 
* Found: equiv., 140. Required: equiv., 139. 
+t Shemyakin and Trakhtenberg * report b. p. 136—140°/22 mm. 


TABLE 3. 5-Cyano-4-methylpentanoic acid derivatives (III; R’ = H). 
Yield Found (%) Required (%) 
R B. p./mm. np”? Formula Cc H Cc H N 
H 144—146°/0-4 11-4510 C,H,,0,N 591 7: 0 59-6 
Me 154—156°/30 1-4320 C,H,,0,N 623 8 ‘8 61-9 
8- 
7- 


. 
. 


Et 159—160°/30 1-4316 C,H,,0,N 63-8 63-9 
CH,Ph 166—168°/0-3 15020 CyH,,0O,N 72:5 72-7 


* By esterification. { Meluch and Mislow, J. Org. Chem., 1955, 20, 1311, found b. p. 120—124° 
0-25 mm., mp** 1-4559, for the (+-)-form. 


5-Cyano-4-methylpentenoic Acid and its Esters (Il; R = H).—These were made by the 
Knoevenagel reaction as described above; the products were washed with water, the solvent 
removed, and the residue heated at 180° for 30 min. to ensure complete decarboxylation before 
distillation. The yields, b. p.s, and analyses are recorded in Table 2. Ethyl 5-cyano-4-methyl- 
pentenoate had vz, 3226s, 3030s, 2994s (infl.), 2252m, 2217s, 1695—1770s, 1639m, 1370— 
1449s, 1149—1333s, 1089m, 1080w, 1036s, 935m, 787—862m cm.1. 

Ethyl 5-Cyano-4-methylpentanoate (III; R = Et, R’ = H).—(i) Ethyl 5-cyano-4-methyl- 
pentenoate (20 g.) in ethanol (100 ml.) containing 5% palladised charcoal (0-5 g.) was shaken in 
hydrogen until the calculated volume of hydrogen was absorbed (9-5 hr.); after filtration and 
removal of the solvent, the reduced ester was distilled. ’ The physical properties are recorded 
in Table 3. The compound had absorption at 3571m, 3205m, 2941s, 2262m, 1773m (infl,), 
1724s, 1626m, 1458s, 1422s, 1372s, 1340s, 1098s, 1031s, 975w, 952m, 902w, 858m, and 787m 
cm.1, The methyl ester (III; R = Me, R’ = H) was prepared similarly. 

(ii) Ethyl levulate (43 g.), cyanoacetic acid (21-3 g.), ammonium acetate (1-95 g.), and 
acetic acid (3 g.) were shaken in ethanol (50 ml.) with 5% palladised charcoal (0-5 g.) in hydrogen. 
The catalyst was changed after 5, 29, 47, 72, and 97 hr. After 7 days (hydrogen uptake 481, 
78%) the catalyst and solvent were removed and the residue heated at 180° and then fractionally 
distilled; the ester (III; R = Et, R’ = H) had b. p. 156—165°/30 mm., m,,”" 1-4450 (5-2 g) 
(Found: C, 63-7; H, 8-6; N, 8-5%). 

(iii) Ethyl 5-cyano-4-methylpentenoate (32 g.) in methanol (50 ml.) was shaken with hydrogen 
and Raney nickel W-2 (ca. 3 g.) at 27°/150 atm. for 24 hr. After removal of the catalyst and 
solvent the residue was dissolved in 2N-hydrochloric acid and extracted with ether. The 
ethereal extract gave an oil (7-5 g.) which was combined with the non-basic fraction from a 
similar hydrogenation carried out at 100° (2-5 g.) and distilled, to give the ester b. p. 142— 
144°/25 mm., n,,*" 1-4480 (5-2 g.) (Found: N, 8-0, 8-1%). 

Ethyl 6-Amino-4-methylhexanoate.—By hydrogenation of ethyl 5-cyano-4-methylpentenoate 
(32 g.) at 100°/150 atm. with Raney nickel W-2, an oil was obtained which was completely 
soluble in 2N-hydrochloric acid. After the removal of the non-basic fraction in ether (see 
above) the solution was made basic by the addition of potassium carbonate and re-extracted 
with ether, to give an oil (19-4 g.), 5 1-4370, which polymerised on attempted distillation at 
30 mm. (cf. ethyl 6-aminohexanoate ). The polymer dissolved in boiling 5n-hydrochloric 
acid in 2 hr.; the excess of acid was removed by repeated distillation in a vacuum, to leave a 
deliquescent hydrochloride (Found: N, 6-1, 6-2. C,H,,0O,N,HCl requires N, 7-7%). 

5-Cyano-4-methylpentanoic Acid (III; R = R’ = H).—(i) 5-Cyano-4-methylpentenoic acid 
(14-5 g.) in ethanol, when shaken in hydrogen with palladised charcoal, absorbed only 73% of 
the theoretical quantity of hydrogen. Renewal of the catalyst resulted in no further absorption. 
The physical properties of the reduced acid are given in Table 2. Hydrolysis of this acid (1-1 g.) 
with 2n-methanolic sodium hydroxide, followed by acidification and ether-extraction, gave the 
theoretical yield of 8-methyladipic acid, m. p. and mixed m. p. 89—93° (from benzene). 

(ii) Benzyl 5-cyano-4-methylpent-4-enoate (15 g.) in a similar hydrogenation rapidly 
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absorbed 1 mol. of hydrogen (50 min.) and then slowly (14 hr.) took up a further mol. After 
removal of catalyst and solvent, the acid had b. p. 148—150°/0-4 mm., n,*” 1-4490 (7-2 g.,.78%) 
(Found: N, 9-9%). ; } 

Benzyl 5-Cyano-4-methylpentanoate (III; R = CH,Ph, R’ = H).—The acid (6-5 g.) obtained 
as above and benzyl alcohol (6-5 ml.) in toluene were heated overnight under a Dean-Stark 
adaptor, the mixture was then cooled, washed with a saturated solution of sodium hydrogen 
carbonate and water, dried, and distilled. The physical properties of the ester are recorded in 
Table 2. Hydrolysis gave 8-methyladipic acid, m. p. and mixed m. p. 92—94°. 

g-Methyladipic Acid (IV; R = R’ = H).—Ethyl 5-cyano-4-methylpentanoate (36 g.) and 
potassium hydroxide (40 g.) in ethanol (100 ml.) were heated under reflux overnight, water 
being added after about 1 hr. to dissolve the solid formed. The majority of the solvent was 
distilled off, and the mixture cooled, acidified, and extracted with ether. The material 
extracted (33 g., 98%) recrystallised from benzene, to give 8-methyladipic acid, m. p. 89—93°. 
Two further recrystallisations from benzene gave a sample of m. p. and mixed m. p. 93—94 
(Found: C, 52-4; H, 79%; equiv., 80-2, 80-5. Calc. for C,H,,0,: C, 52-5; H, 76%; equiv., 
80-1). The ethyl ester had b. p. 150—154°/30 mm. (lit., 130—138°/15 mm.), the amide m. p. 
188—189° (lit., m. p. 191°), and the p-bromophenacyl derivative, m. p. 83—84° (from aqueous 
ethanol) (Found: C, 49-8; H, 4-4. C,,;H,,O,Br, requires C, 49-8; H, 4-0%). 

Ethyl 5-Carbamoyl-5-cyano-4-methylpent-4-enoate (II; R= Et, R’ = CO-NH,).—Cyano- 
acetamide 21 (42 g.) was condensed with ethyl levulate (86 g.) in Cope’s conditions, and water 
(11 ml.) was eliminated, but on cooling some cyanoacetamide, m. p. and mixed m. p. 118°, 
crystallised. On further storage at 0°, the required amide separated; it had m. p. 82—87° 
(from benzene) (20-7 g., 20%) (Found: C, 56-6; H, 6-7; N, 13-0. C, 9H,,O,N, requires C, 57:1; 
H, 6-7; N, 133%) and vmax, (mull in Nujol) 3448m, 3226m, 2198w, 1736s, 1645s, 1613s, 1290m, 
1205m, 1124w, 1099w, 1058w, 1036w, 980w, 870w, 800m, 735m, and 690m cm.1. No further 
solid could be isolated from the mother-liquors. 

Ethyl 5-Carbamoyl-5-cyano-4-methylpentanoate (III; R = Et, R’ = CO-NH,).—The amide 
obtained above (8 g.) was shaken in ethanol (75 ml.) with 5% palladised charcoal (0-5 g.) in 
hydrogen until the theoretical quantity was absorbed (11 hr.). Removal of the catalyst and 
solvent left a solid residue, m. p. 53—56°. Two recrystallisations from water ave the amide, 
m. p. 67—69° (Found: C, 56-9; H, 7-6; N, 13-3. C,9H,,O,;N, requires C, 56-6; H, 7-6; 
N, 13:2%). A sample (1-0 g.) was boiled under reflux for 16 hr. with 5N-hydrochloric acid 
(20 ml.), cooled, diluted, and extracted with ether, which gave $-methyladipic acid (0-8 g.), 
m. p. 91—93° (from benzene). . 

Ethyl 5,5-Dicyano-4-methylpent-4-enoate (II; R = Et, R’ = CN).—A solution of malono- 
nitrile *? (41-9 g.), ethyl levulate (100 g.), acetic acid (6 g.), and ammonium acetate (3-85 g.) in 
benzene (50 ml.) was heated under reflux for 5 hr., water (16-7 ml.) being collected in a Dean- 
Stark adaptor. The cooled mixture was washed three times with water, and the solvent 
removed. After storage at 0° crystals, m. p. 135—150°, were deposited (17-4 g. 14-6%), 
which after several recrystallisations from ethanol gave the dinitrile, m. p. 148—151° (Found: 
C, 62:0; H, 6-7; N, 14-7. C,9H,,O,N, requires C, 62-5; H, 6-3; N, 14-6%), vingx. (Nujol mull) 
3378m, 3247m, 2198m, 1730s, 1658s, 1645s (infl.), 1585m, 1235m, 1202s, 1179s, 1018—i031m, 
862w, and 833mcm.1._ A solution of the dinitrile (6 g.) in ethanol (1-5 ml.) at 40° absorbed no 
hydrogen over 5% palladised charcoal (0-5 g.), and the dinitrile was recovered. 

Diethyl 2-Cyano-3-methylpent-2-enedioate (VIII).—The Knoevenagel condensation was 
carried out as described above, with ethyl acetoacetate (65 g.) and ethyl cyanoacetate (56 g.). 
The calculated quantity of water separated but on distillation at the reported pressure the 
product largely polymerised. The ester which distilled (21 g., 19%) had b. p. 178°/25 mm., 
n,** 1-4640 (Found: N, 6-6. Calc. for C,,H,,0,N: N, 6-2%) (Kon and Nanji ** record b. p. 
170°/25 mm. n,"* 1-4092), Vmax, 2976s, 2232s, 1712—176ls, 1613m, 1370—1471s, 1149—1302s, 
1010—1116s, 961-5m, 930m, 860s, 820m, 781s, and 730m cm.~}. 

Ethyl 4-Cyano-3-methylbut-2-enoate (IX).—In a similar condensation ethyl acetoacetate 
(32-5 g.) and cyanoacetic acid (24 g.) gave the ester, b. p. 100—102°/5 mm., n° 1-4529 (17-6 g., 
72%) (Found: N, 9-0. Calc. for CsH,,O,N: N, 9-1%) (lit.,* b. p. 116—118°/12 mm.), vinax. 
3003s, 2242s, 1736s, 1631m, 1460m (infl.), 1441s, 1385s, 1370s, 1316s, 1250s, 1149—1220s, 
1112m, 1099m, 1058m (infl.), 1040s, 928m, 877w, 840m, 816m, and 725w cm."}. 


*t Carson, Scott, and Vose, Org. Synth., Coll. Vol. I, 2nd edn., p. 179. 
2 Idem, ibid., Coll. Vol. II, p. 379. 
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a8-Dihydro-8-methylmuconic Acid.—Ethyl 5-cyano-4-methylpentenoate (11 g.) was heated 
under reflux with potassium hydroxide (10 g.) in methanol (90 ml.) and water (10 ml.) for 18 hr. 
The solvent was removed, and the residue acidified with 10N-sulphuric acid and extracteq 
continuously overnight with ether. The ethereal extract was evaporated and after prolonged 
storage gave a semicrystalline solid which was drained on porous tile and recrystallised from 
benzene-ethyl acetate several times, to give a product, m. p. 129—130° (Found: C, 63; 
H, 65%; equiv., 79-1, 79-2. Calc. for C,H,,O,: C, 53-2; H, 64%, equiv., 79-1). The infrared 
spectrum of this acid in a potassium bromide disc was identical with that of «8-dihydro-g. 
methylmuconic acid (see below). The authentic sample had m. p. 133—134° and m. p, 12g— 
129° when mixed with the above acid. The acid (85 g.), shaken with Adams catalyst in 
hydrogen until no further absorption occurred, gave $-methyladipic acid, m. p. and mixed 
m. p. 93-5°. In another experiment the hydrolysate of ethyl 5-cyano-4-methylpentenoate was 
heated under reflux with methanol containing concentrated sulphuric acid. After dilution 
and extraction with ether the dimethyl ester had b. p. 138—142°/25 mm., ,*" 1-4460 (Found: 
C, 58-4; H, 7-2. C,H,,O, requires C, 58-1; H, 7-5%), Vmax. (film) 1653w cm.7+. Hydrolysis 
gave the same dihydro-8-methylmuconic acid, m. p. 127—128°. 

Dihydvo-B-methylmuconic Acids.—The authentic samples provided by Dr. J. A. Elvidge 
showed the following bands in potassium bromide discs: trans-A*% (V; R =H), 2941m, 
2597m (infl.), 1684s, 1623s, 1433m, 1292m, 1258s, 1214m, 1053w, 986w (infl.), 935m, 862m, and 
714 cm. 

trans-APy (X; R = H), 2941s, 2703m, 2509m, 1692s, 1406s, 1355w, 1325m, 1285m, 1242s, 
1222s, 1170m, 1096w, 1020w, 926m, 794m, and 707m cm.1. 

trans-AY*, 2899s, 2703m, 1689s, 1639m, 1408m, 1342w, 1282s, 1217w, 1176m, 1081w, 989w, 
952m, 873w, 735w, and 685w cm."}. 

Hydrolysis of Diethyl 2-Cyano-3-methylhex-2-enedioate.—(i) The ester (II; R= Et, R’= 
CO,Et) (20 g.) was heated under reflux for 24 hr. with potassium hydroxide (20 g.) in methanol 
(80 ml.) and water (20 ml.). After removal of most of the methanol the mixture was cooled 
in ice, acidified dropwise by 10N-sulphuric acid (35 ml.), and extracted with ether for 48 hr. 
The extract (19-4 g.) was examined in two portions. The first (12-9 g.) was esterified by heating 
under reflux with ethanol (100 ml.) containing concentrated sulphuric acid (5 ml.). After 
dilution of the solution the esters were extracted with ether. Vapour-phase chromatography 
of the crude mixed esters on Apiezon M at 170° with nitrogen as the eluting gas showed a 
double peak similar to that given by a mixture of ethyl levulate and diethyl malonate and no 
material with the retention volume expected for diethyl dihydro-8-methylmuconate. The 
esters had b. p. 194—196° (lit., ethyl levulate b. p. 206—208°, diethyl malonate b. p. 199°), and 
the distillate gave ethyl levulate 2,4-dinitrophenylhydrazone (from ethanol), m. p. and mixed 
m. p. 96—97° (lit., 101°). The residue partially crystallised overnight. The crystals were 
recovered and after recrystallisation from benzene-ether had m. p. 129—130° (Found: equiv., 
54-0, 54-1. Calc. for C,H,O,: equiv., 52-0) and the infrared absorption (Nujol mull) of malonic 
acid (m. p. 135—136°). The combined mother-liquors were heated at 180° for 30 min. to 
decarboxylate any remaining malonic acid and distilled, to give levulic acid, b. p. 108°/3 mm., 
n,,* 1-4396 (Found: equiv., 121-8, 121-0. Calc. forC;H,O,;: equiv., 116) (lit., b. p. 137—139°/10 
mm., #,1* 1-442), with the authentic infrared spectrum. 

(ii) The ester (II; R = Et, R’ = CO,Et) (10-1 g.) was heated under reflux with 5n-hydro- 
chloric acid for 24 hr. After evaporation to small bulk, dilution with water, and continuous 
extraction with ether, the ethereal extract was esterified and examined by vapour-phase 
chromatography. Only a peak corresponding to ethyl levulate was present. The crude 
ester was distilled at ca. 200° (bath) to give ethyl levulate having m,,* 1-4196 (lit., b. p. 206°, 
n,,*° 1-4229) and the authentic infrared absorption. 

Diethyl Dihydro-B-methylmuconate—A solution of ethyl 5-cyano-4-methylpentenoate 
(30 g.) in dry ethanol (200 ml.) was cooled to 0°, saturated with dry hydrogen chloride, and set 
aside overnight. The solution was then boiled under reflux for 2 hr., then cooled, and the 
ammonium chloride was removed. ‘The filtrate was evaporated and heated at 180° for 2 hr., 
cooled, taken up in ether, washed with water, and distilled. After a small fore-run, the 
required ester had b. p. 110—112°/0-7 mm., n,”" 1-4470 (13-1 g., 34%) (Found: C, 61-3; H, 8-0. 
C,,H,,O, requires C, 61-7; H, 8-5%). Baumgarten “ records b. p. 101—102°/0-5 mm. The 
unsaturated ester (V; R = Et) (7-7 g.) in ethanol (50 ml.) was shaken in hydrogen with 5% 
palladised charcoal (0-5 g.) until the theoretical quantity (0-9 1.) was absorbed. After removal 
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of catalyst and solvent, diethyl 8-methyladipate was obtained having b. p. 158—161°/35 mm., 
27 1.4300 (4:2 g., 54%), which on hydrolysis gave the parent acid, m. p. and mixed m. p. 


g1—93°. 


Most of this work was carried out in Trinidad as part of the programme of the British West 
Indies Sugar Research Scheme. The infrared spectra were measured at Nutfield by kind 
ission of Dr. A. H. Cook, F.R.S. I should like to thank Dr. L. F. Wiggins and Dr. G. A. 
Howard for their interest and Dr. J. A. Elvidge for samples of the dihydro-8-methylmuconic 


acids. 
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231. New Intermediates and Dyes. Part VIII.*  1,4-Disubstituted 
Derivatives of 2-Butylanthraquinone: Dyes for Cellulose Acetate 
Rayon, Nylon, and Terylene. 


By A. T. PETERs, jun., and A. T. PETERs. 


The orientation of 2-butyl-1,4-dihydroxyanthraquinone (2-butylquin- 
izarin) was established by conversion into the 1,4-diamino-analogue. 

A series of l-amino-4-alkylamino- and -4-arylamino-2-butylanthra- 
quinones was prepared, and the effects of the n-butyl group and of the 
4-substituent on the dyeing properties on cellulose acetate rayon, Nylon, 
and Terylene were examined. Strong and bright dyeings were obtained 
from 1l-amino-4-butylamino-, -4-methoxyalkylamino-, and -4-p-hydroxy- 
ethylanilino-2-butylanthraquinone. 


Tue orientated 1,4-diamino-2-butylanthraquinone! was boiled with sodium dithionite 
in aqueous-alcoholic sodium hydroxide, and the resulting product heated with sulphuric 
acid at 130—140° to give 2-butylquinizarin, m. p. 125°. According to Marschalk and his 
co-workers,” the latter was obtained on treatment of leucoquinizarin with butyraldehyde 
under nitrogen, followed by aeration, but no proof of orientation was recorded. On 
repeating this experiment, we obtained orange prisms, m. p. 125°, identical with the above, 
in excellent yield. Chromatographic procedures showed its homogeneity, and no un- 
changed quinizarin was isolated. We also converted 1,4-diaminoanthraquinone into 
2-butylquinizarin by a similar procedure, the amino-groups being replaced by hydroxyl 
in the presence of alkaline dithionite. In both cases, the intermediate (I) was probably 
formed : 


HO 


(II) 


The 2-butylquinizarin obtained from quinizarin was also partly converted into the 
orientated 1,4-diamino-2-butylanthraquinone; this was achieved by heating it with 
aqueous ammonia (d 0-88) at 140—150° in a sealed tube, and the resulting product was 
chromatographed to yield the above diamine and considerable amounts of a monoamino- 
monohydroxy-2-butylanthraquinone. 


* Part VII, J., 1959, 3928. 


1 Part VI, J., 1958, 3497. 
* Marschalk, Koenig, and Ouroussoff, Bull. Soc. chim. France, 1936, 1545. 
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Replacement of a-halogeno-groups by amino-groups in anthraquinone derivatives tl 

(Ullmann and Bincer *) affords a valuable method of preparing intermediates and dyes, d 

No substitution of the amino-group occurred when 1l-amino-2-butylanthraquinone was t! 

heated with excess of alcoholic methylamine in a sealed tube at 125—130° for 3 hours, le 
The principal product of interaction of 1-amino-4-bromo-2-butylanthraquinone (II) and 

alcoholic methylamine at 125°, in presence of anhydrous sodium acetate and copper i 


acetate, was the intensely violet 1-amino-2-butyl-4-methylaminoanthraquinone. Purific- 
ation of this and allied products was effected by chromatography, which we consider is b 
essential in this series of compounds. Similarly prepared in good yields were the deep 
violet 1l-amino-4-ethylamino-, -4-propylamino-, -4-butylamino-, and -4-pentylamino-2- 
butylanthraquinone. The deep violet 4-hexylamino-analogue was obtained by refluxing 
the bromo-compound (II) with hexylamine in presence of sodium and copper acetates and 
a trace of copper bronze. More drastic conditions, viz., 150—160° for 10—20 hours, were 





required to replace the bromo-group in compound (II) when preparing the deep violet | 
1-amino-2-butyl-4-isopropylamino- and -4-s-butylamino-anthraquinone, both being a 
obtained in only low yield; these derivatives gave strongly adsorbed bright blue bands on a 
the alumina column, and in both cases there was a lower bluish-red zone, which afforded 
l-amino-2-butylanthraquinone: in addition, in the case of the isopropyl derivative, a r 
little 1,4-diamino-2-butylanthraquinone was isolated, probably owing to some decom- b 
position of isopropylamine. 

Elimination of bromine in the anthraquinone series was reported by Ullmann and d 


Minajeff,* who heated 4-chloro-1-methylanthraquinone with potassium acetate and copper 
in nitrobenzene, and isolated 1-methylanthraquinone, and by Bayer,® who recorded a 


a 

similar elimination of both bromine atoms in 2-acetamido-1,3-dibromoanthraquinone. e 
1-Amino-2-butyl-4-isobutylaminoanthraquinone was prepared by the usual method, 

at 150—155°, but attempts to introduce the t-butylamino-group failed. I 
By a similar method to that used for the hexylamino-analogue, l-amino-2-butyl-- t 

2’-ethylhexylaminoanthraquinone was prepared, but interaction of 1-amino-4-bromo-2- I 


butylanthraquinone and 2,2-difluoro- and 2,2,2-trifluoro-ethylamine gave only traces of 
the required substituted derivative, bromine being eliminated and 1-amino-2-butyl- 
anthraquinone isolated. 

On reaction with hydroxyalkylamines, e.g., monoethanolamine and l-aminopropan-2-0l, 
the bromo-derivative (II), at 120—125° in a sealed tube, afforded in both cases small 
amounts of 1,4-diamino-2-butylanthraquinone, separated by chromatography from the 
main products, viz., the dark violet 1-amino-2-butyl-4-2’-hydroxyethylamino- and -42’- 
hydroxypropylamino-butylanthraquinone. Some decomposition of the hydroxyalkyl- 
amine was evident, and a similar side reaction was noted ! in the reaction of ethanolamine 
with 2-butyl-l-nitroanthraquinone. The appropriate methoxyalkylamines similarly 
afforded the deep violet 1l-amino-2-butyl-4-2’-methoxyethylamino- and -4-3’-ethoxy- 
propylamino-anthraquinone. 1-Amino-2-butyl-4-cyclohexylaminoanthraquinone was pre- 
pared in a sealed tube, but the refluxing procedure, with the appropriate amine, gave 
the deep bluish-red 1-amino-4-benzylamino-, the violet -4-anilino-, and -4-0-, -m-, and -f- 
toluidino-derivatives of 2-butylanthraquinone. Similar reaction of the bromo-compound 
(II) with 4-aminophenethy] alcohol, but in pentyl alcohol, yielded the dark violet 1-amino- 
2-butyl-4-p-2’-hydroxyethylanilinoanthraquinone; however, preparation of the deep violet 
o-2'-hydroxyethylanilino-analogue required reaction at 130—140° for 8 hr. in a sealed 
tube. 

In general, introducing the butyl group into anthraquinonoid dyes for cellulose acetate 
rayon and Nylon reduced the rate of dyeing, thus producing somewhat weaker shades; 
on Terylene, differences in shade were negligible. The butyl group had little effect on 


—_— 





na ~*~ A FO oD 


~—~ -«-§ + 4 ~~ 


% Ullmann and Bincer, Ber., 1916, 49, 747. 
* Ullmann and Minajeff, Ber., 1912, 45, 687. 
5 Bayer, B.P. 261,270, 275,299. 
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the tone of the dyeings, apart from a slight bathochromic effect in certain cases of the 
dyeing of Nylon. Fastness to sublimation, light, and burnt-gas fumes were similar to 
those recorded for analogous derivatives not containing the butyl group, but this group 
led to better washing-fastness on all these fibres. 
The influence on the dyeing properties with variation of the radical R in the series (ITI) 
is summarised as follows: 
R=Alkyl: dyeings were weaker than those of the 1,4-diamino-2-butyl derivative, 
but much bluer; the 4-butylamino-derivative gave the strongest and brightest colour of 
the series on cellulose acetate rayon, Nylon, and Terylene; branched- 


Q NH chain alkylamino-compounds afforded weak shades. 
P= Oe R = Hydroxyalkyl: increased dyeing power was shown on all three 
fibres by introduction of the hydroxyl group, but the resulting blue 


© NHR shades were redder than those given by the alkylamino-analogues. 

R = Methoxyalkyl: shades on all three fibres were stronger, brighter, 
and redder than those derived from the 4-alkylamino- or 4-hydroxyalkylamino-compounds, 
and had excellent fastness to light. 

R = Cyclohexyl and benzyl: on cellulose acetate rayon and Nylon, weak violet dyeings 
resulted, and on Terylene a blue of moderate strength; the benzylamino-derivative gave 
bluer shades than the cyclohexylamino-compound. 

R= Aryl: in general, dyeings were of a greener tone than those of all the above 
derivatives, but affinity was lower. 

R = Hydroxyalkylphenyl: the affinity of the dye was greatly increased for cellulose 
acetate and Nylon at ordinary temperatures, and dyeings had good all-round fastness, 
especially to light and washing. 

In the series (III), R is bathochromic in the order, #-hydroxyalky]phenyl = p-tolyl > 
phenyl = m-tolyl > o-tolyl > alkyl > hydroxyalkyl > methoxyalkyl > cyclohexyl > 
benzyl>H; the affinity of the dyes was methoxyalkyl > hydroxyalkyl > H = 
hydroxyalkylphenyl > n-alkyl > isoalkyl > benzyl > cyclohexyl = phenyl = tolyl. 


(TI) 


EXPERIMENTAL 

2-Butyl-1,4-dihydroxyanthraquinone.—(a) (cf. ref. 2) Quinizarin (10 g.) was reduced to the 
leuco-compound by sodium dithionite (20 g.) and 1-5% aqueous sodium hydroxide (800 ml.), 
and the mixture was heated with butyraldehyde (6-5 g.) at 40—45° under nitrogen; aeration 
gave a solid (11-3 g., 91-6%), m. p. 118—120°. Chromatography in benzene on alumina gave 
only orange needles (from benzene), m. p. 125° (Found: C, 72-8; H, 5-45. Calc. for C,gH,,O,: 
C, 73-0; H, 5-4%). The use of 1,4-diaminoanthraquinone in place of quinizarin in the above 
experiment also yielded 2-butylquinizarin, in 81% yield. 

(6) 1,4-Diamino-2-butylanthraquinone (0-6 g.; from 1-amino-4-bromo-2-butylanthra- 
quinone) was ground with ethanol (15 ml.) and added to a boiling solution of sodium dithionite 
(10 g.) in 15% aqueous sodium hydroxide (120 ml.). After 1 hr., the resulting dark brown solid 
was collected, washed, dried at 100°, and heated with sulphuric acid (5 ml.) at 130—140° for 4 
min., and the mixture was then added to water (100 ml.); the resulting solid was collected, 
washed, dried at 100°, and extracted with boiling benzene, to yield 2-butylquinizarin (0-1 g.), 
m. p. and mixed m. p. 125°. 

Orientation of 2-Butylquinizarin.—2-Butylquinizarin (1 g.), prepared by method (a), was 
heated with aqueous ammonia (d 0-88; 6 ml.) and sodium dithionite (0-25 g.) in a sealed tube at 
140—150° for 8 hr. Aeration of the resulting aqueous suspension for 1 hr. gave a violet solid. 
This was extracted with warm 5% aqueous sodium hydroxide, and the insoluble solid was 
collected (0-8 g.; m. p. 125—130°). Dissolution in toluene, followed by chromatography, gave 
three principal zones: (i) a bluish-violet zone which on extraction with ethanol afforded dark 
violet needles with a metallic lustre (0-} g.), m. p. 210—211° (Found: C, 73-4; H, 5-8; N, 91. 
Calc. for C,,H,,O,N,: C, 73-5; H, 6-2; N, 9-5%), not depressed on admixture with 1,4-diamino- 
2-butylanthraquinone, m. p. 211—212°; more strongly adsorbed zones were (ii) a reddish- 
violet zone, yielding purple prisms (from ethanol), (0-14 g.), m. p. 142—144° (Found: C, 72:8; 
N, 5-95; N, 4:1. C,,H,,O,N requires C, 73-2; H, 5-8; N, 47%), and (iii) a deep purple zone, 
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giving a dark violet powder (0-2 g.), m. p. 204—210° (Found: C, 70-2; H, 5-7; N, 4:6%), of 
undetermined constitution. It is probable that the product from band (ii) was a monoamino- 
2-butylmonohydroxyanthraquinone. 

Replacement of Bromine in 1-Amino-4-bromo-2-butylanthraquinone.—1-A mino-2-butyl-4- 
methylaminoanthraquinone. Pure 1l-amino-4-bromo-2-butylanthraquinone (II), m. p. 151— 
152°, was used for this and succeeding experiments. The bromo-derivative (1 g.), 33% alcoholic 
methylamine (20 ml.), fused sodium acetate (1 g.), and copper acetate (0-1 g.) were heated at 
120—125° for 3 hr. in a sealed tube, then added to warm water. The resulting dark violet solid 
was chromatographed in toluene (all chromatography was on alumina) to give a small bluish 
red zone, readily eluted, and a main intense blue zone which on extraction with ethanol afforded 
intensely violet needles with a metallic lustre (0-58 g., 67-5%), m. p. 181°, of 1-amino-2-butyl- 
4-methylaminoanthraquinone (Found: C, 73-8; H, 6-55; N, 9-3. Cj, gH. .O,N, requires C, 74-0; 
H, 6-5; N, 91%). 

1-Amino-2-butyl-4-ethylaminoanthraquinone. The bromo-derivative (II) (1 g.) and 33% 
alcoholic ethylamine (16 ml.), as above, gave a main dark blue band and thence the 4-ethyl- 
amino-derivative, which crystallised from ethanol in intensely violet neecles with a bronze lustre 
(0-58 g., 644%), m. p. 161—162° (Found: C, 74-4; H, 6-75; N, 8-6. C,. 9H,,O,N, requires 
C, 74:5; H, 6-9; N, 8-7%). Dyeings and fastness properties were similar to those derived from 
the methylamino-derivative, but the tones were somewhat bluer. 

1-A mino-2-butyl-4-propylaminoanthraquinone. Compound (II) (1 g.), propylamine (10 ml.), 
ethanol (4 ml.), fused sodium acetate (1 g.), and copper acetate (0-1 g.), in a sealed tube at 
130—135° for 4 hr., gave a violet solid (0-84 g.; m. p. 125—130°); the derived bright blue 
alumina zone gave, on extraction with ethanol, the propylamino-derivative, which crystallised from 
pyridine in dark violet needles with a bronze lustre (0-54 g., 57-5%), m. p. 160—161° (Found: 
C, 74-7; H, 7-1; N, 8-25. C,,H,,O,N, requires C, 75-0; H, 7-2; N, 8-3%). 

1-A mino-2-butyl-4-isopropylaminoanthraquinone. On proceeding as above for the propyl- 
amino-derivative, but with isopropylamine, much bromo-derivative (II) was recovered. After 
reaction at 150—160° for 10 hr., the resulting dark violet solid (6-92 g.) was chromatographed 
in toluene to yield a lower bluish-red zone which was eluted and gave dark red needles (0-18 g., 
23%), m. p. 174—175° (Found: N, 4-85%; Br, nil), of 1-amino-2-butylanthraquinone (mixed 
m. p. 174—175°). <A bright blue zone was extracted with ethanol, to give, from ethanol, dark 
violet needles with a metallic lustre (0-16 g., 17%), m. p. 143—144°, of 1-amino-2-butyl-4-iso- 
propylaminoanthraquinone (Found: C, 74-8; H, 7-05; N, 8-15. C,,H,,O,.N, requires C, 75-0; 
H, 7:2; N, 83%). In addition to the above two isolated compounds, a trace of 1,4-diamino- 
2-butylanthraquinone, m. p. and mixed m. p. 210—211°, was extracted by ethanol from an 
intermediate bluish-red zone. 

1-Amino-2-butyl-4-butylaminoanthraquinone. By the method used for the methylamino- 
derivative, butylamine (8 ml.) and ethanol (5 ml.) with compound (II) (1 g.) gave a deep blue 
zone, and thence the 4-butylamino-derivative, which crystallised from pyridine in deep violet 
needles with a bronze lustre (0-56 g., 57-2%), m. p. 114—115° (Found: C, 75-2; H, 7-3; N, 7-9. 
C..H,,0,N, requires C, 75-4; H, 7-5; N, 8-0%). This compound dyed cellulose acetate and 
Nylon brighter and stronger shades than other alkylamino-analogues, but similar blue shades 
were obtained on Terylene. 

1-Amino-2-butyl-4-iso- and -s-butylaminoanthraquinone. After reaction of isobutylamine at 
150—155° for 6 hr., the resulting solid was chromatographed to give a blue zone and thence, by 
ethanol, dark violet needles with a blue lustre (0-48 g., 49%), of the 4-isobutylamino-derivative 
(Found: C, 75-5; H, 7-4; N, 8-0%); this had weak tinctorial power, but the shades were 
greener than those derived from the n-butyl analogue. The use of alcoholic s-butylamine at 
150—160° for 20 hr., gave a dark violet solid (0-65 g.; m. p. 135—140°), which on chromato- 
graphy in toluene yielded 1-amino-2-butylanthraquinone (0-24 g., 30-:9%), m. p. and mixed 
m. p. 174—175°, and an upper blue zone which gave, from ethanol, clusters of violet needles 
(0-12 g., 12-5%), m. p. 127—128° with softening at 120° (Found: C, 75-3; H, 7-5; N, 7-9%), 
of 1-amino-2-butyl-4-s-butylaminoanthraquinone. 

1-A mino-2-butyl-4-pentylaminoanthraquinone. The bromo-compound (II) (1 g.) and pentyl- 
amine (10 ml.), as usual, at 125—130° for 4 hr., gave a solid (0-95 g.) and thence, by toluene, 
an intense blue zone, and deep violet needles (from ethanol), m. p. 112—113° (0-54 g., 51%) 
(Found: C, 76-0; H, 7-6; N, 7-6. C,sH,,O,N, requires C, 75-8; H, 7-7; N, 7:7%). This 
diamine dyed cellulose acetate a reddish-blue, and Nylon and Terylene a blue shade. 











hex 


deri 


mo. 
(61 
vio) 
filts 


208 
vio! 
2’-] 


tho 


fro. 


N, 


and 
(61 
vio 


dye 
con 


ami 
43°: 


ana 
goo 


of t 
(1g 
lust 
he 
affi: 
refl 


for 
nee 











[1960] New Intermediates and Dyes. Part VIII. 1129 


1-Amino-2-butyl-4-hexylaminoanthraquinone. The bromo-derivative (II) (1 g.) was refluxed 
with hexylamine (25 ml.; b. p. 127—131°) in presence of anhydrous sodium acetate (1 g.); 
copper acetate (0-1 g.), and a trace of copper bronze. Removal of excess of hexylamine by 
distillation with steam, and purification of the resulting dark reddish-blue residue (0-95 g.; m. p. 
114—120°), gave a bright blue zone and thence by ethanol dark violet needles (0-7 g., 66-2%), 
m. p. 106—107° (Found: C, 75-65; H, 7-8; N, 7-2. C 4H 90,N, requires C, 76-2; H, 8-0; 
N, 74%). Dyeing properties of this guinone were similar to those of the pentyl analogue. 

1-Amino-2-butyl-4-2’-ethylhexylaminoanthraquinone. The refluxing method, with 2-ethyl- 
hexylamine (10 ml.; b. p. 165—168°), afforded a deep blue zone (eluted by toluene), and thence 
dark violet needles (from ethanol) with a slight bronze cast (0-52 g., 46%), m. p. 118—119° 
(Found: C, 76-6; H, 8-3; N, 6-8. C,,H,,0O,N, requires C, 76-85; H, 8-4; N, 69%). This 
derivative was only of weak tinctorial power. 

1-Amino-2-butyl-4-2’-hydroxyethylaminoanthraquinone. The bromo-derivative (II) (1 g.), 
monoethanolamine (8 ml.), anhydrous sodium acetate (1 g.), copper acetate (0-1 g.), and ethanol 
(6 ml.) were heated at 120—125° for 2 hr. ina sealed tube. Adding the mixture to water gave a 
violet solid (0-86 g.; m. p. 145—150°), and a further amount (0-11 g.) was obtained from the 
filtrate by extraction with ether. Chromatography of the combined products in toluene 
gave a readily eluted orange-red zone, a small purple zone which gave a few violet crystals, m. p. 
208—209°, probably of impure 1,4-diamine, and a main dark blue zone which afforded dark 
violet needles with a bronze lustre (from ethanol) (0-64 g., 65-3%), m. p. 178—179°, of the 
2’-hydroxyethylamino-derivative (Found: C, 71-1; H, 6-4; N, 8-1. C9H, O,N, requires C, 71-0; 
H, 6-5; N, 83%). This dyed cellulose acetate, Nylon, and Terylene similar blue shades to 
those obtained from the analogue free from the 2-butyl group. 

1-Amino-2-butyl-4-2’-hydroxypropylaminoanthraquinone, prepared similarly, crystallised 
from ethanol in dark violet needles (0-52 g., 53%), m. p. 189—190° (Found: C, 71-7; H, 6-8; 
N, 8:05. C,,H,,0,N, requires C, 71-6; H, 6-9; N, 7-95%), and had similar dyeing properties. 

1-A mino-2-butyl-4-2’-methoxyethylaminoanthraquinone. The bromo-derivative (II) (1 g.) 
and 2-methoxyethylamine (8 g.), with sodium acetate (1 g.), copper acetate (0-1 g.), and ethanol 
(6 ml.) at 125—130° for 8 hr. in a sealed tube yielded a dark violet solid (0-94 g.) and thence deep 
violet needles with an intense bronze lustre (0-68 g., 69%), m. p. 128—129° (Found: C, 71-4; 
H, 6-8; N, 7-9. C,,H,,O,N, requires C, 71-6; H, 6-9; N, 7:95%). This methoxy-compound 
dyed cellulose acetate a bright royal blue, and Nylon and Terylene a bright reddish-blue, of 
considerable tinctorial power. 

1-Amino-2-butyl-4-3’-methoxypropylaminoanthraquinone. The use of 3-methoxypropyl- 
amine, as above, afforded long violet needles with a bronze lustre (from ethanol) (0-44 g., 
43-2%), m. p. 113—114° (Found: C, 71-9; H, 7-0; N, 7:7. C,ygH.0O,;N, requires C, 72-1; 
H, 7-1; N, 765%). The dyeings were slightly greener than those of the methoxyethylamino- 
analogue, but on all three fibres were strong and bright; fastness to washing was particularly 
good. 

1-A mino-2-butyl-4-cyclohexylaminoanthraquinone. By the sealed tube method, as in the case 
of the methoxyethylamino-derivative above, cyclohexylamine (6 ml.) and the compound (IT) 
(1 g.) gave a main deep blue zone (eluted by toluene) and thence dark violet needles with a bronze 
lustre (from ethanol) (0-76 g., 72-4%), m. p. 168°, of the cyclohexylamino-derivative (Found: 
C, 76-3; H, 7-4; N, 7-35. C,,H,,O,N, requires C, 76-6; H, 7-5; N, 7-4%). This showed poor 
affinity for all three fibres, yielding weak violet shades. 

1-Amino-4-benzylamino-2-butylanthraquinone. The bromo-derivative (II) (1 g.) was 
refluxed with benzylamine (14 ml.), anhydrous sodium acetate (1 g.), and copper acetate (0-1 g.) 
for 6 hr. Chromatography in toluene gave a clear blue zone, and thence deep bluish-violet 
needles (from alcohol) (0-21 g.; 19-6%), m. p. 173—174° (Found: C, 77-8; H, 63; N, 7-3. 
C.;H,,O,N, requires C, 78-1; H, 6-3; N, 7-3%). All dyeings were much redder than those of 
the 4-alkylamino-analogues, and tinctorial power was only moderate. 

Derivatives (III) where R = aryl. Aniline (15 ml.), sodium acetate (1 g.), and copper acetate 
(0-1 g.) were heated at 140° for 5 min. to remove moisture, and the bromo-derivative (II) (1 g.) 
was added. The mixture was heated- (reflux) at 180—185° for 10 hr., then filtered 
and added to warm dilute aqueous hydrochloric acid. The resulting insoluble violet solid 
was collected, washed, and dried (1-0 g.; m. p. 150—155°); the usual procedure gave a violet- 
blue zone (eluted by toluene) and thence dark violet needles (from ethanol), which crystallised 
from pyridine in similar needles with a metallic lustre (0-66 g., 64-1%), m. p. 166° (Found: 
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C, 77-6; H, 6-05; N, 7-4. C,gH,,.0O,N, requires C, 77-8; H, 6-0; N, 7-6%), of 1-amino-4. 
anilino-2-butylanthraquinone. Dyeings were somewhat weaker than the shades formed by the 
analogue free from the butyl group. Similarly prepared, the 0-toluidino-derivative crystallised 
from pyridine in dark violet needles (0-56 g., 52-2%), m. p. 145° (Found: C, 77-9; H, 63; 
N, 7-25. C,sH,,O,N, requires C, 78-1; H, 6-3; N, 7-3%); the 4-m-toluidino-analogue crystal. 
lised from pyridine in dark violet needles (0-74 g., 68-4%), m. p. 150° (Found: C, 78-1; H, 6-1; 
N, 7:3%), and the 4-p-toluidino-derivative gave dark violet needles (from ethanol) (0-72 g., 
66-6%), m. p. 168—169° (Found: C, 77-9; H, 6-2; N, 7:2%). The rate of dyeing was very 
slow for all three toluidino-derivatives, the weak shades produced being greener than those 
derived from the anilino-derivative. 

2-Aminophenethy] alcohol, b. p. 155—165°/4 mm. (3 g.), and the bromo-compound (II) (1 g,), 
with the usual procedure, at 130—140° in a sealed tube for 8 hr., afforded, after chromatography 
in o-dichlorobenzene, a principal bright blue zone, which yielded deep purple needles with a 
bronze lustre (from ethanol) (0-52 g., 45%), m. p. 65°, of 1-amino-2-butyl-4-0-2’-hydroxyethyl- 
anilinoanthraquinone (Found: C, 75-15; H, 6-5; N, 6-4. C,,H,,0O,;N, requires C, 75-4; N, 6-3; 
N, 68%). Its low m. p. precluded its use as a dye for cellulose acetate and Nylon, but Terylene 
was dyed a blue shade. 

The isomeric 4-p-2’-hydroxyethylanilino-derivative was obtained by refluxing 4-aminophen- 
ethyl alcohol (2 g.) and compound (II) (1 g.) in pentyl alcohol (12 ml.) in presence of sodium 
acetate (1 g.) and copper acetate (0-1 g.) and a trace of copper bronze for 8 hr.; chromatography 
in toluene gave an intense blue zone, extracted with alcohol; final crystallisation from pyridine 
yielded dark violet needles (0-5 g., 43-2%), m. p. 166—167° (Found: C, 75-1; H, 6-4; N, 6-8%), 
This compound dyes all three fibres a deep blue shade, and washing and light fastness properties 
were excellent. 


The authors thank Dr. J. B. Dickey, Director, Tennessee Eastman Co., U.S.A., for gifts of 
chemicals, and Yorkshire Dyeware and Chemical Co., Ltd., for facilities for dyeing tests; the 
junior author thanks the Trustees of the Courtaulds’ Scientific and Educational Trust Fund 
for a Scholarship. 
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232. Complexes of Boron Trichloride with Pyridine and 
Piperidine. 


By N. N. GREENWooD and K. WADE. 


The properties of fused boron trichloride—pyridine, m. p. 115° and boron 
trichloride—piperidine, m. p. 184°, are reported and interpreted in terms of 
ionic equilibria of the type 2BCI,,C;H,N = [(C;H,N),BCl,]*[BCl,]— where 
* = 65 or 11; the degree of ionic dissociation is about 1%. There is also 
some evidence for a compound BCI;,2C,H,N melting incongruently at 56°. 
Except for the higher m. p., volatility and heat of formation the 1:1 
piperidine complex is remarkably similar to its pyridine analogue. At their 
respective m. p.s the densities of BCl,,C;H,;N and BCl,,C,H,)NH are 1-3511 
and 1-2059 g. ml.?; the dynamic viscosities are 3-186 and 2-539 cp.; and the 
specific conductivities are 1-696 x 10 and 1-644 x 10% ohm™'cm.}. The 
infrared spectra of the complexes and of pyridinium chloride and tetrachloro- 
borate are also discussed and new assignments suggested for some of the 
bands in the pyridine derivatives. 


SINCE it was first reported? the 1:1 addition compound boron trichloride—pyridine has 

been used in preparative chemistry * and several of its physical properties have been 

determined. Thermochemical studies in nitrobenzene solutions? and dipole-moment 
! Gerrard and Lappert, J., 1951, 1020. 


2 Idem, Chem. and Ind., 1952, 71, 53. 
% Brown and Holmes, J]. Amer. Chem. Soc., 1956, 78, 2173. 
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measurements in benzene solutions * have established that the electron-acceptor strength 
of beron trichloride towards pyridine is greater than that of boron trifluoride and less than 
that of boron tribromide. In these solutions the complex can be formulated as a simple 
addition compound C;H;N->BCl, and the complex is monomeric and non-conducting in 
benzene. A similar structure was found by X-ray crystallography for solid boron 
trifluoride—pyridine.> However, in the molten state some ionic dissociation occurs,* and 
this paper reports a study of the fused compound. There appears to be no published 
information on the related complex boron trichloride—piperidine which was first prepared 
during this work. It was studied to investigate the effect of removing the aromatic 
character of the ligand on the properties of the complex. Experimental techniques have 
been described previously.’ 


RESULTS 
Pyridine, m. p. —41°, was purified by fractionation and then freed from last traces of 
moisture by treatment, first, with finely ground sodium hydride and then by distillation from a 
small amount of boron trichloride, m. p. — 107°. 








Addition of pyridine to boron ttfichloride in a 120° -- =-- . 

vessel fitted with a spring-loaded tap gave a e. a 
eutectic at — 108° (8 moles % of pyridine) anda 

sharp maximum at the 1 : 1 ratio, corresponding rt 


to the compound BCl,,py, m. p. 115°. Further 
addition of pyridine (Fig. 1) decreases the m. p. ; 
there is some indication of an incongruently 80 F 
melting compound BCl,,2py at 56° and the 
eutectic occursat — 45° (87 moles % of pyridine). 
The m. p. diagram of the system boron tri- 
chloride—piperidine could not be obtained in the 
same way because of the high vapour pressure 
of the components over the reaction mixture at 
temperatures required to melt the complex. 
Thus the m. p. of the complex (184°) is 80° above 
the b. p. of piperidine and 5° above the critical 
temperature § of boron trichloride. Neverthe- 
less it was established that addition of either o- 
component to the 1 : 1 mixture lowered its m. p., 
thereby indicating that this composition repre- 
sents the stoicheiometry of a true compound. 
Boron Trichloride—Pyridine.—The complex 
was prepared (a) by direct reaction of ap- 


40 Fr \ 


. Temperature 


° 











propriate weights of ligand and acceptor in a -40- 
vacuum system, or (b) by addition of boron A ; 
trichloride to an excess of pyridine followed 50 70 90 


by removal of the excess of pyridine in a 
vacuum. The compound crystallized as large, 
transparent, colourless, hexagonal plates from Fic. 1. System boron trichloride—pyridine. 
benzene (Found: C, 30-9; H, 2-7; N, 6-9; Cl, 
543. Calc. for C;H;NBCI,: C, 30-6; H, 2-6; N, 7-1; Cl, 54-2%). However, the preferred method 
of purification before the determination of physical properties was by repeated, slow recrystal- 
lization from the melt under a vacuum in a vessel sealed directly to the measuring apparatus. 
The density of fused boron trichloride—pyridine was measured at approximately 3° intervals 
in the range 109—143° by means of an all-glass, double-capillary pyknometer, and interpolated 


Mole % of pyridine 


* Bax, Katritzky, and Sutton, J., 1958, 1254, 1258. 

5 Zvonkova, Kristallografiya, 1956, 1, 73. 

* Greenwood, Wade, and Perkins, Proc. I.U.P.A.C. Congress (Inorganic Chemistry Section), Paris, 
1957, p. 491, Butterworths Scient. Publ., 1958. 
? Greenwood and Wade, J., 1958, 1663. 
* Parker and Robinson, J., 1927, 2977. 
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values at 5° intervals are in Table 1. The experimental values can be represented to 1 in the 
last decimal place by the equation: 


dj= 1-3511 — 8-932 x 10-4(¢ — 115) 


The molar volume, Vy, is 145-29 ml. at 115°. The surface tension was determined simyl. 
taneously from the difference in height of the liquid in the two capillaries and the experimental 
values (+ 1 dyne cm."*) lead to the relation 


y = 41-2 — 0-105(¢ — 115) dyne cm.7}. 


The molar surface free energy, yVy”*, is 1130 dyne ml.%* mole at 115° and the Eétvés 
constant & is 2:38. The parachor is constant in the range studied and has the value [P] = 368, 


Fic. 2. Conductivity (CO) and viscosity (@) of 


boven inichtoride-pyridine. Fic. 3. Conductivity, viscosity, and vapour 


:o : ~ pressure of boron trichloride—piperidine. 
060 

r log 10K log Pp 
logy (mm.) 

0-50 22,7 





Mp. 








a ee , 
0.24 40:50 / 10) (tor viscosity ) 
72-40 250 260 276 
. — - T t rel 








T — SE 
2:48 250 252 2:54 256 . “vy, 
10¥. T (for conductivity) 10/T 


compared with a value of 347 calculated on the basis of a covalent addition compound by 
McGowan’s method.® 

The viscosity was measured at 1° intervals in the range 102—138° and then less frequently 
up to 149° by means of a sealed glass viscometer which employed the weir principle to maintain 
a constant mean head of liquid at the various temperatures. The dynamic viscosity, 7, is 
plotted logarithmically in Fig. 2 which indicates a certain deviation from linearity, especially 
in the region of the m. p. Above this temperature the activation energy of viscous flow, E,, is 
4-76 kcal. mole but at lower temperatures it increases to 5-02 kcal. mole. Values of the 
viscosity at 5° intervals are listed in Table 1. 

The electrical conductivity of three samples of purified boron trichloride—pyridine was 
determined; in each case the resistance of the cell increased before attaining a reproducible, 
equilibrium value after about 12 hr. For example, at 118°, an initial conductivity of 
2-525 x 10°% ohm™ cm.", obtained directly after fusion, decreased by 30% to an equilibrium 
value of 1-762 x 10% ohm™cm.. It was then possible to determine the variation of con- 
ductivity with temperature in the range 115—130° at half-degree intervals, interpolated values 
at 5° intervals being summarized in Table 1. The experimental values are plotted 
logarithmically in Fig. 2 to illustrate the scatter of points, which is rather larger than usual for 


* McGowan, Rec. Trav. chim., 1956, 75, 193. 
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measurements on complexes of this type. For this reason, the values in Table 1 are given only 
to three significant figures. The activation energy for conduction, E,, is 3-94 kcal. mole. The 
molar conductivity (u = «Vy) is also listed in Table 1; E, is 4-32 kcal. mole which approaches 
the value for the activation energy of viscous flow. Because of this, the product of molar 
conductivity and dynamic viscosity, 4, varies little with temperature, as illustrated in the last 
column of Table 1. These values indicate '° about 1% of ionic dissociation in the melt. 


TABLE 1. Properties of fused boron trichloride complexes. 
Temp. d y (dyne cm.") 7 (cp.) 10% (ohm cm.) yp (ohm™ cm.? mole-) BD 
Pyridine 
110° 1-3556 
115 1-3511 
120 1-3467 
125 1-3422 
130 1-3378 
135 1-3333 
140 1-3288 
145 1-3243 


3-460 (1-54) (0-230) (0-796) 
3-170 1-67 0-248 0-784 
2-944 1-80 0-263 0-774 
2-733 1-94 0-284 0-776 
2-539 2-06 0-301 0-766 
2-367 : dnd 
2-215 ae sil 
2-082 cal z 
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Piperidine 
1-2137 2-966 (1-270) (0-215) (0-638) 
1-2090 2-727 1-478 0-248 0-675 
1-2050 2-501 1-687 0-283 0-708 
1-2013 2-318 1-929 0-325 0-753 
1-1968 2-156 2-190 0-370 0-795 
1-1916 2-006 2-512 0-426 0-855 
1-:1877 (1-87) 2-834 0-483 0-904 


A d.c. experiment at 122° gave a decomposition potential of about 1 + 0-lv. The value 
was not reproducible because electrolysis resulted in charring and carbonation at the anode; 
this deposit increased the resistance of the cell continuously and irreversibly. No gas was 
evolved at either electrode. 

Boron Trichlovide—Piperidine.—The compound was purified by fractional crystallization or 
vacuum-sublimation. Considerable difficulty was experienced in loading the dilatometer for 
density and surface-tension measurements because of the formation of bubbles in the capillaries 
as a result of the high vapour pressure of the complex at its m. p. Experimental values of the 
density were reproduced with a mean deviation of 4 in the last decimal place by the equation: 


dé = 1-2050 — 8-65 x 10-4(¢ — 185) 


A satisfactory run of surface tension measurements was not achieved but an approximate value 
of y = 34 dyne cm. was obtained at them. p. As the molar volume is 167-80 at the m. p. this 
corresponds to a parachor of 405 (calc. 375). 

The vapour pressure of boron trichloride—piperidine was measured directly in an evacuated, 
totally immersed U-tube manometer carrying a side-arm for the complex. The mercury was 
degassed at high temperature before each experiment and the observed differences in height 
were corrected for the variation in density of mercury with temperature. Interpolated values 
are givenin Table 1. When log ? is plotted against 1/T°, as in Fig. 3, the slope decreases slightly 
above the m. p. and corresponds to a heat of vaporization of the liquid of 17-7 kcal. mole™. 
Likewise the heat of sublimation of the solid is 18-2 kcal. mole but this difference is probably 
not far outside experimental error and should not be taken to imply a heat of fusion of 
0:5 kcal. mole. Extrapolation of the vapour-pressure data to 760 mm. gives b. p. 239°. 

The viscosity of boron trichloride—piperidine was measured at 2° intervals between 175° and 
200° and values are incorporated in Table 1. The activation energy of viscous flow varied from 
6-72 at lower temperatures to 6-31 kcal. mole at higher temperatures. The ratio E, : AHyay is 
therefore about 1 : 2-7. 

The specific conductivity showed no variation with time at the m. p. At 195° it increased 
by less than 0-1% in 2 hr. and at 207° the increase was still only 2.5% in 10 hr. Measurements 
were made at 1° intervals and interpolated results are shown in Table 1; they lead to an activ- 
ation energy for conduction of 11-3 kcal. mole™, which is about twice the value observed for 


#° Greenwood and Martin, J., 1953, 1427. 
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other addition compounds of the Group III trihalides. Table 1 indicates that, at their 
respective m. p.s, the two complexes have very similar specific, molar, and reduced 
conductivities. This leads to the unexpected conclusion that saturation of the aromatic ring, 
in particular presence of the NH group, has little influence on the degree of ionic dissociation of 
the complexes with boron trichloride and gallium trichloride.“ 

The decomposition potential of boron trichloride—piperidine is 0-25 v at 187°. No gas was 
evolved at either electrode but there was considerable charring round the anode when the 
current was raised above 1 ma. 

Infrared Spectra.—These were recorded on a Unicam S.P. 100 spectrometer and typical 
spectra are shown in Figs. 4 and 5. Pyridine and piperidine were examined as liquid films, 
The complexes were studied as potassium bromide discs. In each case the apparent ¢ values 
were calculated from the peak heights of the absorption maxima. Spectra for benzene solu- 
tions gave essentially the same results. Benzene is not an ideal solvent for spectroscopic work, 
especially for pyridine compounds, but it was chosen so that the work would be comparable 
with the study of dipole moments which had been carried out in this solution. The 
spectra of pyridinium chloride and pyridinium tetrachloroborate were also observed for 
comparison. 


DISCUSSION 


The trichlorides of Group III show an interesting variation in the stoicheiometry of 
their complexes with pyridine. Boron trichloride forms a 1:1 complex and there is 
possibly also a tendency to form an incongruently melting 1:2 compound BCI,,2py. 
A compound (BCIl,),,py was not reported at the time that (BF ).,py and (BBr,),,py were 
obtained at low temperatures, though all three trihalides form 2 : 1 complexes with triethyl- 
amine.” Aluminium trichloride forms both 1:1 and 1:2 complexes with pyridine ™™4 
and also, apparently, a 1: 3 complex." Gallium trichloride forms 1 : 1 and 1 : 2 complexes 
but no 1:3 complex.” In each case the 1: 1 complex is,the more stable. By contrast, 
indium trichloride forms no 1: 1 or 1 : 2 complexes with pyridine, the stable adduct being 
InCl,,3py.% Indium tri-iodide-pyridine has, however, been reported.’® Thallium 
trichloride forms 1 : 2 and 1:3 complexes.” There is thus a trend to greater co-ordination 
of pyridine with increasing atomic number of the Group III acceptor atom. The same 
trend is also shown with other ligands. 

No complexes of piperidine with the Group III trihalides have previously been reported 
except for those with gallium trichloride and tribromide.?™18 Such complexes are 
undoubtedly stable and their absence from the literature merely reflects the comparatively 
scanty attention paid to this ligand. A compound boron trichloride—-dimethylamine, m. p. 
127—137°, has been established.!® This is analogous to boron trichloride—piperidine, the 
difference between the two compounds being that the two methyl groups in dimethylamine 
are substituted by a bridging trimethylene group in piperidine. 

A detailed interpretation of the physical properties of boron trichloride—pyridine and 
-piperidine would follow closely the methods outlined in recent papers on gallium 
trichloride—pyridine ? and -piperidine ™ and need not be repeated here. All four com- 
pounds are remarkably similar. It has been suggested ® that the complexes have structures 
of the type [py,BCI,]*[BCl,]-._ A detailed examination of the infrared spectra of the 
solids does not decide unambiguously in favour of this and is probably more consistent 
with the formula py>BCl, at least for the solid state and in benzene solution. The 

Greenwood and Wade, J., 1958, 1671. 

Brown, Stehle, and Tierney, J]. Amer. Chem. Soc., 1957, '79, 2020. 

Van Dyke and Crawford, J. Amer. Chem. Soc., 1951, 78, 2022. 

Eley and Watts, J., 1952, 1914. 

Renz, Z. anorg. Chem., 1903, 36, 101; Dennis and Geer, J. Amer. Chem. Soc., 1904, 26, 437; 
Peraldo-Bicelli, Ann. Chim. (Italy), 1958, 48, 749. 

16 Schumb and Crane, J. Amer. Chem. Soc., 1938, 60, 306. 

17 Meyer, Z. anorg. Chem., 1900, 24, 347; Renz, Ber., 1902, 35, 1111; Berry, Lowry, and Goldstein, 
J., 1928, 1752; Abbott, Iowa State Coll. J. Sci., 1943, 18, 3. 


18 Greenwood, J. Inorg. Nuclear Chem., 1958, 8, 234. 
1# Brown, J. Amer. Chem. Soc., 1952, 74, 1219. 
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question of the structure of the ions formed in the molten state is therefore unanswered 
and no advance can be made on our previous inferences,’ though it seems clear that the 
fused compounds are ionically dissociated to the extent of about 1%. The infrared spectra 
of pyridine and piperidine are very markedly altered during complex formation and 
several regions merit further discussion. 

B-N Stretching Frequency.—Fig. 4 indicates that the strong band at 1113 cm.* (e 55) 
occurs only in the spectrum of boron trichloride—pyridine; it appears to be associated with 
the formation of the co-ordinate B-N bond. In benzene solution the band lies at 1100 cm.+ 
(c 390). These values compare with 1112 cm.* for solid boron trifluoride—pyridine,® 
1105 cm.~ for trimethylboron—-ammonia,”* and 1090—1102 cm.* (e 155—340) for a series 
of complexes BX,,py in chloroform solution (X = H, F, Cl, Br).22 The B-N frequency 
would be expected to lie at higher wave numbers for alkylamine—boron complexes because 


Fic. 4. Infrared spectra of pyridine (A) and 
complexes. B= pyridinium chloride; C = 
pyridinium tetrachloroborate; D = boron iri- 
chloride—pyridine. 


A Fic. 5. Infrared spectra of piperidine (A) and 
f\ - boron trichloride—piperidine (B). 
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of their greater electron-donor properties. Consistently with this the band appears at 
1245 cm. (ec 41) in boron trichloride—piperidine (see Fig. 5). The band is a well-resolved 
doublet in benzene solution, the maxima lying at 1220 cm. (e 85) and 1236 (e 83). The 
bands which occur in chloroform solutions of BH;,NMe, at 1250 cm.* (e 30) and BF,,NMe, 
at 1249 (<¢ 160) have likewise been assigned to the B-N stretching frequency,” and values 
of 1255 and 1248 cm. have been recorded for this vibration in the Raman and infrared 
spectra of BH;,NMe, and BD,,NMe,. Where partial double-bonding can occur between 
boron and nitrogen as a result of back-donation from the non-bonding electrons on nitrogen 
[e.g., in covalent compounds such as Me,B-NHPh and (R,N),B] the B-N frequency ap- 
parently shifts to wave numbers as high as 1350 cm.1.% Very recently, the assignment 
of bands in the 1100—1250 cm. region to the B-N stretching mode has been disputed and 

* Luther, Mootz, and Radwitz, J. prakt. Chem., 1957, 5, 242. 

*1 Goubeau and Becker, Z. anorg. Cheyr., 1952, 268, 1, 113. 

* Katritzky, J., 1959, 2049. 

*8 Rice, Caliano, and Lehmann, J. Phys. Chem., 1957, 61, 1222. 
asim Becher, Z. anorg. Chem., 1957, 289, 262; Bellamy, Gerrard, Lappert, and Williams, J., 1958, 

* Taylor and Cluff, Nature, 1958, 182, 390. 
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cogent evidence has been adduced in favour of assigning this mode to frequencies in the 
region 650—750 cm.. Unequivocal evidence on this was not obtained in the present 
work because of complications due to the occurrence of B-Cl vibrations in the same region, 
but further work is being undertaken to clarify this point. It remains true, however, that 
the formation of a dative B-N bond is accompanied by the appearance of a strong band 
near 1100—1250 cm.+ the exact position of which can be correlated with the relative donor 
strength of the ligand, but which does not show the isotope doublet structure expected for 
a vibration involving the motion of the boron atom. 

B-Cl Frequencies.—Comparison of the spectra of pyridinium chloride and pyridinium 
tetrachloroborate shown in Fig. 4 reveals two new bands in the latter compound at 717 
(ec 130) and 799 cm. (e 10) which, by comparison with the spectrum of carbon tetra- 
chloride,* can be assigned to the v, and (v, + v,) modes of the tetrahedral BC], ion. Simi- 
lar bands recur in the spectrum of solid boron trichloride—pyridine at 723 (< 150) and 
799, 813 cm. (e 45), and in solid boron trichloride—piperidine at 690 (¢ 38) and 798 cm 
(¢ 70). However, the same assignment does not necessarily follow since the frequency of 
the asymmetrical B-Cl vibration of the L>BCl, grouping is likely to fall in the same 
region. For example, the benzene solution of boron trichloride—pyridine, which is known 4 
to contain predominantly the undissociated species C;H;N-> BCl,, has bands at 729 (¢ 550) 
and 816 cm. (¢ 120). The asymmetrical B-Cl frequency in a chloroform solution of the 
pyridine adduct was observed at 818 cm. (¢ 55).* A further argument against assigning 
these bands to the BCl,~ ion in these complexes is that this implies the presence of cationic 
species L,BCl,* to restore the correct 1:1 stoicheiometry; the B-Cl frequencies in such 
cations will differ from those in the tetrachloroborate anion but no other new frequencies 
are observed in this region which can be assigned in this way. Moreover, it has recently 
been shown * that the infrared spectra of alkylammonium tetrachloroborates invariably 
have a very strong and well-defined doublet at about 660, ‘700 cm. and three bands of 
medium intensity at 1265, 1382, and 1449 cm.+. A corresponding series of bands does not 
appear for the pyridine or the piperidine complex of boron trichloride and we believe that, 
in the solid state and in solution, the complexes are best represented as the simple adducts 
L> BC]. 

N-H* and N-H Siretching Frequencies.—The region 1600—2800 cm.* is almost free 
from absorption by pyridine and boron trichloride—pyridine but the two pyridinium 
complexes (Fig. 4) show a fairly strong and very broad absorption band between 2600 and 
2800 cm.+. This is the N-H* stretching frequency ?’ and has maxima at 2840 (< 61) and 
2740 cm.* (broad, ¢ 65) for the chloride, and at 2830 (ec 170) and 2760 cm.* (broad, « 170) 
for the tetrachloroborate. Of more interest is the variation in the N-H stretching 
frequency of piperidine which occurs on complex-formation. Fig. 5 shows that the broad, 
medium-intensity band at 3291 cm.* (e 33, Av,* 132 cm.*) in liquid piperidine becomes 
narrower and more intense in the complex, the band occurring at 3157 cm. (e 75, Av, 
32 cm.*) in the solid and at 3169 cm. (e 85, Av,* 40 cm.) in benzene solution. The 
piperidine N-H stretching frequency is known to occur at 3347—3350 cm." in chloroform % 
or carbon tetrachloride solution.*® When the spectrum of the pure compound itself 
is obtained as a liquid film, however, the increased extent of intermolecular hydrogen- 
bonding reduces the force constant of the N-H bond and so lowers the frequency to 
3291 cm. (Fig. 5) (cf. 3280 cm.+ for the liquid *). When the non-bonding pair of 
electrons on the nitrogen is involved in donor-acceptor interaction, the N-H bond is 
weakened even further and the frequency drops to 3157 cm. (Fig. 5). The shift is thus 
greater that that observed when piperidine co-ordinates to Pt(m),9%%! Pd(1),# 

26 Kynaston and Turner, Proc. Chem. Soc., 1958, 304. 

#7 Chenon and Sandorfy, Canad. J. Chem., 1958, 36, 1181. 

28 Marion, Ramsay, and Jones, J. Amer. Chem. Soc., 1951, 78, 305. 

2® Russell and Thompson, J., 1955, 483; Proc. Roy. Soc., 1956, A, 234, 318. 


3° Chatt, Duncanson, and Venanzi, J., 1955, 4461. 
31 Idem, J., 1956, 2712; J., 1958, 3203. 
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or Rh(1),3* where the lowest N-H stretching frequency observed was 3211 cm." for trans- 
[PPr*,,pip,PtI,]. In this group of three transition metals the extent of the shift can be 
correlated with the relative electron-acceptor strength of the metal, as, in a series of 
secondary amines, the intensity of the band can be correlated with the acidity of the 
amine. These observations are now extended to the much more powerful electron- 
acceptor, boron trichloride, and it is clear that increasing the electron drift from the 
nitrogen atom increases the intensity and decreases the frequency of the N-H stretching 
vibration. 

Changes in the Spectrum of Pyridine on Co-ordination.—The infrared spectrum of the 
pyridine molecule is considerably modified when the non-bonding pair of electrons on the 
nitrogen atom is donated into the vacant orbital of an electron-acceptor. The effects on 
frequency and intensity might be expected to depend both on the symmetry of the 
vibration and on the chemical nature of the bond involved. The detailed assignment of 
frequencies in the spectrum of pyridine has been the subject of some controversy but 
most of the points at issue have now been resolved and the following discussion is based on 
the assignments given by Wilmshurst and Bernstein * using the nomenclature of Kline 
and Turkevitch.** The pyridine molecule contains eleven atoms and thus has 27 (i.e., 
3n — 6) fundamental modes of vibration. The molecule is planar, with a twofold axis of 
symmetry (C2,) through the nitrogen atom and the y-carbon atom. The 27 modes are 
therefore divided into four classes: ten modes are in the plane of the ring and are sym- 
metrical with respect to the C2,-axis (class A,); nine are in the plane of the ring - 
but antisymmetrical with respect to. the C2,-axis (class B,); five modes involve out-of- 
plane vibrations which are antisymmetric to the two-fold axis (class B,); and the remaining 
three modes, which are forbidden in the infrared region, are out-of-plane, symmetrical 
vibrations (class Ay). The 27 modes are numbered 1—20 with suffixes a, b where necessary 
to distinguish degenerate vibrations. 

The first strong band at the low-frequency end of the spectrum of pyridine shown in 
Fig. 4 occurs at 705 cm. (e 150), [B,, 11 (out-of-plane C-H deformation)]. The maximum 
is shifted about 25 cm.* to shorter frequencies in the complexes and has comparable, but 
generally weaker, intensity; it occurs at 684 cm. (e 103) in pyridinium chloride, at 
677 cm.+ (e 220) in pyridinium tetrachloroborate, and at 681 cm.+ (e 45) in boron 
trichloride—pyridine. (In the following paragraphs the data for the three complexes will 
be given in the above order without naming the compounds each time.) The shoulder at 
675 cm. is probably a combination band (18a—16d) (calculated frequency, 667 cm.~). 

The pyridine band at 748 cm. (¢ 74) [B,, 4 (out-of-plane ring deformation)] is moved 
to slightly higher frequencies and enhanced in intensity: 759 cm.* (e 91), 753 cm.* (ce 220), 
751 and 769 cm. (e 55 and 70). Results ®° on the pyridine complexes of boron trifluoride 
and aluminium trichloride are consistent with this, the maxima occurring at 777 and 
760 cm.+, but the effect is apparently absent when iodine is the electron-acceptor.> The 
weak absorption at 773 cm.7+ is possibly a combination band (16a + 16d) (calculated 
frequency 779 cm.). This appears in the boron trichloride complex at 785 cm. but not 
in the pyridinium complexes. 

The region between 800 and 980 cm. contains only very weak pyridine bands **-37 
which were not observed with the film thickness recorded in Fig. 4. The complexes, how- 
ever, show enhanced absorption in this region, the principal maximum occurring at 940 
(c 20), 934 (ec 100), and 943 cm.! (e 11). This is close to the weak pyridine fundamental at 
942 cm. [B,, 5 (out-of-plane C-H deformation)]. 

Pyridine has a characteristic group of five sharp bands in the region 990—1230 cm.". 

** Chatt, Duncanson, Shaw, and Venangi, Discuss. Faraday Soc., 1958, 26, 131. 

*8 Wilmshurst and Bernstein, Canad. J. Chem., 1957, 35, 1183. 

** Kline and Turkevitch, J]. Chem. Phys., 1944, 12, 300. 

%> Ham, Rees, and Walsh, Nature, 1952, 169, 110. 


** Corrsin, Fax, and Lord, J. Chem. Phys., 1953, 21, 1170. 
** Long, Marfin, Hales, and Kynaston, Trans. Faraday Soc., 1957, 58, 1171. 
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The two stronger bands are ring breathing frequencies and the other three are in-plane C-] 
deformations. All five can be recognised in the complexes, though sometimes with 
considerably altered frequencies and intensities. The band at 995 cm.* (e 38) [A,, 1 
(totally symmetric, in-plane, breathing frequency)] moves to 1003 (e 35) and 1005 cma 
(e 94) in the pyridinium complexes but is shifted by 40 cm.* and diminished in intensity 
in the boron trichloride adduct to 1034 cm. (¢ 20). The same band has been listed 2 
for chloroform solutions of the pyridine adducts of borine (1020 cm.+, e 10), boron trichloride 
(1024 cm.-}, ¢ 15), and boron tribromide (1025 cm.-1, ¢ 32) but was assigned to a C-] 
in-plane deformation.* Typical of other values for the frequency of this vibration in 
pyridine derivatives are 1025 cm. for solid boron trifluoride—pyridine,”® 1025 cm.* for 
aluminium trichloride-pyridine,” 1017 cm.+ for pyridine N-oxide,** 1001—1004 cm.” 
for salts of the cation C;H,NI*,®® and 1005 cm. for pyridine-iodine.*>“ There appears 
to be a rough correlation between the strength of the donor-acceptor bond and the extent 
to which the symmetrical breathing frequency of the ring is increased. 

The second breathing frequency [A,, 12] occurs at 1034 cm.+ (e 40) in pyridine and is 
apparently shifted by about 25 cm. in the complexes: 1059 (e 35), 1056 (ec 150), 1063 cm.4 
(c 16). The band occurs in the crystalline adducts of pyridine with boron trifluoride and 
aluminium trichloride ° at 1070 and 1055 cm. and in chloroform solutions of pyridine 
adducts with borine and boron trifluoride ** at 1060 (c 10) and 1067 cm.* (¢ 105, shoulder) 
though these last two lines were assigned to C-H in-plane deformations (class B,). It is 
surprising that no corresponding line was found in our benzene solution of boron 
trichloride—pyridine, or in a chloroform solution of this compound.” A new line, absent 
from the solid complexes, does appear at 1138 cm.~! (e 13) in the benzene solution but its 
origin is not clear. In contrast with the behaviour of the 1034 cm.* pyridine band in the 
six complexes just mentioned, the band remains almost unaltered in position in pyridine 
oxide,* pyridine-iodine,®® and pyridine-I* salts,*® though it is considerably diminished in 
intensity. 

The three C-H in-plane deformations which occur in the region 1070—1220 cm.* in 
pyridine itself are shifted to considerably higher frequencies in the complexes and become 
more bunched together. The detailed changes are listed in Table 2 in which band 1 is 
18a (class A,), band 2 is 15 (class B,), and band 3 comprises two modes which differ only 
in the motion of the y-C-H bond with respect to the nitrogen atom, viz., 3(B,) and 9(A)). 


TABLE 2. C-H in-plane deformation frequencies and intensities. 
Band 1 Band 2 Band 3 


a —= —: - = 

y(cm.) e¢ $8(cm.) v(cm) e€ S(cm) vy (cm) e¢ S(cm-) (cm) 
21 — 1152 16 1220 17 — 
20 96 1198 26 1252 33 32 
80 94 1200 94 1250 140 30 
py, BCI, 20 97 1225 17 1262 ll 42 
py, BCI, (soln.) 1164 20 92 1220 90 1260 13 40 
py. BF, (ref. 20) 1162 m 90 1227 m 1268 w 48 
py, AlCl, (ref. 20) 1164 st 92 1224 m 1250 w 30 





The last column of Table 2 shows that the frequency difference, A, between the first and 
the third band, decreases from 148 in pyridine to about 90 cm." in the complexes, owing to 
the fact that band 1 shifts some 95 cm. whereas band 3 moves only about 35 cm.~ (see 
columns headed 8 in Table 2). It may be significant that band 1 is the only mode in this 
region which involves a C-H stretching vibration (on the y-carbon atom) in addition to 
the C-H bending motions on the other four carbon atoms. 


* Further information is required before one can decide definitely between these two assignments. 
%* Costa and Blasina, Z. phys. Chem. (Frankfurt), 1955, 4, 24. 

%* Zinbaro and Tolberg, J]. Amer. Chem. Soc., 1959, 81, 1353. 

*° Glusker and Thompson, J., 1955, 471. 
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It is hard to compare Table 2 with Katritzky’s data * because of differing assignments 
and the possibility of band overlapping. The band which occurs * at 1158 (e 15) arid 
1160 cm.* (e 20) in chloroform solutions of boron trichloride—- and boron tribromide- 

yridine has been assigned to class B, though it is very similar to band 1 (class A,) which 
occurs near 1165 cm. (e 20) in our complexes. The band at 1165 cm. (¢ 170) in borine— 
pyridine was assigned to the BH, bending mode;* this would clearly swamp any 
contribution from the in-plane C-H deformation 18a. The band occurs at 1165 cm.+ 
( 310) in boron trifluoride-pyridine and was assigned to the asymmetric BF; vibration.” 
However, the “B-component at 1125 cm. (e 280) has lower intensity despite the fact that 
1B is four times as abundant as !B, and some other contribution to the total intensity 
of the 1165 cm.+ band in this compound is indicated. (The same difficulty arises with 
the assignment of the corresponding band in boron trifluoride-trimethylamine, where the 
peak assigned to “BF, occurs only as a shoulder on the BF, band and has only half its 
intensity.) Bands corresponding to bands 2 and 3 in Table 2 were not recorded for the 
chloroform solutions of the complexes,”* presumably because of interference by the solvent 
band in this region. 

The spectrum of pyridine is clear between 1230 and 1430 cm.* except for a very weak 
band at 1375 cm. (e 3) [B,, 14 (in-plane antisymmetric ring deformation involving C-C 
and C-N stretching modes)]. Absorption in this region is considerably enhanced in 
the complexes and gives rise to two (or three) maxima at about 1335, 1375 cm. (and 
1404 cm.*). These are not fully accounted for but it is clear that the band at 1375 cm.+ — 
cannot be assigned to the tetrachloroborate combination band at 1382 cm.1 8 since it 
occurs in pyridinium chloride as well as the tetrachloroborates. The same statement 
applies to band 3 in Table 2, which cannot be assigned to the tetrachloroborate combination 
band at 1265 cm.*. 

The four principal bands between 1430 and 1600 cm. are due to C-C, C-N stretching 
vibrations, two of which give rise to symmetric and two to antisymmetric in-plane ring 
deformations. The band at 1583 cm. (e 76) carries a satellite at 1597 cm.* (e 31) due to 
Fermi resonance of 8a with (1 + 6a). This satellite disappears, as expected, in the spectra 
of the complexes because the frequency-shifts in the fundamentals move the frequency of 
the combination band away from the resonance condition. With this modification, the 
four bands are recognisable in the complexes, though they are slightly more spread and 
occur at higher frequencies (see Table 3). Between bands 19) and 19a in pyridine there 
is a weak band at 1458 cm." (e 8) which is just discernible in the three complexes in the 
same position relative to the two main peaks but at 1501, 1501, and 1481 cm.+. It appears 
to be a combination band but it is not possible to decide between three alternatives, all of 
which are within 10 cm. of the observed band: (18a + 16d), (16a + 18d), (11 + 4). 
The band has previously been assigned to a class A, fundamental (presumably 19a) involv- 
ing an in-plane ring deformation.” 


TABLE 3. In-plane ring deformation frequencies and intensities. 


(1). 195(B,) (2). 19a(A,) (3). 8b(B,) (4). 8a(A,) 
—_—_—— —_—_—_— ) A(4 — 1) 
Compound v v v € é v € (cm.~*) 

1439 1483 1572 8 — 1583 76 144 
1481 i 1530 1603 63 31 1631 40 150 
... 1480 1526 1599 140 27 1629 120 149 
py, BCl, 1462 1540 1576 12 4 1624 28 162 
py, BCI, (soln.) ... 1462 1541 1576 13 4 (ie 60 160 
1634 65 51 172 


Little systematic change can be detected in the intensity of the four bands listed in 
Table 3; the two central bands (19a, 8b) are considerably enhanced in the pyridinium 
compounds and become comparable with the outer pair (195, 8a). This is less pronounced 
for the boron trichloride complex. Similar features can be noted in the spectra of 
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other pyridine adducts,™.* including the curious splitting of the 8a-band in benzene anq 
chloroform solutions of boron trichloride—pyridine though the band is a singlet in the solig 
state; the corresponding band for chloroform solutions of pyridine complexes with boring 
boron trifluoride, and tribromide is also a singlet.” 

The effects of complex formation on the C-H stretching modes near 3000—3100 cm 
are obvious form Fig. 4. Detailed discussion is not profitable because of poor resolution 
and the overlapping of the broad. N-H* absorption in the pyridinium complexes, |p 
summary, co-ordination decreases the frequency of C-H out-of-plane deformations byt 
increases the frequencies of all other modes; the increase is greatest for C-H in-plane 
deformations but is also considerable for in-plane ring deformations; the increase is less 
for ring breathing modes and least for out-of-plane ring deformations. 

Changes in the Spectrum of Piperidine on Co-ordination.—The infrared absorption 
spectrum of piperidine is much more complicated than that of pyridine and complete 
assignment of the 46 fundamentals has not been carried through. However, comparison 
of the Raman “ and infrared spectra, together with the known frequency ranges of 
typical vibrations in organic compounds, enables most of the bands to be assigned to 
chemically identifiable groups of atoms. Fig. 5 shows that co-ordination of boron 
trichloride to piperidine alters both the frequency and the intensity of these bands 
considerably and tends to enhance the weaker bands to strengths comparable with those 
of the stronger bands, especially in the region 900—1400 cm.+. The effect on the N-H 
stretching frequency at 3291 cm. has already been mentioned (p. 1136). 

There are four clearly defined C-H stretching frequencies (cm.“!) at 2722 (« 43), 2797 
(ec 70), 2841 (ec 93), and 2923 (e 230); these shift to slightly higher frequencies in the 
complex but are considerably diminished in intensity: 2750 ( 7), 2803 (¢ 12), 2857 (e 24), 
and 2933 (ec 49). The main band in the complex also carries two satellites on the high- 
frequency side. 

The two H-C-H bending modes occur at 1443 (e 42) and 1468 (e 18) and are replaced 
by a single band at 1456 (e 50). 

Four of the H-C-C wagging vibrations are shifted about 20 cm. to higher frequencies; 
the fifth remains almost unchanged. Intensities in the complex become more nearly 
equal to that of the most intense wagging mode except for the lowest-frequency member 
which remains weak: 


Piperidine: 1260 (e 14), 1279 (e 11), 1319 (e 30), 1332 (e 14), 1388 (e 7). 
BCl,,pip: 1280 (c 13), 1299 (e 43), 1382 (< 45), 1354 (e 35), 1391 (e 43). 


Three H-C-C twisting modes in piperidine occur at 1151 (e 17), 1170 (e 14), and 
1194 (ec 11). The first and third of these are shifted slightly but considerably enhanced 
in the complex: 1156 (¢ 39) and 1200 (e 35). The central peak was not observed in the 
crystalline complex but appeared as a very weak band at 1179 cm.* in benzene solution. 
A fourth twisting mode at 1010 cm. also disappears in the complex. 

There are five ring vibrations in piperidine. These retain the same general appearance 
in boron trichloride—piperidine and intensities are again about trebled, except for the 
highest-frequency component which remains almost unaltered. The two bands of lowest 
frequency shift to higher frequencies, and the next two bands shift a similar amount to 
lower frequencies. The precise data are: 


Piperidine: 862 (c 36), 941 (e 10), 1038 (e 18), 1055 (e 19), 1119 (c 29). 
BCl,,pip: 892 (e 100), 956 (e 45), 1021 (e 65), 1036 (< 46), 1126 (e 33). 
The H-N-C deformation apparently moves from 822 (e 14) to 855 (e 41); this is the 


largest frequency shift of any of the piperidine modes on complexing except for that of 
the N-H stretching vibration itself. 


*! Kohlrausch and Stockmann, Z. phys. Chem., 1936, B, 31, 382. 
#2 Voetter and Tschamler, Monatsh., 1953, 84, 134. 
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The three H-C-C rocking modes are scarcely altered in position but are more intense 
and better resolved in the complex. The presence of B-Cl vibrations in this region makes 
specific assignments less definite, but it seems likely that the three piperidine bands at 
749 (c 34), 770 (shoulder), and 800 cm.* (¢ 24) correlate with the adduct’s bands at 
745 (c 125), 772 (c 60), and 798 cm.* (¢ 70). The band at 705 (¢ 25) shifts to 725 cm.+ 
(e 125). 

This work was carried out in part during the tenure (by K. W.) of a D.S.I.R. maintenance 


grant which is gratefully acknowledged. We thank Dr. Katritzky for his courtesy in making 
available to us the manuscript of his paper ** before publication. 
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233. Heat of Formation of Crystalline Complexes of Boron 
Trichloride and Tribromide with Pyridine and Piperidine. 


By N. N. GREENWoopD and P. G. PERKINS. 


The heats of formation of crystalline boron tribromide—pyridine and 
-piperidine from boron tribromide and the appropriate ligand are greater 
than those of the corresponding boron trichloride adducts. Those of 
piperidine complexes are greater than those of the pyridine analogues. 


Brown and HoimeEs showed?! that the molar heats of reaction of the boron trihalides 
with pyridine in nitrobenzene solution and the molar heats of solution of the trihalides in 
nitrobenzene increase in the order BF; < BCl, < BBr,. Because nitrobenzene is not 
an inert solvent for these systems and the structure and degree of solvation of the 
complexes are unknown, the present work was undertaken to determine the heats of form- 
ation of the crystalline complexes themselves. The values obtained for the bromide and 
chloride differ from those in solution by only about 1 kcal. mole+ and confirm the view 
that more energy is evolved when pyridine is added to boron tribromide than when it reacts 
with boron trichloride. The measurements were extended to piperidine and the same 
sequence was observed for this ligand. 


EXPERIMENTAL AND RESULTS 


Materials.—Boron trichloride, m. p. —107°, b. p. 12-5°, was purified by repeated vacuum- 
distillation between —50° and —78° and was measured into the fragile bulbs by observing 
its pressure and temperature in a calibrated flask of volume 190 ml. Boron tribromide (kindly 
supplied by Borax Consolidated Ltd.) was freed from bromine by shaking it with mercury 
and then fractionated in a vacuum until a reproducible m. p. of —46° was obtained. Pyridine, 
m. p. —41°, b. p. 115-3°, was dried over potassium hydroxide and fractionated. Piperidine, 
m. p. —4°, b. p. 106-3°, was dried over barium oxide before fractionation. The complexes were 
prepared as outlined in the preceding paper * and were handled in a vacuum or in a glove-box 
under dry nitrogen. The m. p.s of the boron trichloride complexes have been recorded. Boron 
tribromide—pyridine was prepared as white crystals by mixing benzene solutions of the com- 
ponents in stoicheiometric amounts and recrystallizing the product from benzene (Found: C, 
18:1; H, 2-0; N, 4:8; Br, 72:1. C,;H;NBBr, requires C, 18-0; H, 1-5; N, 4:2; Br, 72-0%). 
The compound melted with decomposition at 127—129° [lit.,1 128° (decomp.)]. Boron tri- 
bromide-piperidine was prepared by direct reaction of the components in a vacuum. 

Calorimetry.—The ligands, which also served as the calorimetric liquid, were distilled into 
the calorimeter through a weighing flask.* Results are expressed in terms of the thermo- 
chemical calorie (41840 abs. joule). Precision of the measurements was 0-5—1%. The heats 
of solution of the acceptor (—AH,) and of the complex (—AH,) in excess of the ligand (L) were 


’ Brown and Holmes, J. Amer. Chem. Soc., 1956, 78, 2173. 
* Greenwood and Wade, preceding paper. 
* Greenwood and Perkins, J. Inorg. Nuclear Chem., 1957, 4, 291. 
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measured at 25°, the difference between the two being the heat of formation of the crystalline 
complex (— AH;): 


BX,(l) + (x + 1)L(1) = BX,,L (dissolved in m moles of L); —AH, 
BX,,L(c) + nL(l) = BX,,L (dissolved in m moles of L); —AH, 


therefore BX,(l) + L(l) = BX,,L(c); —AH; = —AH, + AH, 


The data for the heat of solution of boron trichloride in excess of pyridine are in Table ], 
The weight of ligand and acceptor and their approximate molar ratio are given in the first three 
columns. The temperature rise AT is expressed in microvolts and this is related to the number 
of calories evolved by means of the electrical calibration which was carried out during each 
experiment. The molar heat of solution is given in the final column. 


TABLE 1. BCI,(1) + excess of C;H;N(l) = BCl,,C;H;N (in excess of C;H;N). 
C,H;N (g.) BCI, (g.) Molar ratio AT (uv) Calibrn. (cal. per pv) — AH, (kcal. mole) 


120 0-2337 760: 1 656-0 0-1170 38-55 
120 0-1172 1520: 1 342-0 0-1135 


38-8, 
Mean 38-6, 


TABLE 2. BCl;,C;H;N(c) + excess of C;H;N(l) = BCl,,C;H,N (in excess of C;H;N). 
Calibrn. — AH, 
C,H,N (g.) BCl,,C,H,N (g.) Molar ratio AT (uv) (cal. per pv) (kcal. mole) 
114 0-0956 2950: 1 —8-5 0-1096 —1-9, 
69 0-0611 2800: 1 —9-0 0-0735 —2-1, 
Mean —2-0, 


Similar data for the heat of solution of the complex boron trichloride—pyridine in excess of 
pyridine are in Table 2. The negative value shows that there is no thermochemical evidence 
for the suspected incongruent 1 : 2 complex ? in these solutions. 

By difference: 


BCI,(1) + C,H,N(l) = BCl,,C,H,N(c); —AH; = 40-6, + 0-25 kcal. mole 


Tables 3 and 4 contain the data for boron trichloride—piperidine and lead to a heat of form- 
ation which is considerably larger than that of the pyridine complex: 


BCI,(1) + C;H,)NH(l) = BCIl,,C;H,,NH(c); —AH; = 84-4 + 1-4 kcal. mole™ 


TABLE 3. BCI,(1) + excess of C;H,j)NH(l) = BCl,,C;H,)NH (2 excess of C;Hy NH). 
C,H,,NH (g.) BCI, (g.) Molar ratio AT (uv)  Calibrn. (cal. per wv) — AH, (kcal. mole) 
119 0-2449 665 : 1 1857 0-1378 122-5 
105 0-2498 580: 1 2240 0-1162 122-1 
106 0-1368 1060: 1 1230 0-1173 123-6 
Mean 122-7 


TABLE 4. BCI,,C;H,j)NH(c) + excess of C;H,yNH(l) = BCl,,C;H,)NH 
(in excess of CsHyyNH). 
Calibrn. —AH, 
C,H,.NH (g.) BCl,,C,H,)NH (g.) Molar ratio AT (uv) (cal. per pv) (kcal. mole“) 

103 0-0808 3040: 1 142-5 0-1086 38-8 
105 0-0831 3000 : 1 136-0 0-1148 38-0 
105 0-0865 2860: 1 143-0 0-1140 38-1 

Mean 38-3 


Analogous thermochemical data for the addition of boron tribromide to pyridine and 
piperidine are in Tables 5—8. Values for the piperidine system are less accurate than those for 


TABLE 5. BBr,(l) + excess of C;H;N(l) = BBr3,C;H,N (im excess of C;H,N). 
C,H,N (g.) BBr, (g.) Molar ratio AT (uv) —_Calibrn. (cal. per pv) — AH, (kcal. mole) 
133 0-5017 855: 1 695-0 0-1183 41-0, 
122 0-3479 1150: 1 505-0 0-1129 41-0, 
Mean 41-0, 
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idine because of the formation of a small amount of white precipitate. In principle this 
should not influence the accuracy of the determinations since the same final state is attained in 
each reaction. The lack of precision arises from the slowness with which the heat of reaction is 
evolved, particularly in those experiments (Table 8) where the complex is being dissolved in the 


TaBLE 6. BBr3,C;H;N(c) + excess of C;H;N(l) = BBr3,C;H;N (im excess of C5sH;N). 
C,H,N (g.) BBrs,CsH5N (g.) Molar ratio AT (uv) Calibrn. (cal. per wv) — AH, (kcal. mole~!) 
0-0404 9420: 1 —6-0 0-1010 —49 
90 0-0845 4460: 1 —10-5 0-1004 —41 
Mean —4-5 


TABLE 7. BBr,(l) + excess of C;H,)NH(l) = BBr3,C;H,)NH (im excess of C;H, NH). 
C;H,)NH (g.) BBrs (g-) Molar ratio AT (uv) = Calibrn. (cal. per xv) —AH, (kcal. mole~) 
0-4390 750: 1 1965 0-1460 163-7 


0-2715 1120: 1 1327 0-1326 162-4 
Mean 163:1 


TABLE 8. BBrs,C;H,gNH(c) + excess of C;H,)NH(l) = BBr,,C;H,)NH 
(in excess of C5SHygNH). 


Cafibrn. —AH, 
C;H,)NH (g.) BBr,,C;H, NH (g.) Molar ratio AT (pv) (cal. per nv) (kcal. mole) 
103 0-2182 1800: 1 300 0-1074 49-6 
103 0-3291 1210: 1 450 0-1037 47-6 
Mean 48-6 


excess of piperidine. The precipitate, always small in amount, was not identified. It is clear 
from the results that piperidine is again a stronger ligand than pyridine and that more heat is 
evolved when boron tribromide reacts with these donors than is evolved in the corresponding 
reactions of boron trichloride: 


BBr,(l) + C;sH,;N(l) = BBrs,C;H,;N(c); —AH, = 45-5 + 0-6 kcal. mole™ 
BBr,(l) + C;H,)NH(l) = BBr3,C;H,>NH(c); —AH; = 114-5 + 1-6 kcal. mole™ 


Discussion 
It is in keeping with the general chemistry of piperidine, and in particular with its 
lower ionization potential and greater basicity (proton affinity), that the heats of formation 
of the piperidine complexes are greater than those of pyridine. Quantitatively, the 
present results can be compared with the heats of formation, in the gas phase, of the 
adducts of trimethylboron with pyridine ¢ and piperidine,5 where piperidine is the stronger 
ligand, and trimethylboron is a weaker acceptor than the boron trihalides: 


Me,B(g) + C;H;N(g) = Me,B,C;H;N(g); —AH; = 17-0 + 0-2 kcal. mole 
Me,B(g) + Cs;H,)NH(g) = Me,B,C;H,)NH(g); —AH; = 19-7 + 0-1 kcal. mole™ 
It is striking that boron tribromide is a stronger acceptor than boron trichloride for 

pyridine and piperidine. This confirms and extends recent work on the heat of reaction 
of pyridine with the boron trihalides in nitrobenzene solution: 

BCI,(l) + C;H,N(soln.) = BCl,,C;H,N(soln.); —AH; = 39-5 + 0-4 kcal. mole 

BBr,(l) + C;H,N(soln.) = BBr,,C;H,N(soln.); —AH; = 44-5 + 0-4 kcal. mole* 
These values differ by only about 1 kcal. mole from the present figures for the heats of 


formation of the crystalline complexes; so the heat of solution of pyridine in nitrobenzene 
must be similar to the heat of solution of the complexes in the same solvent (about 


* Brown and Barbaris, J. Amer. Chem. Soc., 1947, 69, 1137. 
* Brown and Gerstein, J. Amer. Chem. Soc., 1950, 72, 2926. 
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—3 kcal. mole™). It is therefore unlikely that the observed order Br > Cl is due 
fortuitously to crystal lattice energy stabilization in our experiments and to heats of 
solvation in the solution calorimetry. The effect persists in the gas phase, as can be seen 
by incorporating the heats of vaporization of the reactants and the heats of sublimation 
of the complexes. Values of AH, (kcal. mole) are: BCI, 5-5, BBr, 8-2,’ C;H,N 9-78 
C;H,)NH 8-9.° The heat of sublimation of BCl,,C;H,)NH is 18-2 kcal. mole+* The value 
for BCl,,C;H,N is not known but, as the heats of sublimation of pyridine and piperidine 
complexes of gallium trichloride are similar,” it is unlikely that serious error will be 
introduced by assuming a value of 18 kcal. mole for boron trichloride—pyridine. Like. 
wise, the values for the boron tribromide complexes could not be determined but, since 
the heats of sublimation of bromine-containing compounds are usually somewhat greater 
than those of the corresponding chlorides, a value of ~20 kcal. mole will be assumed for 
these complexes. Incorporation of these figures into the thermochemical data leads to the 
following heats for the gas-phase reactions: 


BCl,(g) + C;H;N(g) = BCl,,C;H;N(g); —AH; ~ 37-9 kcal. mole 
BCI,(g) + C;H,NH(g) = BCl,,C;H,gNH(g); —AH; = 80-6 kcal. mole 
BBr,(g) -+ C;HgN(g) = BBr,C;sH;N(g); —AH; ~ 43-5 kcal. mole 
BBr,(g) + C;H;NH(g) = BBrs,C;H,g)NH(g); —AH; ~ 111-6 kcal. mole* 


It can be seen that, even if the heat of sublimation of boron tribromide—pyridine were 
7-5 kcal. mole greater than that of the boron trichloride complex, the heat of formation 
of the bromide complex would still be the greater in the gas phase, and that the order would 
be reversed for the piperidine complexes only if boron tribromide—piperidine had a most 
improbably high heat of sublimation (>51 kcal. mole). ° 

A survey of the data in the literature indicates that bromides are frequently better 
electron-acceptors than chlorides and fluorides though this occasioned little comment until 
the work on the boron halides mentioned above. Examples involving halides of other 
elements will be reviewed in a forthcoming paper, but the same effect was observed for 
the heat of formation of the crystalline adducts of methyl cyanide with boron trifluoride 
and trichloride.“ The greater heat of formation of boron trichloride—methyl cyanide was 
interpreted on the hypothesis that the energy required to distort the planar BF; molecule 
into a tetrahedral configuration was greater than the corresponding energy of distortion 
for boron trichloride. It was pointed out at the same time ™ that the dipole moment of 
BCl,,MeCN was greater than that of BF,,MeCN,! indicating a greater polarity of the 
B-N bond in the former compound. More extensive investigation of the dipole moment 
of pyridine adducts again indicated that the order of increasing acceptor power was BF, < 
BH, < BCl, < BBr,.1* The same trend is reflected in the general chemistry of these 
acceptors; for example, boron tribromide and trichloride form complexes with arsine 
whereas boron trifluoride does not, and only boron tribromide of these three acceptors 
combines with phosphorus trichloride. Similarly, boron trichloride forms a complex 
with diphenyl ether, but boron trifluoride does not.1* The order of increasing acceptor 
power can be interpreted in terms of (a) a decreasing tendency to form z-bonds by back- 
donation from the halogen atom into the vacant boron orbital, and (6) a decrease in the 
Nat. Bur. Standards Circular 500, Washington, 1952. 
Stock and Kuss, Ber., 1914, 47, 3113; Kelly, U.S. Bur. Mines Bull., 1935, No. 383. 
Herington and Martin, Trans. Faraday Soc., 1953, 49, 154. 
Riley and Bailey, Proc. Roy. Irish Acad., 1929, 38, B, 450. 
10 Greenwood and Wade, J., 1958, 1663, 1671. 
11 Laubengayer and Sears, J]. Amer. Chem. Soc., 1945, 67, 164. 
12 Ulich and Nespital, Z. anorg. Chem., 1931, 44, 752. 
18 Bax, Katritzky, and Sutton, J., 1958, 1258. 
14 Stock, Ber., 1901, 84, 949; Stieber, Compt. rend., 1932, 195, 610. 


18 Martin and Dial, J. Amer. Chem. Soc., 1950, 72, 852. 
16 Healy and Palko, J. Chem. Phys., 1958, 28, 1956. 
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electrostatic repulsion between the B-X bond electrons and the lone-pair electrons on the 
‘vand.¥13 A simple molecular-orbital calculation of the x-bond energies confirms the 
view that the energy of reorganization from planar to tetrahedral configuration decreases 
in the sequence BF, > BCI, > BBrs.!” 


We thank the Royal Society for a grant towards the cost of electrical equipment and the 
D.S.LR. for a maintenance grant to P. G. P. 


Tue UNIVERSITY, NOTTINGHAM. (Received, July 24th, 1959.] 
17 Cotton and Leto, J. Chem. Phys., 1959, 30, 993. 





23%. The Relative Acceptor Strength of Gallium Trichloride and Tri- 
bromide towards Pyridine as a Reference Ligand, and the Thermo- 
chemistry of Complexes of Gallium Trichloride with Piperidine. 


By N. N. GREENWoopD and P. G. PERKINS. 


The heats of formation of the 1:1 and 1:2 complexes of gallium tri- 
chloride with pyridine and piperidine have been determined calorimetrically, 
and the value for gallium trichloride—di(pyridine) has been checked by 
measurement of its dissociation pressure as a function of temperature. For 
both sets of complex, addition of the first mole of ligand liberates more heat 
than does that of the second, and the heats of formation of the piperidine 
complexes are greater than those of pyridine. The heat of formation of 
crystalline gallium tribromide—pyridine is greater than that of gallium 
trichloride-pyridine and estimates of the heats of sublimation of these 
complexes suggest that the same order also holds for the gas-phase reactions. 
The results are compared with analogous data for complexes of the boron 
and aluminium trihalides. 


It has been recognized for some time that the heat of formation of an addition compound 
in the gas phase involves, not only the heat of formation of the new donor-acceptor bond, 
but also the energy of reorganization of the donor and acceptor moieties.!_ In the case of 
the boron trihalides, where there is partial double-bonding due to the x-overlap of filled 
p-orbitals on the halogen atoms with the empty #-orbital on the boron atom, the energy 
difference between the planar and tetrahedral configurations? is a dominant factor in 
determining the overall heat of reaction.+4 The situation is more complicated with the 
aluminium halides because they are dimeric, and, in the absence of values for the heats 
of sublimation of the complexes themselves, it is difficult to assess the magnitude of the 
reorganization energy.25 No comparable study has been made of the gallium halides, 
though information on such complexes would undoubtedly help to elucidate the relative 
importance of the various factors involved. The present work establishes that the heat 
of formation of the crystalline complex of gallium tribromide with pyridine is greater 
than that of the corresponding gallium trichloride complex and suggests that the effect 
persists for the gas-phase reaction of this ligand with either the dimeric or monomeric 
forms of the acceptor molecules. In addition, the heats of formation of the complexes 
GaCl,,2C;H;N, GaCl,,C;H,,N, and GaCl,,2C;H,,N are reported and discussed. 

The experimental techniques for handling these highly reactive compounds and for 
measuring their heats of formation have been described previously.*® 

? Bauer, Finlay, and Laubengayer, J.,. Amer. Chem. Soc., 1943, 65, 889. 

? Cotton and Leto, J. Chem. Phys., 1959, 30, 993. 

3 Brown and Holmes, J. Amer. Chem. Soc., 1956, 78, 2173. 

; Greenwood and Perkins, preceding paper. 


Eley and Watts, J., 1954, 1319; Dear and Eley, J., 1954, 4684. 
* Greenwood and Perkins, J. Inorg. Nuclear Chem., 1957, 4, 291. 
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RESULTS 


The heats of solution of crystalline gallium trichloride, gallium trichloride—pyridine, ang 
gallium trichloride—di(pyridine) in excess of pyridine are given in equations 1, 2, and 3. These 
are based on the thermochemical data in Table 1, the serial numbers in the Table referrj 
to the corresponding heat of solution equations. The weight (in g.) of ligands and of acceptor 
or complex are shown, and also the mole ratio; the temperature rise, AT, is expressed in micro. 
volts, and the electrical calibration in terms of the thermochemical calorie (4-1840 abs. joules), 
All results refer to 25-0°. 


(1) GaCl,(c) + #C,;H,N(l) = GaCl;,2C,H;N(in soln.); —AH = 40-5 + 0-1 kcal. mole 
(2) GaCl,,C;H,N(c) + #C;H,N(l) = GaCl,,2C;H;N(in soln.); —AH = 10-7 + 0:1 kcal. molet 


(3) GaCl,,2C,H,;N(c) + *#C,;H,;N(l) = GaCl;,2C,H,N(in soln.) ; 
—AH = —1-0 + 0:1 kcal. mole 


These results lead to the following heats of formation of the crystalline 1: 1 and 1: 2 complexes 
from crystalline gallium trichloride and liquid pyridine: 


(4) GaCl,(c) + C,H,N(l) = GaCl,,C,H,N(c); —AH; = 29-8 + 0-1 kcal. mole~ 
(5) GaCl,(c) + 2C,H,N(l) = GaCl,,2C,H,N(c); —AH; = 41-5 + 0-1 kcal. mole 


It is seen that addition of the first mole of pyridine is more than 2} times as exothermic as 
the addition of the second mole. By subtraction of eqn. (4) from eqn. (5), the heat of formation 
of the 1: 2 complex from the 1: 1 adduct is: 


(6) GaCl,,C,H,N(c) + C,H,N(l) = GaCl,,2C,H,N(c); —AH = 11-7 + 0-2 kcal. mole 


This calorimetric value can be checked independently by measurement of the dissociation 
pressure of the 1; 2 complex since this is a reaction of the type solid > solid + gas. The 


TABLE 1. Heats of solution of acceptors and complexes in excess of ligands. 


Acceptor or Calibration —AH 

Ligand (g.) complex (g.) Mole ratio AT (pv) (cal. per wv) (kcal. mole) 

105 0-0550 4260: 1 112-5 0-1128 40-6 

105 0-0566 4130: 1 117-5 0-1108 40-5 

105 0-0690 4910:1 26-5 0-1080 10-6 
85 0-0505 5430: 1 22-0 0-0975 10-8 
85 0-2436 1480: 1 —9-0 0-0853 —Il 
85 0-2261 1590: 1 —6-5 0-0886 —0-9 
90 0-1720 2050 : 1 356-5 0-0858 55-1 
110 0-1922 2250: 1 314-5 0-1079 54-7 
122 0-1531 3120: 1 247-0 0-1108 54-6 
119 0-1101 5310: 1 54-5 0-1060 20-4 
123 0-1623 3720: 1 61-5 0-1370 20-2 
86 0-1052 1700: 1 372-5 0-1035 64:5 
86 0-0853 2100: 1 338-0 0-0904 63-1 
86 0-0599 2980: 1 193-0 0-1138 64-6 
99 0-1064 1930: 1 356-5 0-1152 67-9 
47 0-0501 1940: 1 334-0 00542 63-6 
92 0-1457 1930: 1 190 0-089 ~32 
61 0-0967 1930: 1 150 0-073 ~30 
79 0-1675 1920: 1 46-5 0-1287 12-4 
57 0-1515 1530: 1 60-5 0-0931 12-9 
77 0-1620 1930: 1 46-0 0-1280 12-6 


TABLE 2. Dissociation pressure of solid GaClj,2C,H,;N. 
TR: sence 245° 263° «29-0° 3=— 32-4" 342° = 39-2° 42-0" = 45-7° 48-2” 
2-82 3°85 4-79 6-09 10-00 14-49 21-38 25-12 


equilibrium constant Kp, is then just the pressure (in atm.), and the heat and entropy of dis- 
sociation can be obtained directly from the vapour-pressure equation. Dissociation pressures 
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were measured between 25° and 50° (Table 2) and can be represented with a mean deviation of 


0-5 mm. by the equation 
log p (mm.) = 15-973 — 4670/T 


From this, —AH4issoc. = —21-3 kcal. mole+ and AS = 59-9 cal. deg. mole. The heat of 
vaporization of pyridine at 25° is 9-7 kcal. mole™,’ so the heat involved in the dissociation 
reaction (which is the reverse of eqn. 6) is —11-6 kcal. mole™, in excellent agreement with the 
calorimetric value for the forward reaction, + 11-7 kcal. mole". 

The entropy of dissociation of gallium trichloride-di(pyridine) seems, at first sight, to be 
unusually large. However, the value is reasonable, as can be seen by considering the three 
main terms which comprise the overall entropy change: (i) entropy of dissociation of the solid 
1:2 complex into solid 1: 1 complex and solid pyridine; (ii) entropy of sublimation of solid 
pyridine into pyridine vapour at 760 mm.; (iii) entropy of expansion of pyridine vapour 
from 760 mm. to the equilibrium dissociation pressure at 25°, viz., 2 mm. 

Minor specific-heat corrections being neglected, term (ii) is the sum of the entropy of fusion 
(1977/231-4 = 8-6 e.u.) and the entropy of vaporization at the b. p. (8493/388-8 = 21-8 e.u.). 
The thermal data were taken for convenience from ref. 8. Similarly, apart from deviations 
from ideality, term (iii) is given by 2-303 R log (p,/p.) = 11-8 e.u. The sum of terms (ii) and 
(iii) is therefore approximately 42-2 e.u. The change of entropy in step (i) is not easy to cal- 
culate but, as it involves a condensed-phase reaction in which one solid phase gives two solid 
phases, an entropy change of 10—20e.u. might be expected. The value calculated by difference 
between the observed total entropy change, 59-9 e.u., and the estimated entropy changes in 
steps (ii) and (iii) is 17-7 e.u. | 

The heats of solution of gallium tribromide and gallium tribromide—pyridine in excess of 
pyridine can be calculated from the data in Table 1 and are given in equations (7) and (8). 
Equation 9 shows that the derived heat of formation of the crystalline 1: 1 complex is nearly 
5 kcal. mole greater than the heat of formation of the corresponding complex of gallium 
trichloride (eqn. 4): 

(7) GaBr,(c) + #C,;H,N(l) = GaBr,,C,;H,N(in soln.); —AH = 54-8 + 0-3 kcal. mole™ 

(8) GaBr,,C;H,N(c) + #C;H,N(l) = GaBr;,C,;H,N(in soln.); —AH = 20-3 + 0-1 kcal. mole 

(9) GaBr,(c) + C,;H,;N(l) = GaBr,,C,H,;N(c); —AH; = 34-5 + 0-4 kcal. mole™ 
The large heat of solution of gallium tribromide—pyridine in excess of pyridine (eqn. 8) may 
indicate the formation of a 1: 2 or higher complex in solution, though no definite evidence for 
such compounds was obtained from a partial phase diagram of the system.® 

Piperidine, like pyridine, forms two complexes with gallium trichloride.“ The calorimetric 
data in Table 1 lead to the following heats of solution: 

(10) GaCl,(c) + #C,;H,,N(l) = GaCl,,2C;H,,N(in soln.);* —AH = 64-7 + 1-7 kcal. mole 
(11) GaCl,,C;H,,N(c) + *C,;H,,N(l) = GaCl,,2C,H,,N(in soln.) ; * 
—AH = 31-0 + 1-0 kcal. mole™ 
(12) GaCl,,2C;H,,N(c) + #C,H,,N(l) = GaCl,,2C,H,,N(in soln.) ; * 
—AH = 12-6 + 0°3 kcal. mole 
From these values, the heats of formation of the crystalline 1:1 and 1:2 complexes from 


gallium trichloride and piperidine, and the heat of formation of the 1 : 2 complex from the 1: 1 
complex and piperidine are: 


(13) GaCl,(c) + C,;H,,N(l) = GaCl,,C,H,,N(c); —AH; = 33-7 + 2-7 kcal. mole 
(14) GaCl,(c) + 2C,H,,N(l) = GaCl,,2C,H,,N(c); —AH; = 52-1 + 2-0 kcal. mole 


(15) GaCl,,C;H,,N(c) + C,;H,,N(l) = GaCl,,2C,H,,N(c); —AH = 18-4 + 1-3 kcal. mole 
* See following paragraphs. 


’ Herington and Martin, Trans. Fardday Soc., 1953, 49, 154. 
} 8 an Proskauer, Riddick, and Toops, ‘“‘ Organic Solvents,’’ 2nd edn., Interscience Pub 
ne., 1955. 

* Greenwood and Worrall, J., 1960, 353. 

© Greenwood and Wade, J., 1958, 1663, 1671. 
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It is evident that more heat is evolved in the formation of these complexes than is evolved for 
the corresponding pyridine adducts (eqns. 4, 5, 6). Addition of the first mole of ligand js 
again more exothermic than addition of the second. 

In all the piperidine systems the solution reactions were accompanied by formation of a 
white precipitate. This was not eliminated either by rigorous drying of the ligand or by re. 
peated fractionation. The effect of an inhomogeneous final state was minimized by adjusti 
the amount of ligand so as always to have a constant mole ratio (about 1930:1). In the 
experiments with gallium trichloride itself (series 10) reaction was rapid but several runs were 
necessary to obtain a consistent mean value. In the case of the 1 : 1 complex (series 11) reaction 
was extremely slow and the temperature rose over a period of 2 hr. or more; for this reason 
the heats of reaction given in Table 1 are only approximate. The heat of solution of the 1:2 
complex (series 12) was more precise. 

In an attempt to identify the white precipitate, larger amounts of it were prepared in 
separate experiments. The same product was obtained independently of whether gallium 
trichloride, gallium trichloride—piperidine, or gallium trichloride—di(piperidine) was dissolved in 
excess of piperidine, and independently of the mole ratio used. The solid melted at 207—211° 
with slight decomposition. Mixed m. p.s of all combinations of products fell in the same range, 
whereas a mixture of the precipitate and the 1: 1 complex (m. p. 134°) melted at 85°, anda 
mixture of the precipitate and the 1 : 2 complex (m. p. 112°) melted at 95°. Typical analytical 
data were: C, 47-15; H, 9-2; N, 10-5; Cl, 28-15; Ga, 6-1. The corresponding empirical 
formula is Cy,;Hy9;N,Cl,Ga, 7.e., GaCl,,9C;H,,N,6HCl. It will be noticed that the ratio Cl: Ga 
in the precipitate is 9: 1, implying that the supernatant solutions were correspondingly richer 
in gallium. The matter was not pursued further. 


DISCUSSION 


The similarity in the physical properties of the 1 : } complexes of pyridine with boron 
trichloride, aluminium trichloride, and gallium trichloride has already been noted; e.g, 
their m. p.s are 115°, 118°, and 126° respectively. It is now seen that this similarity 
extends in some measure to the thermochemistry of these complexes, their heats of form- 
ation being 40-7,* 31-8,5 and 29-8 kcal. mole, respeciively. The difference between boron 
trichloride on the one hand and aluminium and gallium trichlorides on the other is due 
partly to the fact that the former is a covalent liquid under the conditions of the experi- 
ment whereas the last two acceptors are ionic solids. Of more significance is the com- 
parison between the heats of reaction of pyridine vapour and the monomeric acceptors in 
the gas phase. For the complex GaCl,,C;H;N this energy can be computed from the 
following cycle: 


29-84 
GaCl,(c) + CsHsN() ——— GaCls,C,;H,;N( 


= 


4Ga,Cl,(g) : GaCls,Cs5HsN(I) 


|- 10-55 eee 
— AH, 


GaCls(g) -+ CsHgN(g) ——— GaCls,C,H,N(g 


* Ref. Il. ® Ref. 12. ¢ Ref. 7. # Eqn. (4). ¢ Estimated by analogy with the heat of fusion of AICI3,NH,, 
viz., 2°6 kcal. mole4.13 J Ref. 10. 


A similar cycle, with data from refs. 5, 7, and 14, gives the value shown in equation 
(17) for aluminium chloride—pyridine, if the heat of sublimation of the complex is taken 


™ Laubengayer and Schirmer, J. Amer. Chem. Soc., 1940, 62, 1578. 
12 Fischer and Jiibermann, Z. anorg. Chem., 1936, 227, 227. 

‘8 Klemm, Tilk, and Jacobi, Z. anorg. Chem., 1932, 207, 187. 

‘4 Fischer and Rahlfs, Z. anorg. Chem., 1932, 205, 1. 
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to be the same as that of gallium trichloride-pyridine; the corresponding figure for boron 
trichloride—pyridine * is given in equation (18): 


(16) GaCl,(g) + C;H;N(g) = GaCl,,C;sH;N(g); —AH, ~ 35-2 kcal. mole 
(17) AICI,(g) + CsH;N(g) = AICl,,C;H;N(g); —AH, ~ 46-2 kcal. mole 
(18) BCl,(g) + C;H;N(g) = BCl,,C;H;N(g); —AH, ~ 37-9 kcal. mole 


These figures, which are probably accurate to +2 kcal. mole, imply that the acceptor 
strength of the monomeric Group III trichlorides towards pyridine is a maximum at 
aluminium trichloride—pyridine, the heat of formation of this complex in the gas phase 
being some 10 kcal. mole greater than that for the boron and gallium analogues. This 
difference arises principally from the high heat of sublimation of aluminium trichloride 
into monomeric molecules, which is 9-0 kcal. greater than the corresponding quantity for 
gallium trichloride. 

The m. p.s of the pyridine complexes of the tribromides are likewise similar to each 
other and are also close to those of the trichloride complexes: BBr;,C;H;N, 127°; ¢ 
AIBrs,C;H,;N, 115°; * and GaBr;,C;H;N, 126°. The heats of formation of these crystal- 
line complexes are 45-6,4 31-9,° and 34-5 kcal. mole", respectively, each value being greater 
than that for the corresponding chloride complex. Data for the gas-phase reactions are 
summarized in equations (19), (20), and (21): 


(19) BBr,(g) + C;H;N(g) = BBr,,C;H;N(g); —AH, ~ 43-5 kcal. mole* 
(20) AlBr,(g) -+- C;H;N(g) = AIBr,,C;H;N(g); —AH, ~ 39-6 kcal. mole* 
(21) GaBr,(g) + C;H;N(g) = GaBr,,C;H;N(g); —AH, ~ 38-3 kcal mole 


The value for boron tribromide-pyridine is from ref. 4, and that for aluminium tribromide— 
pyridine was obtained by combination of the relevant data in refs. 5, 7, and 14, on the 
assumption that the heat of sublimation of the complex was the same as the heat of 
sublimation of gallium tribromide-pyridine. This was estimated to be ca. 25 kcal. mole 
on the grounds that it was probably similar to, but slightly greater than, that of gallium 
trichloride—pyridine, an assumption consistent with the somewhat greater activation 
energy of viscous flow of the bromide complex.” The calculation of the gas-phase heat 
of formation of gallium tribromide-—pyridine also employed 9-3 kcal. mole for the heat 
of dissociation of 4Ga,Br, into monomeric GaBr,, and 9-8 kcal. mole for the heat of 
sublimation of gallium tribromide (comprising 7-2 kcal. mole for the heat of vaporization 
of the liquid #* and 2-6 kcal. mole* for the heat of fusion, this being taken to be the same 
as for the trichloride,“ since both processes involve a change from an ionic solid to a 
covalent liquid **). 

Equations (19), (20), and (21) suggest that, for the bromide complexes, there is a 
small decrease in the gas-phase dissociation energy with increasing atomic number of the 
Group III element, though this decrease is not far outside the possible errors incurred in 
the estimates of sublimation energies. If the figures are accepted, they would imply, 
again, that the dissociation energy of aluminium chloride—pyridine in the gas phase (eqn. 
17) is unusually high. It is also noticeable that, whereas the heats for the bromide com- 
plexes of boron and gallium are greater than those for the chloride complexes, the reverse 
is true for the aluminium trihalides in the gas phase. This point is discussed in the next 
section. 

Information on the complexes of piperidine is less complete, and we know of no thermo- 
chemical study on the complexes of this ligand with the aluminium halides. The heat 
of formation of crystalline boron trichloride—piperidine * is 84:4 kcal. mole compared 
with only 33-7 kcal. mole for the corresponding complex of gallium trichloride (eqn. 13). 


» Eley and Watts, J., 1952, 1914. 
#® Greenwood and Worrall, J. Inorg. Nuclear Chem., 1957, 8, 357. 
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This large difference persists when estimates are made for the gas-phase reactions by usj 

a value of 8-9 kcal. mole for the heat of vaporization of piperidine,!” 18-2 kcal. molet 
for the heat of sublimation of boron trichloride—piperidine,* and other relevant data cited 
above. The measured heat of vaporization of liquid gallium trichloride—piperidine ™ js 
20-5 kcal. mole, and if a value of 3 kcal. mole is assumed for the heat of fusion, then the 
heat of sublimation becomes ~23-5 kcal. mole. Hence: 


(22) BCl,(g) + C;H,,N(g) = BCl,,C;H,,N(g); —AH, = 80-6 kcal. mole+ 
(23) GaCl,(g) + C;H,,N(g) = GaCl,,C;H,,N(g); —AH, ~ 38-1 kcal. mole* 


The exceptionally large energy involved in reaction (22) is unexplained. 

The Relative Acceptor Strengths of Chlorides, Bromides, and Iodides.—The superior 
acceptor strength of boron tribromide as compared with the trichloride and trifluoride is 
now well established both for reactions in solution * and in the gas phase,‘ and also for the 
formation of the crystalline complexes themselves.* This order is determined mainly by 
the extent of x-bonding in the trihalides which, in turn, influences the energy of reorganiz- 
ation of the electron acceptor from the planar to the tetrahedral configuration. Estimated 
values of this reorganization energy * are BF, 48-3 kcal. mole, BCl, 30-3 kcal. mole+, 
and BBr, 26-2 kcal. mole, the difference between the last two figures being close to the 
difference between the gas-phase heats of formation of the pyridine complexes (eqns. 18 
and 19). 

The estimated reorganization energies of monomeric AICI, (31-6 kcal. mole) and 
AIBr, (27-9 kcal. mole“) ? are very similar to the values for the corresponding boron halides 
but the acceptor strength of these compounds is also influenced by their heats of dimeriz- 
ation. Complications also arise when the heats of formation of complexes from crystalline 
aluminium trichloride and tribromide are compared, for the chloride is an ionic solid™ 
whereas the bromide forms a lattice of dimeric molecules. Nevertheless, in the absence 
of data for the gas-phase reactions it is interesting to compare the heats of formation of 
iualuminm trihalide complexes in condensed-phase reactions. The heats of formation * 
of the pyridine complexes of aluminium trichloride, tribromide, and tri-iodide are 31:8, 
31-9, and 31-5 kcal. mole, respectively,5 and the corresponding heats of mixing in chloro- 
benzene solution ° are 42-6, 60-1, and 70-1 kcal. mole“, the larger values in the second series 
being ascribed to the formation of higher complexes in solution. The heats of formation 
of the crystalline complexes of the aluminium halides with trimethylamine show a similar 
increase with increasing atomic number of the halogen: 5 30-8, 33-0, and 33-1 kcal. mole*. 
From the vapour pressures above the 1:2 complexes of aluminium trichloride and tri- 
bromide with trimethylamine 4 the energies of dissociation of these complexes into the 
1: 1 complex and gaseous trimethylamine are 10-4 and 15-2 kcal. mole, implying that 
the heats of formation of the crystalline 1 : 2 complexes from the parent donor and acceptors 
are 41-2 and 48-2 kcal. mole, the value for the bromo-complex again being the larger. 

The heats of reaction of aluminium trichloride ** and tribromide ** with acetophenone 

* Strictly, the heats of formation were not determined by the measurements in ref. 5. The reactions 
studied were (L = ligand; X = Cl, Br, I): 


L,AIX,(c) + excess of 2N-HCl soln. = {L + AIX;} (in soln.) ; 
L(l) + excess of 2N-HCl soln. = L (in soln.); «Ga 
AIX,(c) + excess of 2N-HCl soln. = AIX, (in soln.) ; 


The heat of formation of the reaction L(l) + AlX,(c) = L,AlX,(c) was then taken to be —AH, — 
+AH,. This tacitly assumes zero heat of mixing for the reaction 


L (in soln.) + ALX, (in soln.) = {L + AIX} (insoln.); . . . . —AH, 


Riley and Bailey, Proc. Roy. Irish Acad., 1929, 38, B, 450. 
Greenwood and Wade, /., 1960, 1130. 

Ketelaar, MacGillavry, and Renes, Rec. Trav. chim., 1947, 66, 501. 
Renes and McGillavry, Rec. Trav. chim., 1945, 64, 275. 

Van Dyke and Crawford, J]. Amer. Chem. Soc., 1950, 72, 2829. 
Dilke, Eley, and Sheppard, Trans. Faraday Soc., 1950, 46, 261. 
Lebedev, Zhur. obshchei Khim., 1951, 21, 1788. 
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(19-2 and 22-4 kcal. mole) and with benzophenone (15-4 and 19-5 kcal. mole), and their 
heats of solution in nitrobenzene (12-2 and 24-5 kcal. mole) show the same order. 
Likewise, the heat of reaction with acetaldehyde in chlorobenzene solutions increases from 
aluminium trichloride (24-7),* through aluminium tribromide (36-0), to the tri-iodide 
(42-4 kcal. mole). The generality of the phenomenon is shown by the heats of formation 
(in kcal. mole) of the following pairs of ionic complexes: *6 


AICl,,NaCl 6-65; AICl,,NaBr 3-32; AICl,,KCl = 12-42 
AIBr3,NaCl 9-93; AlBr;,NaBr 10-1; AlBrs,KCl = 14-6; 


It is therefore curious that the reverse order is observed for the heats of formation of the 1 : 1 
complexes of ammonia with both the aluminium *7-"8 and the gallium trihalides.4% The 
heats of dimerization of the aluminium trihalides ™ and gallium trihalides 1” in the gas phase 
also decrease in the sequence Cl > Br > I, but here one is changing both the donor and the 
acceptor simultaneously and the results are not comparable with those above, in which 
the acceptor strength is measured relative to the same ligand in each series. In summary, 
it can be said that, with few exceptions, the heat of complex formation of the Group III 
trihalides in condensed-phase reactions increases in the order Cl < Br< I. Where data 
are available, the same sequence appears to hold for the gas-phase reactions of the tri- 
halides of boron and gallium but not always for those of the aluminium trihalides. 
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* Plotnikov and Vaisberg, Zapiski Inst. Khim., Akad. Nauk U.R.S.R., 1940, 7, No. 1, 71. 
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26 Plotnikov and Yakubson, J. Phys. Chem. U.R.S.R., 1938, 12, 113. 
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235. Perfluoroalkyl Derivatives of Nitrogen. Part VII.* 
Reaction of Nitrosyl Halides with Tetrafluoroethylene. 


By D. A. Barr and R. N. HASZELDINE. 


Nitrosyl chloride or fiuoride reacts with a fluoro-olefin such as tetrafluoro- 





ethylene to give an oxazetidine N(CF,CF 2%)°O°CF -CF;, where X = Clor F, 
and a 1: 1 copolymer [N(CF,°CF,X)-O-CF,°CF,],, derived from the nitroso- 
compound CF,X-CF,°NO and the olefin. 


A PERFLUOROALKYLNITROSO-COMPOUND RgNO reacts with a fluoro-olefin such as tetra- 
fluoroethylene to give an oxazetidine (I) and a 1: 1 copolymer (II) with the -N-O-C-C- 
repeating unit in the main chain.1_ The polymer can be an oil, a wax, or an elastomer 
depending upon the conditions chosen and the nature of the olefin. The oxazetidine 


predominates in reactions carried out at higher temperatures (ca. 100°), and the polymer 
at lower temperatures (ca. 0°). 


Ry-N “N-O-CF,-CF,- 
YT [ | | 
(I) CF,-CF, Re » Gb 


The possible extension of this novel reaction to purely inorganic nitroso-compounds 
was examined some years ago and-is now reported. If the NO group of a nitrosyl halide 
NOX shows a resemblance to C:C, as does the NO group in RyNO, oxazetidines (III) and 


* Part VI, Haszeldine and Mattinson, J., 1957, 1741. 
1 Barr and Haszeldine, J., 1955, 1881; 1956, 3416. 
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polymers (IV) might result when the nitrosyl halide is allowed to react with tetrafluoro. 
ethylene. These initial products would contain the >NCl or >NF bond, so that subse. 
quent reactions involving, for example, addition across the C:C bond of another olefin 
molecule might occur to give oxazetidines (V) or polymers (VI). Such products would 
also arise if the initial reaction of the nitrosyl halide involved addition in the sense *NO F- 
across the double bond of the olefin to give the nitrosoalkane CF,X°CF,°NO; the reaction 
of this with tetrafluoroethylene to give (V) or (VI) would follow the course already noted 
for RyNO with this olefin. 


XN of sem CF,X*CFysN—O eet 
n 


| hes al | 
CF,-CF, x CF,-CF, CFyCF,X 


(IIT) (IV) (V) (VI) 

When approximately equimolar amounts of nitrosyl chloride and tetrafluoroethylene 
were allowed to react at room temperature, the only products isolated were 1-chlorotetra- 
fluoro-2-nitroethane (62% yield based on C,F,), 1,2-dichlorotetrafluoroethane (36% yield), 
and chlorodifluoroacetyl fluoride (2% yield), 1.. : 


NOCI + C.F, ——p> CF,CI*CF,CI (-+ NO, + N,) 


NOCI 
NOCI + CgFg —— CFyCl*CFyxNO ——— CF,CI’CF,"NO, 


or NO, 


CF,ChCFyNO ——p CF,CI-CF,* + NO 


{ NO, 


CF,CI*CFy*NO, + CF,CIXCF,°O-NO 
CF,ChCFyO"NO ——p CF,CI*CF,°O° + NO 


Y 


CF,CI*COF 


The nitroso-compound CF,Cl-CF,-NO was not isolated, but its rapid subsequent 
oxidation to the nitro-compound CF,Cl-CF,*NO, by liquid nitrosyl chloride, or by the 
oxides of nitrogen produced during the reaction yielding the dichloride CF,Cl-CF,C, 
would be in accord with the known properties of perfluoroalkyl nitroso-compounds.}* 
Formation of the acyl fluoride CF,Cl-COF by the above scheme is consistent with known 
reactions of perfluoroalkyl and perfluoroalkoxy-radicals.* 

Reaction of nitrosyl chloride with an excess of tetrafluoroethylene at 100° should 
favour oxazetidine formation, and indeed the identified products were (V; X = (Cl) 
(58% yield based on C,F,), 1,2-dichlorotetrafluoroethane (7% yield), 1-chlorotetrafluoro- 
2-nitroethane (4% yield), and 1-chlorotetrafluoro-2-nitrosoethane (3% yield), 7.e. : 


NOC! 
NOCI + CyFy ——pe CF,CICFACI + CFyCIXCFy-NO ———t CF,CI-CFy"NO, 


} CF, 


rey 
CF,CICFy*N-O-CF,CF, 


The isolation of the compound CF,CI-CF,°NO, with the characteristic intense blue colour 
of compounds containing the -CF,*NO group, strongly suggests that it, rather than (III; 
X = Cl), is the intermediate in the formation of the oxazetidine. The higher reaction 
temperature clearly favours the further reaction of the alkyl nitroso-compound with 
tetrafluoroethylene over the oxidation of the alkyl nitroso-compound. 

Reaction at room temperature with a molar excess of tetrafluoroethylene gave a low 
yield of the polymer (VI; X = Cl), although the competing reaction of oxidation of the 


* Haszeldine, ]., 1953, 2075. 
% Francis and Haszeldine, J., 1955, 2151; Haszeldine and Nyman, /., 1959, 387, 420, 1084. 
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nitrosoalkane still predominated; use of a larger excess of the olefin would doubtless 
increase the polymer yield substantially. 
Nitrosyl chloride thus reacts with tetrafluoroethylene by initial cleavage of the >N-Cl 
bond rather than by addition to the -N=O double bond. 
The oxazetidine and the polymer were prepared as reference materials by the following 


sequence : 


ici hv, NO C.F, 
C-,— CF,CI*CF,] ——— CF,CI*CF,*NO CF,CI*CF,*-NO ———p (V; X = Cl) or (VI; X = Cl) 


The yield of oxazetidine was greater at higher temperature, and that of the polymer 
greater at lower temperature. 

The N-F bond appears to be less reactive than the N-Cl bond [e.g., cf. (CF,),NF and 
(CF,),NCI], so the possibility of isolating the compound (III; X = F) by interaction of 
nitrosyl fluoride and tetrafluoroethylene was probably greater than that of isolating 
(III; X = Cl) from the nitrosyl chloride reaction. Nitrosyl fluoride is reactive towards 
moisture, glass, etc., and the reaction with tetrafluoroethylene (mole ratio 1:2) was 
therefore carried out at —100° or —78°. The products were the oxazetidine (V; X = F), 
the polymer (VI; X = F), the dinitro-compound CF,(NO,)-CF,°NO,, pentafluoronitroso- 
ethane, pentafluoronitroethane, and difluoronitroacetyl fluoride. These indicate that 
pentafluoronitrosoethane is the predominant initial product rather than (III; X = F) or 
(IV; X =F). The acyl fluoride CF,(NO,)-COF is a known product of the reaction of 
dinitrogen tetroxide with tetrafluoroethylene.* 

Both oxazetidine and polymer were identical with the products obtained as follows: 


| v,NO C.F, 
CyFsCO,Ag —t> C,F,] ——t> C,F,-NO CyF,¢NO ——» (V; X=F+ (Vi; X=A/) 


The reaction of a nitrosyl halide with a fluoro-olefin thus provides a route to oxazetid- 
ines and polymers similar to, or identical with, the products hitherto obtained only by 
initial synthesis of a perfluoroalkyl nitroso-compound from the corresponding perfluoro- 
alkyl iodide. 


EXPERIMENTAL 


Compounds were purified, stored, transferred, etc., by means of an apparatus for the 
manipulation of volatile materials in vacuo. Molecular weights were determined by Regnault’s 
method. 

Reaction of Pentafluoronitrosoethane with Tetrafluoroethylene.—Pentafluoronitrosoethane '* 
(0-24 g., 1-6 mmoles) and tetrafluoroethylene (0-18 g., 1-8 mmoles) reacted in a sealed 15 ml. 
Pyrex tube at 85° (20 hr.) to give perfluoro-2-ethyl-1,2-oxazetidine (V; X = F) (0-36 g., 1-45 
mmoles, 90% based on C,F,*NO) as a colourless liquid (Found: C, 19-5; N, 58%; M, 250. 
C,ONF, requires C, 19-2; N, 5-6%; M, 249), b. p. 26-0° (isoteniscope), and tetrafluoroethylene 
(0-02 g., 0-2 mmole); the polymer (VI; X = F) (0-04 g., 10%) remained in the reaction tube as 
a clear viscous oil (Found: C, 19-3; N, 5-7. C,ONF, requires C, 19-2; N, 5-6%), which on 
trituration with ether formed a colourless, translucent elastomeric gum. Reaction of the 
nitroso-compound with tetrafluoroethylene at room temperature gave the polymer in 65% yield. 

Reaction of 1-Chlorotetrafluoro-2-nitrosoethane with Tetrafluoroethylene.—The iodide, 
CF,Cl-CF,I, was prepared by reaction of iodine monochloride (6-10 g., 37-5 mmoles) with tetra- 
fluoroethylene (3-95 g., 39-5 mmoles) at room temperature (65 hr.) in a Pyrex tube.* Treatment 
of the products with mercury followed by fractionation im vacuo gave 1-chlorotetrafluoro-2-iodo- 
ethane (7-43 g., 28-3 mmoles, 75%), b. p. 56-5°. This compound (7-43 g., 28-3 mmoles), nitric 
oxide (5-0 g., 160 mmoles), and mercury (400 ml.) were shaken and irradiated in the 20 1. 
apparatus described earlier for 6 hr. The excess of nitric oxide was removed by admission of 
oxygen and then shaking with mergury, and the products were distilled to give unchanged 
chlorotetrafluoroiodoethane (0-85 g., 3-3 mmoles, 12%) and 1-chlorotetrafluoro-2-nitrosoethane 
(2-81 g., 17-0 mmoles; 68% yield based on iodo-compound used) (Found: C, 14-4; N, 82%; 
M, 165. Calc. for CONF,CI: C, 14-5; N, 8-5; M, 165-5%), b. p. —5° (cf. lit.,2 b. p. —2°). 

* Unpublished results. 
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The nitroso-compound (1-01 g., 6-1 mmoles) and tetrafluoroethylene (0-66 g., 6-6 mmoles) 
were kept in a sealed 200 ml. Pyrex tube at 100° for 6 hr. Removal of the volatile products 
from the clear colourless viscous polymer (VI; X = Cl) (Found: C, 17-9; N, 5-3. C,ONF,Ci 
requires C, 18-1; N, 5-3%) remaining in the tube, and fractionation, gave unchanged 1-chloro- 
tetrafluoro-2-nitrosoethane (0-132 g., 0-80 mmole), unchanged tetrafluoroethylene (0-130 g., 
1-30 mmoles), and 2-(2-chlorotetrafluoroethyl)tetrafluoro-1,2-oxazetidine (V; X = Cl) (1-07 g., 
3-8 mmoles, 72% based on CF,Cl*CF,-NO used) (Found: C, 18-0; N, 50%; M, 265-5, 
C,ONF,Cl requires C, 18-1; N, 53%; M, 265-5), b. p. 57° (isoteniscope). The yield of the 
polymer increased to 58% when a similar reaction was carried out at 25°. 

Nitrosyl Halides.—Nitrosyl chloride was a commercial sample, redistilled before use to 
analytical purity. Nitrosyl fluoride was prepared by interaction of fluorine and nitric oxide, 
Fluorine (6-5 g./hr.) was passed into one limb of a copper T-piece whilst nitric oxide and 
nitrogen (1:3), previously dried by passage through concentrated sulphuric acid and phos- 
phoric anhydride, were passed slowly through the other arm so as to maintain a slight excess 
of fluorine in the reaction zone. The mixed gases then moved through a silica tube (30 cm. 
long) and thence into a 25 ml. Pyrex trap cooled at —80°. This trap was fitted with a break- 
seal and contained potassium fluoride (1 g., heated to 600°, then cooled) to remove traces of 
hydrogen fluoride. A trap cooled at —110° protected the contents of the —80° trap from 
moisture, etc. The whole apparatus was dried extremely carefully before the experiment 
began. Nitrosyl fluoride collected steadily in the —80° trap. It was transferred to an all- 
glass vacuum-apparatus via the break-seal after being kept at — 183° and evacuated to remove 
nitrogen and any dissolved fluorine. The number of transfers of nitrosyl fluoride was kept to 
a minimum since it readily attacks glass; grease must be avoided. 

Reaction of Nitrosyl Chloride with Tetrafluoroethylene—(a) At room temperature. Nitrosyl 
chloride (2-12 g., 32-2 mmoles) and tetrafluoroethylene (3-60 g., 36-0 mmoles) were kept ina 
sealed 200 ml. Pyrex tube in the dark at room temperature for 9 weeks. After removal of a 
non-condensable gas (nitrogen), distillation of the colourless products gave (i) unchanged tetra- 
fluoroethylene (1-20 g., 12-0 mmoles, 37%) (Found: M, 99. Calc. for C,F,: M, 100), (ii) 
1-chlorotetrafluoro-2-nitroethane (2:70 g., 14:9 mmoles, 62% based on C,F, used) (Found: 
M, 182. Calc. for C,O,NF,Cl: M, 181-5), (iii) 1,2-dichlorotetrafluoroethane (1-50 g., 88 
mmoles, 36% based on C,F, used) (Found: M, 170. Calc. for C,F,Cl,: M, 171), and (iv) 
chlorodifluoroacetyl fluoride (0-070 g., 0-53 mmole, 2% based on C,F, used) (Found: M, 135. 
Calc, for C,OF,;Cl: M, 132). These products were identified by comparison of physical 
properties and infrared spectra with those of known compounds prepared by unambiguous 
routes. 

(b) At room temperature with an excess of tetrafluoroethylene. Nitrosyl chloride (1-78 g., 
27-2 mmoles) and tetrafluoroethylene (5-3 g., 53-0 mmoles) were kept in a sealed 200 ml. Pyrex 
tube in the dark at room temperature for 3 weeks. Removal of the colourless volatile products 
left a viscous colourless polymer (VI; X = Cl) (0-1 g.) (Found: C, 18-2; N, 5-8. Calc. for 
C,ONF,CIl: C, 18-1; N, 5-3%). The infrared absorption spectrum of the oil showed the absence 
of -NO, -NO,, -—NIN*(O7)-, etc., groups, and its identity with the polymer prepared from 
1-chloro-2-nitrosotetrafluoroethane and tetrafluoroethylene. 

(c) At 100° with an excess of tetrafluoroethylene. Nitrosyl chloride (0-65 g., 10-0 mmoles) and 
tetrafluoroethylene (1-5 g., 15-0 mmoles) in a sealed 200 ml. Pyrex tube heated at 100° (15 hr.) 
gave a blue gas phase and liquid products. After removal of nitrogen produced in the reaction, 
distillation gave 2-(2-chlorotetrafluoroethy])tetrafluoro-1,2-oxazetidine, (V; X = Cl) (1-14 g., 
4-3 mmoles, 58% based on C,F,) (Found: M, 260. Calc. for C,NOF,Cl: M, 265-5), 1,2-di- 
chlorotetrafluoroethane (0-19 g., 1-1 mmoles, 7% based on C,F,), 1-chlorotetrafluoro-2-nitro- 
ethane (0-11 g., 0-6 mmole; 4% based on C,F,), and 1-chlorotetrafluoro-2-nitrosoethane (0-08 g., 
0-5 mmole, 3% based on C,F,). Other products include silicon tetrafluoride, carbonyl fluoride, 
the acyl fluoride CF,(NO,)-COF, and an unidentified nitro-compound possibly (V; X = NO,). 
The compounds were separated by trap-to-trap distillation, followed by washing with aqueous 
alkali, etc., to remove the minor impurities; they were identified by their physical properties, 
and by comparison of their infrared spectra with those of known compounds synthesised by 
unambiguous methods. 

Reaction of Nitrosyl Fluoride with Tetrafluoroethylene—Pure nitrosyl fluoride (0-4 g., 7 
mmoles) was transferred rapidly by means of thoroughly-dried, all-glass, vacuum-apparatus 
to a sealed-on 200 ml. Pyrex tube. Tetrafluoroethylene (1-50 g., 15-0 mmoles) was then 
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introduced through a break-seal and condensed into the Pyrex tube, which was then sealed 
and placed in a bath at —100°. The tube was allowed to warm to room temperature during 
36 hr.; a small amount of yellow liquid could then be observed, and after a total of 5 days 
the liquid had deepened in colour and gelatinous material was present. The volatile products 
were removed and shaken with mercury, then fractionated to give perfluoro-2-ethyl-1,2- 
oxazetidine (0-13 g., 13%), tetrafluoro-1,2-dinitroethane (0-12 g., 7%), pentafluoronitroethane 
(0-007 g., 1%), pentafluoronitrosoethane (0-007 g., 1%), and difluoronitroacetyl fluoride (0-24 g., 
17%). Yields are based on tetrafluoroethylene. Separation and identification was achieved 
by initial trap-to-trap distillation followed by spectroscopic examination, then removal of the 
acyl fluoride, silicon tetrafluoride, etc., by treatment with aqueous alkali, before final infrared 
spectroscopic examination and comparison of properties with those of known specimens. 

A small amount of the polymer (VI; X = F) (0-11 g.) (Found: C, 19-2; N, 5-4. Calc. for 
C,ONF,: C, 19-2; N, 5-6%) remained in the reaction tube. It was analysed after being shaken 
successively with ether, water, ethanol, and ether to remove small amounts of inorganic and 
organic impurities; the polymer is a colourless almost transparent elastomer. 

A second experiment in which the reactants were kept at —78° for 10 hr., —45° for 12 hr., 
0° for 3 hr., and 20° for 24 hr. gave a 22% yield of the oxazetidine and a 27% yield of the 
elastomeric polymer based on tetrafluoroethylene. 


One of the authors (D. A. B.) is indebted to Imperial Chemical Industries Limited, Plastics 
Division, for a grant (1953—1956). 
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236. Studies on Phosphorylation. Part XIX.* The P'P'-Diethyl- 
Pyrophosphate Ion. 
By D. M. Brown and N. K. HAmer. 


The hydrolysis of tetraethyl pyrophosphate (TEPP) (I) has been studied 
kinetically and the catalytic effects of several added bases including the 
monohydrogen phosphate anion have been investigated. Evidence is 
presented that P'P!-diethyl pyrophosphate ion (II) is formed as an inter- 
mediate with the anion named, but is extremely unstable. It can act asa 
phosphorylating agent towards alcohols, and, when formed in concentrated 
aqueous or anhydrous solution, yields polymetaphosphate. 


A CONSIDERABLE number of syntheses of organic pyrophosphates and triphosphates has 
been recorded from this and other laboratories and much general information is available 
on the dependence of stability on the degree of substitution and on the nature of the 
substituents.) Yet from the comparative viewpoint quantitative evidence is scanty. 
Precise knowledge of the hydrolytic chemistry of these compounds is at present only 
available for a few mono- and tetra-esters.*? The present study arose out of an interest 
in the possible reactions of P!P!-dialkyl pyrophosphates. Avison ® has indicated that the 
dimethyl compound is formed in the reaction between tetramethyl pyrophosphate and 
orthophosphate but that it is very unstable. We find evidence, detailed below, for the 


* Part XVIII, J., 1958, 3039. 


nin ig Kenner, and Todd, J., 1952, 1234; Christie, Elmore, Kenner, Todd, and Weymouth, /., 
, 2947. 

* Todd, Proc. Nat. Acad. Sci. U.S.A., 1959, 1389. 

* Holbrook and Ouellet, Canad. J. Chem., 1957, 85, 1496; Liebécq and Jacquemotte-Louis, Bull. 
Soc. Chim. biol., 1958, 40, 67, 759. ¥ 

* Toy, J. Amer. Chem. Soc., 1948, 70, 3882. 

5 Jacobson and Hall, Ind. Eng. Chem., 1948, 40, 694. 

* Ketelaar and Bloksman, Rec. Trav. chim., 1948, 67, 665. 
7 Cherbuliez, Lieber, and Stucki, Helv. Chim. Acta, 1953, 36, 537. 
* Avison, J., 1955, 732. 
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formation of the corresponding diethyl pyrophosphate in the reaction between tetraethy} 
pyrophosphate (TEPP) and orthophosphate. 

The hydrolysis in aqueous solution of several tetra-alkyl pyrophosphates has been 
studied.*? While acid was shown to have little effect on the rate of hydrolysis of the 
tetraethyl ester, the rate in dilute sodium hydroxide was so fast as to be immeasurable 
with accuracy. The effect of pH on the rate of hydrolysis of tetraethyl pyrophosphate 
in water at 57-0° is shown in Table 1. Good first-order plots were obtained in all cases, 


TABLE 1. Effect of pH. 

10*k (sec.-*) pH 10*k (sec.-) 
‘ 8-80 3-3 
‘Ol, 9-10 4-6 
° 0 9-40 8-0 

9-80 16 


though with a small deviation towards the end of the run at pH 9-80 almost certainly due 
to atmospheric carbon dioxide. Experimental rather than theoretical infinity values were 
used although the discrepancy between these was only of the order of 2%. Chromato- 
graphy showed that the sole product of the hydrolysis was diethyl phosphate and this was 
assumed when calculating theoretical infinity values. 

When &, is taken as the rate constant for hydrolysis by neutral water and Kw at 57° as 
8-3 x 104.8 a plot of log,, (k — ky) against log [OH~] gives the linear expression: 


logig (k — Ry) = 1-02 logy, [OH-] + 0-52 
whence kon- = 3-3 1. mol.+ see. 


Thus the overall reaction between tetraethyl pyrophosphate and hydroxide ion is probably 
of the second order and proceeds by an Sy2 displacement on phosphorus followed by loss 
of a proton. This would be consistent with the mechanism of reaction of hydroxide ion 
and some other bases with phosphorohalidates.® 

When alkali phosphates were added a definite catalytic effect on the hydrolysis was 
noted. The effect of phosphate at 57-0° is illustrated in Table 2. 


TABLE 2. Effect of phosphate at 57-0°. 

pH _10*R (sec.-) Salt pH _ 104k (sec.) 
0 0-100m-Na,HPO, 8-80 
0-025m-Na,HPO, . . 0-050M-Na,HPO, 
0-050mM-Na,HPO, , ° 0-050mM-NaH,PO, 
0-075m-Na,HPO, 0-100m-Na,SO, 


Good first-order plots were again obtained in all cases and the sole phosphorus-con- 
taining products were diethyl phosphate and orthophosphate. This was shown by 
chromatography and by the fact that the experimental and theoretical alkali uptakes were 
in good agreement. The results are shown in the Figure and indicate that the increase 
in rate is proportional to the concentration of disodium hydrogen phosphate since at pH 
8-80 about 95% of the total secondary phosphoryl dissociation will be ionised (pK, of 
H,PO,” being 7-2 at 57-0° 1°). 

The following argument shows that the catalysis at pH 8-8 must be due to the HPO,” 
ion. From Table 2 it is evident that the H,PO,~ ion has little effect. Moreover, the value 
of k obtained at pH 9-30 with added disodium hydrogen phosphate may be calculated from 
the aqueous rate at pH 9-30 (obtained by interpolation) together with the increase due to 

*¢ Harned and Hamer, J. Amer. Chem. Soc., 1933, 55, 2294. 

* Dostrovsky and Halman, J., 1953, 508; Hudson and Harper, J., 1958, 1356; Heath, /., 1956, 


3796, 3804. 
1@ Harned and Embree, J. Amer. Chem. Soc., 1934, 56, 1050. 
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phosphate catalysis at pH 8-80 (10* = 10-9 calc.; 10-7 obs.). Since at the higher pH 
(HPO,2-] has changed very little whereas [PO,3-] has increased by a factor of approximately 
3 (pK, of HPO, ~12-5 (ref. 11)] it is clear that in this pH range the increased rate of hydro- 
lysis is due essentially to the HPO,?~ ion. 

It seems reasonable to assume that the first step in the catalysed hydrolysis involved 
a nucleophilic displacement on phosphorus by the HPO,?- ion, followed by hydrolysis 


Sr 


Effect of added salts on the hydrolysis of tetraethyl 
pyrophosphate at 57-0° and pH 8-80. 
A, Na,SO;. B, Na,HPO,. C, Pyridine. D 
Na,MePQ,. E, 2,6-Lutidine. 





0-/00 
Molarity of solution 


of the intermediate (II) produced. Further evidence recorded below strongly supports 
this view. 


hy 
(I) (EtO),PO-O-PO(OEt), ——> 2(EtO),PO,- + 2H* 


a) Po, - 


H,O 
(II) (EtO),PO-0-PO,** ——> (Et0),PO,- + HPO? +Ht . . . (A) 
4 (EtO),PO,- + H* - 


hy 
(EtO),PO,- + PO, ——> HPO? +H* . (B) 


If we consider pathway (A) in the annexed reaction scheme, the rate equations are as 
follows (the concentration of the intermediate being denoted as [II)): 


d[H*}/dt = 2k,[TEPP] + &,[TEPP][HPO,2-] + &,{IT) + hw lll 
d{II)/d¢ = k,[TEPP][HPO2-]— {II} . ... . (2) 
d{HPO,?")/dt = —k,{[TEPP][HPO,?-] + &,{IT] Hh eos 
If k, > k,, we may apply the stationary-state approximation, giving d{II]/dt = 0, and 


from (3) we then have d{HPO,?-}/dt = 0, #.e., [HPO,2-] = C®, and, assuming that [IT] is 
extremely small at any time, we obtain: 


d[TEPP}/dt = —(k, + k,C°)[TEPP] 


i.é., an overall first-order reaction, whose rate constant is a linear function of the initial 
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concentration of HPO,’ ion, C°, as is found in practice (see Figure). Pathway (B) 
gives similar results if both k, and k, > fy. 

The kinetic evidence strongly favours the formation of an intermediate P'P!-diethy] 
pyrophosphate (II). Additional grounds for believing that an intermediate is formed 
come from the effect of sulphite, pyridine, and 2,6-lutidine on the hydrolysis of tetraethy] 
pyrophosphate. In each case, the reaction followed strictly first-order kinetics with 
negligible discrepancy between the theoretical and observed infinity alkali titres; diethy] 
phosphate was the sole phosphorus-containing product. It is seen (see Figure) that 
sulphite (pK, of HSO,- ~ 7-2") has an effect very similar to that of the HPO,?~ ion. 
An intermediate of the type (III), if formed, would be expected to break down with extreme 
rapidity, as it has been shown ™ that in the alkaline hydrolysis of cyclic sulphites, inter- 
mediates of the type (IV; R = Alkyl) which must presumably be formed are too unstable 


(III) (EtO),PO-0-SO,- RO:SO,- (IV) 


to be detected. Replacement of R by a strongly electron-attracting group such as diethy] 
phosphoryl, as in (III), should lead to even greater instability. Pyridine has an effect 
comparable to that of the HPO,?- and HSO,~ ions, but lutidine has virtually none (see 
Figure). Since the sterically hindered lutidine is the stronger base (pK, for the lutidinium 
ion is 6-9 43 compared with 5-4 for the pyridinium ion '), one may reasonably conclude that 
the reaction involves a nucleophilic displacement by the base on phosphorus. These 
results are comparable with those obtained by Westheimer and his co-workers in their 
study of the solvolysis of tetrabenzyl pyrophosphate in presence of tertiary bases.'® 

However, decisive evidence that the ion (II) is an intermediate in the phosphate- 
catalysed hydrolysis of tetraethyl pyrophosphate comes from the fact that the phosphate 
is activated so as to phosphorylate added alcohols. When the hydrolysis was conducted 
in a saturated solution of disodium hydrogen phosphate in 50° methanol or 75°, ethylene 
glycol, paper chromatography showed the presence of methyl dihydrogen phosphate and 
2-hydroxyethyl dihydrogen phosphate respectively. The yields were low, presumably 
owing to the presence of water and the low concentration of phosphate. Alteration of 
the system to include salts of orthophosphate soluble in anhydrous solvents will be necessary 
if the method is to have practical value, but experiments along these lines have not been 
encouraging. 

We next consider the question of whether the reactions of the ion (II) are to be 
ascribed to Sy2 displacements generating the stable (EtO),PO,~ anion, as in equation (4), 
or to unimolecular breakdown to metaphosphate anion (V) followed by further reaction 


O oO o- O 
ty } 
(EtO),P-O—P OR—»(EtO),PO.-+-O-P-OR .... . (4) 
Wl & 
O- H H 
i, ROH _» RO-PO,H- 
| A ee 


wre whips hp. (5) 
base P,O,°-, etc. 
of the latter (5). The kinetic experiments provide no means of differentiation. Reactions 
with neutral molecules, ¢.g., alcohols, could be accommodated on either mechanism. We 


nevertheless favour mechanism (5) in which monomeric metaphosphate ion (V) is generated, 


11 Moeller, ‘‘ Inorganic Chemistry,” Chapman and Hall, London, 1952, p. 314. 

12 Bunton, de la Mare, Lennard, Llewellyn, Pearson, Pritchard, and Tillett, J., 1958, 4761. 
18 Golumbic and Orchin, J. Amer. Chem. Soc., 1950, 72, 4145. 

14 Barron, J. Biol. Chem., 1937, 12, 313. 

15 Westheimer, Chem. Soc. Special Publ., No. 8, 1957, p. 1. 
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on the following grounds. In the first place the remarkable instability of the ion (II) 
suggests that a special mechanism is involved. There seems no good reason for supposing 
the doubly charged P*-phosphoryl group to be a reactive electrophilic centre, although 
there is the possibility that it behaves as an internal base during reaction. Secondly, 
when tetraethyl pyrophosphate \. as heated at 100° with a concentrated solution of disodium 
hydrogen phosphate considerable quantities of polymetaphosphate were produced. 
Moreover, when the ester was added to a solution of NNN-trimethylanilinium dihydrogen 
phosphate in anhydrous formamide, with an excess of 2,6-lutidine to maintain a reasonable 
concentration of HPO,?- ion, conversion of the phosphate into trimetaphosphate was 
almost complete. Significantly, only traces of pyrophosphate were formed. 

That the problem is not necessarily simple can be seen when other reactions are con- 
sidered, in which metaphosphate elimination has been invoked. The phenyl hydrogen 
phosphate anion is comparatively unstable in aqueous solution,’ a property it shares with 
many other monoaryl and monoalkyl hydrogen phosphates,’” and the suggestion has been 
made, inter alia, that hydrolysis involves the formation and then rapid hydration of meta- 
phosphate.’*18 We have noticed, apparently for the first time, that when potassium 
phenyl hydrogen phosphate was heated in concentrated aqueous solution trimetaphosphate 
was formed and, again, pyrophosphate appeared to be absent. The solid salt was quite 
stable at 100°, as was a solution of dicyclohexylammonium phenyl hydrogen phosphate 
at 101° in dioxan, either anhydrous or containing one or two molar proportions of water. 
The observations, although crude, provide some support for the view that the decom- . 
position of phenyl hydrogen phosphate involves elimination of metaphosphate, but not 
by a simple unimolecular reaction since solvent molecules are almost certainly involved 
either directly or, perhaps, by affecting the dielectric properties of the medium. Meta- 
phosphate has also been discussed as a reaction intermediate in the breakdown of phos- 
phoramidic acids to account for formation of pyrophosphates and polymetaphosphates.!?*! 

Incidental to the above experiments the effect of methyl phosphate on the rate of 
hydrolysis of tetraethyl pyrophosphate was investigated (Table 3). It caused a marked 
increase in rate, and first-order rate constants were calculated for the earlier part of the 
hydrolysis (65—60°%) and are shown in the Figure. The logarithmic plot slowly deviated 
from linearity after about 60% hydrolysis. There was, too, a small but significant 
discrepancy (5—8%) between the theoretical and the observed infinity values for alkali 
uptake, indicating that a stable pyrophosphate was still present at the completion of the run. 


TABLE 3. 
[MePO,2-] 0-110m. pH 8-80 
ee MIE COED acs cccecnncccndcesininsbclsensscice 0 25 50 75 
First-order rate const. (x 10* sec.-*) ............eeeees 5-25 5-18 4-80 4-05 


Chromatography showed the presence of traces of a substance, slower-running than 
diethyl phosphate, which was identified as P!P?-dimethyl dihydrogen pyrophosphate by 
comparison with an authentic sample prepared by rearrangement of methyl hydrogen 
N-cyclohexylphosphoramidate.2* The detection of P!P!-diethyl P?-methyl hydrogen 
pyrophosphate as an end-product was prevented by the presence of very large amounts of 
diethyl phosphate. Although a sample of this triester was not available, the closely 
related trimethyl hydrogen pyrophosphate was prepared and found to be comparatively 
stable in water at pH 8-80 (¢; ~ 30 hr.). The dimethyl dihydrogen pyrophosphate must 


#6 Bunton, Llewellyn, Oldham, and Vernon, J., 1958, 3574. 

7 Desjobert, Bull. Soc. chim. France, \947, 14, 809; Thesis, Sorbonne, 1951. 

#8 Butcher and Westheimer, J. Amer. Chem. Soc., 1955, '77, 2420. 

Clark and Todd, J., 1950, 2031. 

20 Stokes, Amer. Chem. J., 1893, 15, 198; Goehring and Sambeth, Chem. Ber., 1957, 90, 232. 
*1 Cf. also Samuel and Westheimer, Chem. and Ind., 1959, 51. 

*2 Clark, Kirby, and Todd, J., 1957, 1497. 
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have been formed by exchange reactions, presumably through diethyl methyl hydrogen 
pyrophosphate, but the amount of reaction proceeding this way was small, as shown by the 
titration result, and so leaves at least the major part of the increase in hydrolysis rate 
unaccounted for. Evidently the rate of attack of methyl phosphate (pK, of MeHPO,- jg 
6-7 at 57°) 1® on tetraethyl pyrophosphate is much lower than that of orthophosphate, 
indicating that it is a considerably weaker nucleophilic agent. 


EXPERIMENTAL 


Paper chromatograms were run on Whatman No. 1 paper with propan-2-ol-ammonia- 
water (7:1: 2). 

Materials.—Tetraethyl pyrophosphate was commercial, “ pure” material (, 1-418}), 
In some experiments material (m, 1-4184), prepared by Toy’s method,* was used. In each 
case titrimetric assay with alkali indicated a purity of 95—98%. There was no fast-hydrolysing 
impurity as in material prepared from phosphoric oxide and triethyl phosphate.® 

Methyl phosphate was prepared from methanol and phosphory] chloride and isolated as the 
crystalline barium salt. This was converted into the sodium salt by treatment with the 
calculated amount of sodium sulphate. The recrystallised salt gave one spot on chromatograms 
(Rp 0-15) and showed no reaction for chloride or phosphate ions and only a very faint positive 
test for sulphate (Found: equiv., 265. Calc. for CH,Na,PO,,6H,O: equiv., 264). 

Disodium phosphate and sodium sulphite were of ‘“‘ AnalaR ”’ quality. 

Sodium Trimethyl Pyrophosphate-——Tetramethyl pyrophosphate was prepared by Toy’s 
method ¢ and had b. p. 108—110°/0-3 mm., m, 14124. Alkali assay gave a purity of 85%. 

To anhydrous sodium iodide (0-5 g.) in dry acetone (5 ml.) was added tetramethyl pyro- 
phosphate (0-7 ml., 1-1 mol.), and the mixture was set aside at room temperature for 8hr. The 
crystalline product (0-72 g.) separated and was collected and washed well with acetone. It had 
Ry 0-65 and gave no test for iodide (Found, in material dried at 0-2 mm./12 hr. at room tem- 
perature: C, 15-2; H, 4:1; P, 14-4. C,H,O,P,Na requires C, 14:9; H, 3-8; P, 14-7%). The 
crystalline salt, on storage for 8 months, absorbed water. A solution of the material was 
strongly acid and paper chromatography showed that almost complete conversion into dimethyl 
phosphate and P'!P?-dimethyl dihydrogen pyrophosphate had occurred. 

Methyl Hydrogen N-Cyclohexylphosphoramidate.—Benzyl hydrogen N-cyclohexylphos- 
phoramidate (2-0 g.) was dissolved in dioxan (20 ml.) and treated at 0° with excess of ethereal 
diazomethane. After 15 min. ether and diazomethane were removed in vacuo and the dioxan 
solution of benzyl methyl N-cyclohexylphosphoramidate was hydrogenated over 10% 
palladised charcoal. Uptake of hydrogen was rapid. The solvent was removed under reduced 
pressure and the residual oil taken up in ether. From this solution at 0° the product separated 
as fine needles, m. p. 90—91° (Found: C, 43-3; H, 8-7; N, 7:3%; equiv., 193. C,H,,O,NP 
requires C, 43-3; H, 8-3; N, 7-2%; equiv., 191). In air the crystals collapsed in one month to 
a viscous mass consisting almost entirely of dicyclohexylammonium dimethyl pyrophosphate. 

Dicyclohexylammonium Dimethyl Pyrophosphate.—After the hydrogenation step described 
above, the dioxan solution was heated at 100° for 4 hr. and then cooled. The product separated 
overnight in plates (0-62 g.), m. p. 205—206°, Ry 0-45 (Found: C, 41-1; H, 8-5; N, 6:8. 
C,gH,,0,N,P, requires C, 41-4; H, 8-5; N, 6-9%). 

The substance was also prepared by heating tetramethyl pyrophosphate in dry acetone with 
sodium iodide (2 mol.), but then always contained traces of dimethyl phosphate due presumably 
to trimethyl phosphate present as an impurity in the pyrophosphate. 

Hydrolyses of Tetraethyl Pyrophosphate-——These were carried out in a vessel fitted with 
a mechanical stirrer, containing 100 ml. of water or the appropriate aqueous salt solution 
maintained thermostatically at 57-0°. During the faster reactions the temperature tended to 
rise during the early part of the hydrolysis; the greatest rise (observed in the fastest reaction) 
amounted to 0-3°.  Tetraethyl pyrophosphate (0-5 ml.) was added and then carbon dioxide-free 
n-sodium hydroxide was run in, an automatic titrator being used to maintain the pH at the 
required value. Volume changes were neglected since the final titre was ca. 4 ml. and 
evaporation losses were 1—3 ml. depending on the length of the run. 

Reactions were, in general, followed over the range 0—80% hydrolysis, but values could 
not be obtained accurately in the first minute. For the slower reactions infinity values were 
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obtained by finally heating the reaction solution at 85° for 30 min. and did not differ significantly 
from those measured at 57-0°. In all cases the experimentally determined infinity value was 
used rather than the theoretical value since in some cases an appreciable discrepancy was 
noticed. The random error in the calculated rate constants was less than +5%. 

Reaction of Tetraethyl Pyrophosphate with Orthophosphate in Formamide.—NNN-Trimethy]l- 
anilinium dihydrogen phosphate (0-5 g.) was made by passing the anilinium iodide solution 
through a Dowex-2 column in the dihydrogen phosphate form and evaporating the effluent to 
dryness, giving white crystals. These were dissolved in dry formamide (15 ml.), and 2,6- 
jutidine (4 ml.) was added to maintain the concentration of HPO. Tetraethyl pyrophosphate 
(0-7 ml., 1-5 mol.) was added and the solution heated at 50° for 12 hr. Chromatography in 
propan-2-ol-trichloroacetic acid—water—-ammonia (Ebel *%) showed, by comparison with 
authentic specimens, that diethyl phosphate and trimetaphosphate alone were present, the 
latter being confirmed by the ability of the solution to coagulate egg albumin in dilute acetic 
acid. The solution gave a slight precipitate with cadmium chloride in dilute acetic acid, 
suggesting traces of pyrophosphate. 

When tetraethyl pyrophosphate was heated at 100° with concentrated disodium hydrogen 
phosphate solution positive tests for meta- but not pyro-phosphate were obtained. 

Phenyl Dihydrogen Phosphate.—This was prepared by the method of Chanley and Feageson *4 
and after recrystallisation had m. p. 100°. The monopotassium and the mono(dicyclohexyl- 
amine) salt were prepared by treating the free acid in ethanol—water with 1 mol. of potassium 
hydrogen carbonate and dicyclohexylamine respectively and removing the solvent under a 
vacuum at room temperature. Dicyclohexylammonium hydrogen phenyl phosphate formed 
needles from ethanol-ether (Found: C, 60-95; H, 8-6; N, 4:1. C,,H390,NP requires C, 60-85; 
H, 8-5; N, 40%). 

Potassium hydrogen phenyl phosphate (0-5 g.) was heated in water (0-5 ml.) at 100° for 30 
min. The presence of phenol was shown by a violet colour in ferric chloride solution and a 
white precipitate with bromine water. Chromatography in the Ebel system indicated the 
presence of trimetaphosphate, as did the ability of the solution to coagulate egg albumin. 

Dicyclohexylammonium hydrogen phenyl phosphate (200 mg.) was heated in dry dioxan 
(8 ml.) at 100°. Liberated phenol was estimated by treating aliquot portions with an excess 
of standard bromate—bromide solution and back-titrating the excess, after addition of potassium 
iodide, against standard thiosulphate solution. The starting material was found to consume 
1 mol. of bromine, compared with 3 mol. consumed by the liberated phenol. Even after 8 hr. 
at 100° only traces (<5%) of phenol were detectable. The addition of 1 and 2 mols. of water 
to the reaction solution had no significant effect. 


We thank Sir Alexander Todd, F.R.S., for his interest and for valuable discussions. 
Grateful acknowledgment is made to the Department of Scientific and Industrial Research 
for an Award (to N. K. H.). 


UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. (Received, August 20th, 1959.) 


*3 Ebel, Bull. Soc. chim. France, 1953, 991. 
* Chanley andFeageson, J. Amer. Chem. Soc., 1955, 77, 4002. 
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237. The Production of Active Solids by Thermal Decomposition, 
Part XI. The Heat Treatment of Precipitated Stannic Oxide. 


By J. F. GoopMan and S. J. GREGG. 


Two batches of stannic oxide gel have been prepared, batch A virtually 
ion-free by the hydrolysis of stannic ethoxide and batch B by precipitating 
aqueous stannic chloride with aqueous ammonia. Separate samples of each 
batch were heated for five hours at a series of fixed temperatures in the range 
25—1600° (batch A) or 25—1000° (batch B), and various properties of the 
cooled product were then determined. These include the specific surface by 
nitrogen adsorption; pore volume and average pore diameter by adsorption 
of the vapours of methanol and of carbon tetrachloride and by density 
measurements; the X-ray and electron diffraction pattern and the electron 
micrograph. Each batch shows a continuous decline of specific surface as 
the temperature of calcination is increased, but the pore volume of batch A 
varied only slightly between 25° and 1500°, indicating a very stable gel struc- 
ture. Batch B, on the other hand, showed a sharp increase in pore volume 
between 400° and 500°, owing to the expulsion of contaminating stannous 
chloride. The loss of specific surface for batch A becomes faster near 1100°, 
which probably marks the Tammann temperature, and suggests that the 
melting point of stannic oxide is ca. 2500°. 


Tue calcination of precipitated silica, discussed in Part X,! exhibits somewhat unusual 
characteristics and it was considered worthwhile to subject precipitated stannic oxide toa 
corresponding examination. Stannic oxide might be expected to show some similarities 
to silica (in view of the rather close chemical relation between the two oxides), and yet 
certain differences also, since SnO,, unlike the amorphous SiQ,, is crystalline even at low 
temperatures. At the same time the opportunity was taken to study the effect of ions 
present during precipitation, by preparing one sample of stannic oxide under virtually 
ion-free conditions (as in Part X * for silica) and another in the presence of a significant 
concentration of ions. 


EXPERIMENTAL 


Materials.—The first, ‘‘ ion-free,’’ sample of stannic oxide (batch A) was obtained by the 
hydrolysis of stannic ethoxide. A solution made by dissolving freshly distilled stannic chloride 
in dried absolute alcohol was added dropwise to an equivalent quantity of sodium ethoxide 
also dissolved in absolute alcohol, and the mixture refluxed for 30 hr.; the precipitated sodium 
chloride was removed by rapid filtration, and the solution poured into a large excess of 
distilled water. After a few hours the supernatant liquid was siphoned off and distilled 
water added. The siphoned liquid contained a small quantity of chloride ions; this was 
expected since sodium chloride is slightly soluble in alcohol. The precipitate was washed 
several times with distilled water, filtered, air-dried at 25°, and broken into lumps. Although 
there may be a trace of ionic impurity in this sample (due to contamination with sodium 
chloride), for the present purposes it may be considered virtually ion-free. 

Batch B, the ion-contaminated sample, was prepared from stannic chloride by precipitation 
with aqueous ammonia. Precipitation was carried out in three large tanks, each containing an 
excess of distilled water. Equal quantities of 1-2N-ammonia and of 1-0N-stannic chloride were [7 
run separately into each tank from two aspirators, vigorous stirring being maintained during [7 
the precipitation. The gel was allowed to settle overnight, then the supernatant liquid was 
siphoned off and the sludges were transferred to a single tank. After being washed several 
times with distilled water the precipitate was filtered off and air-dried at 15°. The gel was crushed 
to obtain a sample in which the ionic impurities were evenly distributed. 

On thermogravimetric analysis * batch A, like silica, gave results corresponding to the loss 
of adsorbed water only, with a single peak at ca. 200° in the curve of AW/AT against T (W = 
weight of sample, T = temperature). In contrast batch B, the ion-contaminated sample, 

1 Part X, Goodman and Gregg, J., 1959, 694. 
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gave, in addition, subsidiary peaks at 350° and 550°; chemical analysis suggested that the 

"at 350° was caused by the loss of ammonium chloride, and that at 550° by the loss of 
stannous chloride formed presumably by the decomposition of a basic stannic chloride. Batch 
A. therefore, consists of a pure hydrous oxide, whilst batch B is contaminated with ammonium 
chloride and a basic stannic chloride. The results gave no evidence for a stoicheiometric 
hydrate in either batch, confirming the view that the so-called ‘‘ stannic acids ’’ are, in fact, 
stannic oxide containing adsorbed water. 

Procedure.—Portions of each batch were heated for 5 hr. each at a fixed temperature within 
the range 25—1600°. The “ water’ content, w, corresponding to each temperature of 
calcination was obtained by repeating the calcination with a separate portion of the starting 
material, then raising the temperature to 1000° and keeping it there until constant weight was 
obtained, as registered on the thermal balance. The properties of the cooled product were 
determined by procedures previously outlined (Parts IX * and X14): (i) Specific surface by 
nitrogen adsorption * at —183°; (ii) sorption isotherms at 22° of methanol and of carbon 
tetrachloride; ‘ (iii) apparent density by displacement in mercury,? pyg, and in carbon tetra- 
chloride * egq,; (iv) X-ray and electron diffraction patterns and the electron micrograph." 
The electron diffraction patterns were obtained from selected areas of the electron micrograph, 
the intermediate aperture being used to isolate a circular area ca. 0-8 micron in diameter. For 
samples heated at the higher temperatures (above ca. 500°) individual crystals could be 
identified unambiguously by selecting diffraction spots with the objective aperture for the 
dark-field micrograph. Finally, a portion of the starting material of each batch was examined 
dilatometrically. A compact was made by compressing the crushed gel, and the length of 
the compact was followed with a simple extensometer ? while the temperature was raised at . 
200°/hr. Its volume was calculated on the assumption that it shrinks isotropically. 


RESULTS 


We report first the results for pure stannic oxide (batch A). The specific surface diminishes 
continuously with increasing temperature of calcination, apart from a small rise at the low 
temperature end of the curve (Fig. 1, Curve I); correspondingly the average crystallite length / 


Fic. 1. Plotof surface area S (in m.* per g. of sample) 
of calcined stannic oxide against temperature of 
calcination. 





Surtace area(SXm?per g. of-sample) 





o 400° 800° 200° 
Temp. of calcinotion(C) 

(calculated as / = 6/pS where p is the true density and S is the specific surface per g. of solid 
material) increases as the temperature of calcination increases. This growth in crystallite size 
is confirmed by the X-ray and the electron optical results. The X-radiograms show an 
increasing sharpness of the cassiterite pattern as the calcination temperature increases; the 
selected area diffraction patterns are, for the 200° and 300° samples, continuous rings consistent 
with aggregates of small crystals; at 500° they are composed of spots; and at higher tem- 
peratures the patterns represent the superposition of the patterns of a few individual crystallites. 

* Goodman and Gregg, J., 1956, 3612. 

® Gregg, J., 1953, 3940. 

* Pierce et al., J. Phys. Chem., 1949, 58, 669; 1953, 57, 64. 

* Cottrell, “ Dislocations and Plastic Flow in Crystals,” Clarendon Press, Oxford 1953, Chapter V. 
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In the electron micrographs (see Plate) taken with the dark-field technique, individya) 


crystallites could be distinguished and their average linear dimension 8 estimated; the values 
of / and 8 were in satisfactory accord (Table 1). 


TABLE 1. Crystallite size (A) and volume to surface ratio (A). 


Temp. ...... 200° 300° 500° 800° 1100° 1200° 1350° 1400° 
E . miepsecancan 66 82 337 880 1400 2610 _ 10,900 
i saspacieehea -- 15—80 50—300 100—600 400—1500 — 1000—6000 ase 
V/i0e8S...... 4-9 8-2 42 115 — 300 1500 * = 
* At 1400°. 
| = Crystallite length from / = 6/pS. 8 = Crystallite length from electron micrograph. V = 
Pore volume, cm.? per g. of sample. = Specific surface, m.? per g. of sample. 


TABLE 2. Stannic oxide, batch A. Dependence of specific surface on time 


of outgassing. 
Temp. (°c) 25° 25° 25° 105° 105° 105° 105° 105° 105° 200° 
Time (hr.) l 5 20 1 5 20 67 229 487 5 
oF peagepeceades 171 175 174 125 150 163 163 163 163 172 
© ncsccccsnevs 11-0 9-6 9-0 12-8 9-8 8-0 7-6 7-4 71 5-2 


S’ = Surface area in m.? per g. of SnO,. w = Water content, g. per 100 g. of SnO,. 


The initial rise in curve I is probably a reflection of the marked dependence of the measured 
specific surface on the conditions of outgassing. As is seen from Table 2, the specific surface 
at first increases with time of outgassing at both 25° and 105°, probably because of the removal 
of water from the finest pores, whereby surface which was previously covered or inaccessible 
becomes exposed. After a time, however, the surface fails to increase further even though the 
water content is falling; and this suggests that the increasé in surface which should be brought 
about by loss of water is now being outweighed by a loss of area due to sintering (Part I 4). 
The actual value obtained for specific surface will thus depend on such factors as the water 
content before outgassing, and the initial maximum of curve I is therefore probably devoid of 
particular significance. 

The pore volume V was calculated both as the difference (1/ey, — 1/pou,), and by application 
of the Gurwitsch relation to the carbon tetrachloride isotherms; the values by the two methods 
agree reasonably well (<5%) for any given sample (cf. Part X 1). In contrast to the specific 
surface, the pore volume and correspondingly the lump volume (=1/pq,) undergo remarkably 
little alteration with change in temperature below 1500°. The ratio V:S must therefore 
increase extensively as temperature of calcination increases, so that the average pore width 
[oc(V/S)]*# must likewise increase; and the pore-size distribution, since V is nearly constant, 
must alter in favour of the larger pores. The forms of the adsorption isotherms are in accord 
with this: the type I isotherm obtained with low-temperature samples (Fig. 3 and 4) is 
characteristic of adsorbents having pores of molecular dimensions; * as temperature of calcin- 
ation increases, type IV isotherms indicative of larger pores are obtained and the hysteresis 
loop moves towards high pressures, denoting an increase in the average pore diameter d. The 
value of d calculated as d = 4V/S (cylindrical pores thus being assumed 2) is in broad agreement 
with the size of the interstices between the crystallites estimated from the electron micrographs. 
For example, pores of molecular dimensions (20—40 A) can be clearly distinguished in the 
micrograph of the 300° sample (Plate), in good agreement with the value of d = 35 A calculated 
from the V: S ratio. Similarly, the 1350° sample shows pores of irregular shape, having widths 
between about 1000 and 5000 A as compared with the V: S ratio of 1500 A, or the value of 
d = 6000 A for cylindrical pores. 

Calcination of the ion-contaminated sample (batch B) covered a smaller range of temperature, 
but the curve for specific surface is qualitatively similar to that for batch A except that the peak 
at the low-temperature end is more pronounced. The results for volume showed a marked 
difference, however, for in the region of 400—500°, where according to the thermogravimetric 
analysis stannous chloride is being driven off, both the lump and the pore volume (Fig. 2) show 
a large and sudden increase to a high value which diminishes irregularly and slowly with rise 
in temperature. 
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L »n micrographs of ion-free stannic oxide (batch A) calcined at (a) 300°, (b) 1350° c. 
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In (a) crystallites 15—80 A long and pores 20—40 A across can be distinguished; and in (b) crystallites 


1000—6000 A long and pores 1000—5000 A across. 


(To face p. 1164. 
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The sharp increases in lump volume and in pore volume corresponded to a marked change 
in the physical appearance of the material: the sample heated to 420° still had its original 
appearance of discrete gel fragments, but. the sample heated to 520° was transformed into a 
single lump moulded into the bottom of the test tube used for its preparation. 


Fic. 3. Sorption isotherms at 22° of carbon 
tetrachloride vapour on ion-free stannic 
oxide (batch A) calcined at different temper- 
atures. The temperature of calcination is 
marked on each isotherm. Tails denote 
desorption points. 
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Relative pressure(p/p,) 





Fic. 2. Plot, for calcined stannic oxide, of 
(a) lump volume, (b) pore volume from 
density data, against temperature of calcin- 
ation. 
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DISCUSSION 


The results for batch A will be discussed first. The diminution is specific surface with 
increase in temperature of calcination is similar to that found with ferric oxide * and with 
silica + and is consistent with the fact that stannic oxide gel is a hydrous oxide; as there 
is no change in lattice when the water is driven off, a rise in the temperature of calcination 
produces sintering but not activation,’ and the area thus shows only a tendency to decrease. 
(The small rise at the low-temperature end has already been explained.) 

Perhaps the most striking feature of the results is that the large decrease in specific 
surface between 100° and 1450° from 163 to 0-8 m.? g.+ is accompanied by an almost 
negligible change in pore volume and in lump volume. The growth in crystallite size 
responsible for the reduction in specific surface must occur in such a way as to alter the 
pore-size distribution in favour of the larger pores without significantly altering either the 
total volume of the pores or the overall volume of each grain, the volume of the small 
pores as they are eliminated being added to that of larger ones. This kind of behaviour 


can be explained if there are some crystallites whose growth is favoured at the expense of 
QQ 
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their neighbours. Such crystallites would presumably be those which have the lowest 
strain energy and are suitably oriented so that adhesion to neighbours occurred through 
large-angle grain boundaries, growth involving plastic flow across the grain boundaries § 
by the movement of dislocations. 

By analogy with other systems (¢.g., the gels of ferric oxide,” silica,’ alumina, titania ?) 
acceleration of the sintering process might be expected at a temperature near 0-57, 
(Tm =m. p. in °K).8 Reference to Fig. 5 shows that at ca. 1100° an accelerated loss of 
area does indeed occur. Unfortunately the melting point of SnO, is unknown and the 
best data available indicate only that it lies above 2200°K.® If we accept the view that 
the accelerated loss of area at about 1100°c marks 0-57, then the melting point will be ca, 
2750°K. It is interesting that many reference books incorrectly list the m. p. of SnO, as 
1127°, approximately the temperature which marks the accelerated sintering process. 

In the region 300—500° the rate of loss of surface area first seems to accelerate and 
then to decelerate somewhat as the temperature rises. This feature may well be connected 
with the fact that a small reversible crystallographic change from the alpha- to the beta- 
form of cassiterite is believed to occur at 425°; 1° the occurrence of this transformation 
implies an enhanced mobility in this temperature region. 


G 
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Fic. 5. Plot of log S’ against calcination temperature 
for stannic oxide (batch A) and ferric oxide (batch 
B).1 (S’ ='surface area in m.* per g. of SnO, 
or of Fe,O;.) For SnO, use left-hand, for Fe,0, 
use right-hand, scale. 
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Despite the accelerated loss of surface area above 1100°, it is only at 1550—1600° that 
the pore volume suddenly falls to zero (within the limits of experimental error), showing 
that the gel structure collapses at a temperature much in excess of 0-57,,. Analogous 
behaviour is found with ferric oxide gel batch B, where the gel structure was observed to 
collapse at 1000—1100°, although accelerated loss in surface area was observed above 
0-57, for this gel also.* With several other oxides however (e.g., alumina,® silica, 
titania,” some samples of ferric oxide,? and probably magnesia ") a rapid fall in both pore 
volume and surface area occurs in a range of temperature close to 0-57,,. (With many 
oxides it is probable that sealed-off pores remain which can only be removed by very 
prolonged heating at temperatures near the melting point.™*) The difference in behaviour 


* The point for the 600° sample of ferric oxide (batch B; Part IX) was incorrectly plotted. The 
correct curve is plotted for comparison with SnO, in Fig. 5 of this paper where the sudden change in 
slope near 650° is seen. For ferric oxide 0-57,, ~ 660°. 


* Gregg and Wheatley, J., 1955, 3804. 

7 Asher and Gregg, also Gregg and Pope, unpublished work. 

* Finch and Sinha, Proc. Roy. Soc., 1957, A, 289, 145. 

* Brewer, Chem. Rev., 1953, 52, 1. 

1 Laschenko and Kompananskii, J. Appl. Chem. (U.S.S.R.), 1935, 8, 628. 
™ Gregg and Packer, J., 1955, 51. 

'? Bourke, J]. Amer. Ceram. Soc., 1957, 40, 80. 
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of different oxides is not altogether surprising: the ease with which the framework ot a 
particular gel can collapse would depend, not only on the mobility of its constituent ions, 
but also on such factors as the shape and relative orientation of the sol particles in the 
original gel, and the rate at which the temperature is raised;* these factors can vary 
widely according to the chemical nature of the gel, the mode of its preparation, and its 
subsequent treatment. 

The main feature of interest with the ion-contaminated material (batch B) is the 
marked increase in lump volume and in pore volume (Fig. 2) which accompanies the 
expulsion of the ionic impurity, probably stannous chloride. The increase is a natural 
consequence of the cementing together of the gel fragments, which has already been 
referred to; for the mercury used in determining the density for calculation of pore volume 
(vapour-adsorption isotherms were not measured for batch B) could not penetrate between 
the gel fragments; but why such a cementing effect should accompany the loss of volatile 
impurity is not clear. One possibility is that high internal gas pressures are set up which 
press neighbouring crystallites together and so promote their adhesion. 

Conclusion.—Stannic oxide shows more resemblances to other crystalline oxides than 
to silica in its sintering behaviour. The peculiarities observed with silica may therefore 
be ascribed to its amorphous character (Part X).! 

For ion-free stannic oxide, calcination results in a growth of wide pores at the expense 
of narrow, without a significant change in pore volume below ca. 1550°. The loss of 
surface area and the crystal growth which accompany this process possibly occur by the | 
adhesion of crystallites under the influence of surface forces, involving plastic flow across 
the grain boundaries by the movement of dislocations. The accelerated loss in specific 
surface observed at 1100° is believed to mark the Tammann temperature (~0-5T7,,), 
indicating that the melting point, T,,, of stannic oxide is ca. 2500°. 

The temperature, 1550°, at which the pore volume begins to diminish, is well above 
0-57, showing that the gel structure of the ion-free stannic oxide specimen used for this 
investigation is exceptionally stable. On the other hand, the loss of impurity from the 
ion-contaminated sample of stannic oxide caused the discrete gel fragments to cement 
together, resulting in an abrupt increase in lump volume at a much lower temperature, 
near 500°. 


We thank D.S.I.R. for a maintenance grant (to J. F.G.). The electron-optical examination 
was carried out during the tenure of the Acheson Research Fellowship at Cambridge University 
(by J. F. G.), and the authors thank Dr. F. P. Bowden for making this examination possible. 
They thank also Dr. H. P. Rooksby of G.E.C, Research Laboratories, Wembley, for heating the 
sample of SnO, at 1550—1600°c. 
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238. Homolytic Reactions of Aromatic Side Chains. Part I, 
Reactions of t-Butyl Peroxide with Aromatic Compounds. 


By K. M. JoHNsTon and GARETH H. WILLIAMs. 


The reactions of t-butyl peroxide with aromatic compounds containing 
alkyl side chains give good yields of the corresponding dehydrogeno-dimers. 
Toluene, ethylbenzene, isopropylbenzene, p-cymene, diphenylmethane, 
4-methylbiphenyl, o-, m-, and ~-chloro-, ~-bromo-, and p-iodo-toluene, B- 
and y-picoline, and p-methylanisole react in this way. Smaller amounts 
of higher-boiling products, consisting mainly of dehydrogeno-trimers, are 
also formed with some substrates. No dimeric product is, however, formed 
in the reaction of t-butyl peroxide with anisole. 


THE thermal decomposition of t-butyl peroxide in aromatic solvents (RH) has been 
shown * to yield t-butoxy- and methyl radicals, which react further with the solvent 
by abstraction of hydrogen atoms to give the radicals R*. If the solvent RH contains a 
simple alkyl side chain, abstraction takes place mainly from the a-carbon atom, giving 
stabilised benzyl-type radicals which react further by dimerisation. Raley, Rust, and 
Vaughan * thus isolated 2,3-dimethyl-2,3-diphenylbutane on reaction of t-butyl peroxide 
with isopropylbenzene, and Farmer and Moore ‘ obtained analogous products after similar 
reactions with ethylbenzene and toluene in sealed vessels at 140°. As well as the simple 
dimers, unidentified high-boiling residues were obtained, which may well have consisted of 
the products of reactions of the radicals derived from the decomposition of the peroxide with 
the primary dimeric products, since the decomposition is rapid at the relatively high tem- 
perature at which the reactions were conducted. Moreover, the concentration of t-butyl 
peroxide used was very high, and hence subsequent reactions of the primary products 
would be expected to take place under these conditions. Thus, in the reactions with 
these compounds at lower temperatures with much lower concentrations of t-butyl peroxide, 
which are reported in the present communication, no high-boiling residue was obtained 
with ethylbenzene, and only a small amount with toluene. 

Apart from these reactions of t-butyl peroxide with alkylbenzenes, the only other 
reaction with t-butyl peroxide likely to yield a simple product of radical dimerisation 
which has been investigated previously is that of the peroxide with #-chlorotoluene from 
which Beckwith and Waters 5 isolated 4,4’-dichlorobibenzyl. This result has also been 
confirmed in the present work. 

The reactions of t-butyl peroxide with the following substrates, from which dimeric 
products were obtained, are now reported: toluene, ethylbenzene, isopropylbenzene, 
p-cymene, diphenylmethane, 4-methylbiphenyl, 0-, m-, and #-chloro-, #-bromo-, and 
p-iodo-toluene, B- and y-picoline, and #-methylanisole.6 It has been shown that the 
reaction proceeds smoothly at considerably lower temperatures than have previously been 
employed, although with some substrates higher yields of the dimeric products have been 
obtained at higher temperatures, probably because, at the lower temperatures, insufficient 
time was allowed for the complete decomposition of the peroxide. The dimeric product 
of the reaction with ethylbenzene was a mixture of the racemic and the meso-form of 
2,3-diphenylbutane, which were separated by crystallisation from methanol. This is in 
accord with the findings of Hey, Pengilly, and Williams,’ who isolated both forms of this 
compound from the reaction of ethylbenzene with benzoyl peroxide. The reaction of 

1 Raley, Rust, and Vaughan, J. Amer. Chem. Soc., 1948, 70, 88. 

* Rust, Seubold, and Vaughan, J. Amer. Chem. Soc., 1948, 70, 95. 

* Murawski, Roberts, and Szwarc, J. Chem. Phys., 1951, 19, 698. 

* Farmer and Moore, J., 1951, 131. 

; Beckwith and Waters, J., 1957, 1001. 


Cf. Johnston and Williams, Chem. and Ind., 1958, 328. 
* Hey, Pengilly, and Williams, J., 1956, 1463. 


“mpereotwwerereroens eke 


—~a sa Rhwec > 


2S & et hie 





[1960] Homolytic Reactions of Aromatic Side Chains. Part I. 1169 


t-butyl peroxide with p-cymene yielded only one dimer, namely, 2,3-dimethyl-2,3-di-p- 
tolylbutane. The other possible product, 4,4’-di-isopropylbibenzyl, was not isolated and 
could, therefore, have been formed only in very small amount. No dimer was obtained 
on decomposition of t-butyl peroxide in anisole, the only product being a dark, involatile 
residue: this is not unexpected, since the radicals which would be formed from anisole by 
hydrogen-abstraction from the methoxy-group are not resonance-stabilised, and hence 
would not be expected to behave in the same way as the radicals derived from the other 
compounds investigated. On the other hand, the dimeric product, 4,4’-dimethoxy- 
bibenzyl, was obtained from the reaction of t-butyl peroxide with #-methylanisole, 
although in rather low yield; this is obviously formed by dimerisation of the p-methoxy- 
benzyl radicals arising by hydrogen-abstraction from the methyl group, and the low yield 
may well be due to the fact that an alternative primary reaction of the t-butoxy-radicals 
also takes place, namely, that with the methoxy-group. This reaction would, by analogy 
with that of anisole, be expected to yield only intractable high-boiling material. 


EXPERIMENTAL 


t-Butyl peroxide (Light and Co.) was used without further purification, since its purity had 
been established by Brook,® who analysed it by vapour-phase chromatography. Ethylbenzene 
and isopropylbenzene were purified by the procedure described by Hey, Pengilly, and Williams.’ 
Toluene and p-chlorotoluene were purified by the same method. Wheeler and Smithey’s 
method ® was used for the purification of p-cymene. Diphenylmethane was purified by 
fractional distillation im vacuo through a helix-packed column (b. p. 140°/18 mm.). -Bromo- 
and p-iodo-toluene (m. p.s 28° and 35° respectively) were crystallised from ethanol. Gomberg 
and Pernert’s method 1° was used for the preparation of 4-methylbiphenyl (m. p. 47°). Anisole, 
p-methylanisole, and o- and m-chlorotoluene were fractionally distilled through a helix-packed 
column (b. p.s 155°, 176°, 158°, and 161°/760 mm. respectively). 8-Picoline (b. p. 143°/760 mm.) 
and y-picoline (b. p. 143°/760 mm., »,** 1-5043) were fractionally distilled from sodium 
hydroxide. 4,4’-Dichloro-, -dibromo-, and -di-iodo-bibenzyl were prepared by means of the 
Sandmeyer reaction from 4,4’-diaminobibenzyl. Details of these preparations will be reported 
later. . 
Decomposition of t-Butyl Peroxide in Pure Solvents.—The reactions were allowed to proceed 
for the required time at temperatures between 100° and 140° under an atmosphere of oxygen- 
free nitrogen; the low-boiling products (acetone and/or t-butyl alcohol), together with any 
unchanged t-butyl peroxide and the excess of solvent, were then removed through a helix- 
packed column. The remaining material was transferred to a small distillation flask with the 
minimum quantity of dry benzene and fractionally distilled in vacuo. Details of the reactions 
with various solvents are summarised below. The Table shows the reaction conditions and the 
products are described separately. 


But,O, Time But,O, Time 
Substrate (g.) (g.) Temp. (hr.) Substrate (g.) (g-) Temp. (hr.) 
Toluene (92-1) 4-0 110° 72 p-Chlorotoluene (100) ... 3-75 130° 48 
Ethylbenzene (106) 4: 110 p-Bromotoluene (170) ... 4:0 100 120 
Isopropylbenzene (218)... 140 p-Iodotoluene (73) , 100 168 
p-Cymene (218) 8 140 Anisole (108) 4 110 72 
Diphenylmethane (84) ... , 140 p-Methylanisole (100) ... 3- 105 120 
4-Methylbiphenyl (56) ... 110 y-Picoline (100) . 127 48 
o-Chlorotoluene (100) ... 110 B-Picoline (100) 127 48 
m- ” (100) ... 110 
Toluene. This gave bibenzyl (1-563 g.), m. p. and mixed m. p. 51°, b. p. 85—90°/0-2 mm., 
and a residue (0-187 g.), b. p. >150°/0-2 mm. 
Ethylbenzene. A semi-solid mixture of the racemic and the meso-form of 2,3-diphenylbutane 


® Brook, Trans. Faraday Soc., 1957, 58, 327. 
® Wheeler and Smithey, J. Amer. Chem. Soc., 1921, 48, 2611. 
© Gomberg and Pernert, J. Amer. Chem. Soc., 1926, 48, 1372. 
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(3-02 g.) was obtained, but no higher-boiling material. The meso-form is almost insoluble ip 
methanol. After filtration, the methanolic solution was distilled, giving racemic 2,3-dipheny]- 
butane, b. p. 124—125°/2-5 mm., n,”° 1-5510 (Hey, Pengilly, and Williams’ reported b, p. 
116°/2 mm., »,** 1-5495). meso-2,3-Diphenylbutane, crystallised from nitromethane, had 
m. p. 126° (lit.,”? 128°). 

Isopropylbenzene. 2,3-Dimethyl-2,3-diphenylbutane (10-0 g.), m. p. 115°, was characterised 
by its mixed m. p. No high-boiling residue was formed. 

p-Cymene. 2,3-Dimethyl-2,3-di-p-tolylbutane (9-3 g.), m. p. 154°, (lit... 157°), was 
crystallised from ethanol. No high-boiling residue was formed. 

Diphenylmethane. This gave 1,1,2,2-tetraphenylethane (5-3 g.), m. p. 210° (lit.,2* 209°), and 
no high-boiling residue. 

4-Methylbiphenyl. This gave 4,4’-diphenylbibenzyl (2-3 g.), m. p. 202° (lit.,4* 205°) (from 
ethanol), and a residue (0-1 g.), b. p. >180°/0-05 mm. 

o-Chlorotoluene. The products were 2,2’-dichlorobibenzyl (3-01 g.), m. p. 62° (from ethanol) 
(lit.,24 65°), and a fraction (0-56 g.), b. p. 180—200°/0-01 mm., probably mainly 1,2,3-tri-o-chloro- 
phenylpropane, together with some dechlorinated material (Found: C, 68-0; H, 5-1; Cl, 25-7, 
Cale. for Cy,H,,Cl,;: C, 67-1; H, 4-6; Cl, 28-3%). A high-boiling residue (0-41 g.), b. p. 
> 200°/0-01 mm., was also formed. 

m-Chlorotoluene. This gave 3,3’-dichlorobibenzyl (0-585 g.), m. p. 52° (from ethanol) (Found: 
C, 67-0; H, 4-8; Cl, 27%; M, 239. C,,H,,Cl, requires C, 67-0; H, 4-2; Cl, 28-2%; M, 251-2), 
which had all the infrared absorption maxima of 1,3-disubstituted derivatives of benzene.™ A 
higher-boiling fraction (0-24 g.), b. p. 182—198°/0-01 mm., was almost certainly chiefly the 
dehydrogeno-trimer, 1,2,3-tri-m-chlorophenylpropane, together with some dechlorinated 
material (Found: C, 70-5; H, 5-4; Cl, 25-0. Calc. for C,,H,,Cl,: C, 67-1; H, 4-6; Cl, 28-3%). 
A high-boiling residue (0-46 g.), b. p. >200°/0-1 mm., was also formed. 

p-Chlorotoluene. Products were: 4,4’-dichlorobibenzyl (2-3 g.) (from ethanol), m. p. and 
mixed m. p. 101° (Found: Cl, 28-56%; M, 237. Calc. for C,,H,,Cl,; Cl, 28-2%; M, 251-2);a 
fraction (0-35 g.), b. p. 180—200°/0-01 mm., probably mainly 1,2,3-tri-p-chlorophenylpropane; 
and a residue (0-63 g.), b. p. >200°/0-01 mm. 

p-Bromotoluene. This gave 4,4’-dibromobibenzy] (1-16 g.) (from ethanol), m. p. and mixed 
m. p. 114°, and a residue (0-34 g.), b. p. >150°/0-5 mm. A similar experiment with t-butyl 
peroxide (3-75 g.) and p-bromotoluene (78 g.) at 130° for 48 hr. gave 4,4’-dibromobibenzyl 
(3-0 g.). 

p-Iodotoluene.—4,4’-Di-iodobibenzy] (1-64 g.), m. p. and mixed m. p. 152°, a fraction (0-22 g.), 
which sublimed at 320° (bath-temp./0-5 mm.), m. p. 230—232°, probably 4,4’-di-iodostilbene,” 
and a residue (0-380 g.), b. p. >300°/0-5 mm., were formed. 

Anisole. Only low-boiling products, and a residue (0-38 g.), b. p. >250°/1 mm., were 
obtained. 

p-Methylanisole.—Distillation gave 4,4’-dimethoxylbibenzy] (0-452 g.), m. p. 125° (lit.,17 125°), 
a fraction (0-370 g.), b. p. 185—200°/0-03 mm., and a residue (0-385 g.), b. p. >220°/0-03 mm. 

y-Picoline.—This gave 1,2-di-4’-pyridylethane (2-0 g.), m. p. 111° (lit.,4* 110—111°) (from 
cyclohexane-benzene) [dimethiodide, m. p. 322° (lit.,18 322°) (Found: C, 36-1; H, 4-0; N, 6-3; 
I, 54-2. Calc. for C,,H,,N,I,: C, 35-9; H, 3-9; N, 6-0; I, 54-2%); dipicrate, m. p. 278° (Found: 
C, 45-4; H, 2-7; N, 17-0. C,.4H,,0,,N, requires C, 44-9; H, 2-8; N, 17-4%)]. The ultraviolet 
absorption spectrum of the dipyridylethane showed it to be free from 1,2-di-4’-pyridylethylene, 
since there was no appreciable absorption in the region of 295 my, where the C=C absorption 
maximum of this compound occurs. A high-boiling residue (1-31 g.) was also formed in the 
reaction. 

B-Picoline. Distillation gave 1,2-di-3’-pyridylethane (2-2 g.), b. p. 110—112°/1 mm., m. p. 
34—36° (from ether at —40°) (Found: C, 78-2; H, 6-6; N, 153%; M, 180. C,,H,,N, requires 


11 Boedter and Hierlar, Compt. rend., 1929, 188, 1681. 

12 Biltz, Annalen, 1897, 296, 221. 

18 Hopff and Koulen, Chem. Ber., 1952, 85, 897. 

14 Thiele and Holzinger, Annalen, 1899, 305, 100. 

18 Randle and Whiffen, “‘ The Characteristic Vibration Frequencies of Substituted Benzenes: 
Molecular Spectroscopy,” Institute of Petroleum, London, 1955, p. 111. 

16 Meyer and Hofmann, Monatsh., 1917, 38, 151. 

17 Buck and Jenkins, J. Amer. Chem. Soc., 1929, 51, 2166. 

18 Bergmann, Crane, and Fuoss, J. Amer. Chem. Soc., 1952, 74, 5979. 
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C, 782; H, 66; N, 15:2%; M, 184) [dipicrate, m. p. 244—245° (Found: C, 44-7; H, 2-8; 
N, 17-2. CogH s014Ne requires C, 44-9; H, 2-8; N, 17-4%)]. 


One of us (K. M. J.) thanks the Department of Scientific and Industrial Research for the 
award of a maintenance grant. 


Kinc’s COLLEGE, STRAND, Lonpon, W.C.2. [Received, September 10th, 1959.] 





239. The Kinetics of Alkaline Hydrolysis of 2-, 3-, and 4-Ethoxy- 
carbonylpyridines and their 1-Oxides. 
By P. R. FALKNER and D. Harrison. 


Rates of alkaline hydrolysis, in 70% (w/w) ethanol-water, of the esters 
named in the title have been measured in the temperature range 15—35°. 
All six are hydrolysed more rapidly than ethyl benzoate; for the pyridine 
esters the order is 4 > 2 > 3, but for the l-oxides it is 3~2>4. The 
electronic interpretation of the latter order is discussed. 


Recent studies of substituted pyridine l-oxides, as summarized by Katritzky, Randall, 
and Sutton,! show that the N-oxide group may act as an electron-donor or -acceptor, 
depending on the requirements of any group attached to the carbon atom considered. 
This duality is observed also in reactivities; ¢.g., the 4-position is activated to both 
nucleophilic and electrophilic attack.2 The theoretical interpretation of these facts has 
been considered by Jaffé,? and more recently by Barnes.* 

The object of the present investigation is to obtain quantitative information con- 
cerning the rates of reaction of pyridine l-oxides. As a first step we have studied the 
alkaline hydrolysis of ethoxycarbonylpyridine l-oxides in ethanol—-water (70% w/w). We 
have also measured rates of hydrolysis of the ethoxycarbonylpyridines, since the only 
previous determinations were at one temperature only.6 A kinetic study of the hydrolysis 
of amides of the pyridine series has recently been reported.® 


EXPERIMENTAL 


Esters —Ethoxycarbonylpyridines were prepared from the acids by use of ethanol-sulphuric 
acid and purified by fractional distillation: 2-, b. p. 125°/12 mm., m,”° 1-5105 (lit.,” 1-5104) ; 
3-, b. p. 105°/11—12 mm., m,,*° 1-5040 (lit.,” 15038); 4-, b. p. 100—101°/11 mm., u,,*° 1-5016 
(lit.,? 15017). 3- and 4-Ethoxycarbonylpyridine l-oxides were prepared by Katritzky’s 
method * and had m. p. 99-5—101-5° and 68—70° respectively (lit.,2 100-5—102-5° and 63-5— 
65°), Amax, 224, 272 my (ce 24,700, 12,500) and Agax, 223, 293-5 my (e 11,100, 19,700) respectively 
in 95% EtOH. 2-Ethoxycarbonylpyridine 1l-oxide was obtained by the method of Katritzky 
et al.® except that the yield was increased from 3% to 30% by using sodium hydrogen carbonate 
in place of sodium carbonate in the working up. The ester, which darkened considerably when 
kept, had b. p. 152—160°/1-1—1-2 mm., ,®° 1-5570, Amax. 217, 272 my (e 13,500, 10,300) in 95% 
ethanol (Found: N, 8-0. Calc. for C,H,NO,: N, 8-4%). 

Acids.—For the pK measurements, pure samples of pyridine-3- and -4-carboxylic acid were 
crystallised three times from water, and pyridine-2-carboxylic acid from benzene. The 1l-oxide 
of the last formed needles, m. p. 159—160° (lit.,° 160°), from methanol. 

Solvent.—The solvent used throughout was aqueous ethanol d33 0-8646 (70-55% w/w). 

1 Katritzky, Randall, and Sutton, J * eae 1769. 

* Katritzky, Quart. Rev., 1956, 10, 3 

8 Jafié, J. Chem. Phys., 1952, 20, 1554. 


* Barnes, J. Amer. Chem. Soc., 1959, 81, 1935. 
5 Kindler, Ber., 1936, 69, 2806. 


* Favini, Rend. Ist. Lombardi Sci., 1957, 91, 162. 

7 Mena and Nunez, Ciencia, 1954, 14, 156. 

* Katritzky, J., 1956, 2404. 

® Katritzky, Monro, Beard, Dearnaley, and Earl, J., 1958, 2182. 
Hata, Bull. Chem. Soc. Japan, 1958, 81, 255. 
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Hydrolysis Rates——(a) Ethoxycarbonylpyridines. A standard titration procedure was 
employed as described by Elderfield and Siegel.14 Solutions were approx. 0-04M-sodium 
hydroxide and 0-02m-ester in 70% aqueous ethanol. The thermostat bath was maintained 
within +0-01° of the required temperature. 

(b) Ethoxycarbonylpyridine 1-oxides. The titration procedure was replaced by a conducto- 
metric method on account of the very rapid hydrolysis of these esters. Conductances were 
measured on a direct-reading conductivity bridge (Cambridge Instruments) with an accuracy 
of +0-2%. The conductivity cell was of the type described by Evans and Hamann.!2 The 
ester solution (20 ml.; approx. 0-005m) was placed in the electrode compartment, and sodium 
hydroxide (20 ml.; approx. 0-01m) in the smaller compartment. After the whole had reached 
temperature equilibrium with the bath, the solutions were rapidly mixed and conductance 
readings were taken after suitable intervals of time (generally 15—30 sec.). The reactions were 
followed to about 70% hydrolysis and 15—20 readings were taken. A linear relation being 
assumed between conductance and hydroxyl-ion concentration, the concentration of unchanged 
ester at time # is given by ¢ = Cy (K; — Kx)/(Ko — Kp), Where ¢, is the initial concentration of 
ester, Ko the initial conductance, x,, that when hydrolysis is complete, and «, that at time /, 
Ko was determined from the conductance of a mixture of equal volumes of the sodium hydroxide 
solution and solvent, with a correction (+0-5% of the total) for the conductance due to the 


TABLE 1. Rates of hydrolysis of R°CO,Et as logyok (k in 1. mole sec.*). 


E 

R 15° 17° 20° 25° 30° 35° log A (kcal. mole*) 
2-Pyridyl ......... — 1-488 —1-189 —0-858 93 14-4 
3-Pyridyl ......... —1-701 —1-416 —1101 86 13-7 
4-Pyridyl ......... — 0-939 —0-692 —0-415 80 12-0 
2-Pyridyl l-oxide —0-053 +0121 +0277 +0425 +0587 9-7 13-0 
3-Pyridyl l-oxide —0-112 +0083 +0258 +0412 +0587 10-5 141 
4-Pyridyl l-oxide —0-378 —0-186 —0-026 +0:143 +0272 97 13-3 
Phenyl ...........- — 3-355 —3-031 ; —2:650 87 16-1 


ester itself. «,, was determined when the conductance had attained a constant value (usually 
1—2 hr.). Blank runs with alkali alone gave no detectable change in conductance over this 
time. At least two runs were carried out on each ester at each temperature. The complete 
series included sets of runs in which both ester concentration and alkali concentration were 
varied. Good agreement with second-order kinetics was obtained in all cases. Table 1 gives 
the mean rate constants obtained together with the derived values of log,, A and E for the 
Arrhenius equation logy, k = logy, A — E/2-303RT. 

pK Values.—These were obtained by a simple potentiometric method using 0-005m-solutions 
of the acid and its sodium salt. 


DISCUSSION 

No great significance can be given to small differences in log A or E values since these 
quantities are very sensitive to experimental error. However, the values of log A for 3- 
and 4-ethoxycarbonylpyridine appear to be approximately the same as for ethyl benzoate. 
The 2-isomer may be abnormal owing to the proximity of the nitrogen atom (cf. Simonetta 
and Favini**), All three ethoxycarbonylpyridines and thcir 1-oxides have lower activation 
energies than ethyl benzoate. The very rapid hydrolysis of the l-oxides, however, is not 
associated with abnormally low activation energies, but rather with log A values which are 
about 1 unit higher than for the other esters studied. 

Under the conditions of hydrolysis used, a mechanism other than B,o2 is unlikely. It 
has been established by studies of substituted ethyl benzoates that the activation energy 
in such reactions is decreased by an increase in the electron-attracting power of the 
attached residue. The observed order 4-pyridyl < 3-pyridyl is thus in agreement with the 
conclusion from other evidence that the ring nitrogen atom withdraws electrons more 
effectively from the 4- than from the 3-position. For the 2-ester, steric effects may be 
an interfering factor. It is interesting that, whilst in the series studied here the 2-ester 


1 Elderfield and Siegel, J. Amer. Chem. Soc., 1951, 73, 5622. 
12 Evans and Hamann, Trans. Faraday Soc., 1951, 47, 31. 
13 Simonetta and Favini, Gazzetta, 1954, 84, 566; 1955, 85, 1025. 
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is hydrolysed faster than its 3-isomer, the reverse is the case for the alkaline hydrolysis of 
the acetates of the pyridylmethanols.* . 

For the 1-oxides, all three esters are hydrolysed about 1000 times more rapidly than 
ethyl benzoate. Hence very powerful electron-withdrawal must be affecting all positions 
of the ring and being relayed to the attached ethoxycarbonyl groups. This cannot be a 
conjugative process since the 3- is affected more than the 4-position. Instead, we suggest 
that the dominant factor is electron-withdrawal by a “ direct”’ effect as discussed by 
Ingold * or by a normal inductive effect through the o-electrons of the ring. The latter 
effect would diminish with increasing distance from the powerfully electron-attracting 
nitrogen atom which probably carries a considerable positive charge. The present 
example is somewhat similar to cases studied by Roberts, Clement, and Drysdale, and 
by Rooda, Verkade, and Wepster,"* in both of which greater electron-withdrawal from the 
meta- than from the para-position of a substituted benzene was observed. For the 
l-oxides studied here, mesomeric effects are possible in either direction, but presumably 
they are too weak to alter the order of reactivity for the 3- and 4-positions. A “‘ direct ” 
or inductive effect as postulated above, does not explain why the 2-ester differs only 
slightly in rate of reaction from its 3-isomer although the ethoxycarbonyl group is much 
nearer to the nitrogen atom. A possible explanation is that the formation of the transition 
state is subject to steric hindrance in the 2-ester. 

For the 4-position, conjugative electron-release to the ethoxycarbonyl group is a 
possible deactivating factor, but spectroscopic evidence indicates that this is unlikely in 
the 2-position. We have observed that, in the spectra of the esters in ethanol, the main 
band in the 270 my region is almost identical in position for the 2- and the 3-ester, but is 
shifted to longer wavelengths (ca. 20 my) and intensified for the 4-ester. Similar observ- 
ation on the acids 1° could be a result of hydrogen bonding, but this is clearly not the case 
for the esters. In the latter, the ethoxycarbonyl group in the 2-position is twisted out of 
the plane of the ring and is hence unable to conjugate appreciably with it (cf. infrared 
spectra *). Mesomeric electron-release to the ring carbon atom is, however, still possible. 

Reactions of the type studied here have been discussed in terms of the Hammett 
equation,!” substituent constants being defined for the replacement of -CH= of a benzene 
ring by -N=. Table 2 summarizes values of these constants (o, 63, and o,) derived from 
all available data. Where the same reaction has been studied at different temperatures, 
only one has been selected for the present purpose. In our view, the values do not 
constitute very strong evidence for the validity of the Hammett equation in this series, 
particularly in view of the similarity of several of the reactions involved. Poor agreement 
is not unexpected for the o, values, but variations of, ¢.g., 0-45—1-3 in the case of o, are 
quite unsatisfactory. 

In general, it is preferable to define o values in terms of the thermodynamic dissociation 
constants of carboxylic acids 18 and to use these to determine reaction constants (pe). In 
the pyridine series, the required dissociation constants cannot be measured directly 
because of the large proportion of zwitterion present in aqueous solutions. Of two 
possible indirect methods, one 1**! uses spectrophotometric measurements to calculate the 
true constant for the equilibrium: 


e oO 
on == co,- + Ht 
Sn SN 


Ingold, “ Structure and Mechanism in Organic Chemistry,” Bell, 1953, pp. 731, 732. 
8 Roberts, Clement, and Drysdale, J. Amer. Chem. Soc., 1951, 78, 2181. 

1® Rooda, Verkade, and Wepster, Rec. Trav. chim., 1954, 78, 849. 

1” Hammett, J. Amer. Chem. Soc., 1937, 59, 96. 

18 McDaniel and Brown, J. Org. Chem., 1958, 28, 420. 

Green and Tong, J. Amer. Chem. Soc., 1956, 78, 4896. 

Stephenson and Sponer, J. Amer. Chem. Soc., 1957, 79, 2050. 

*t Lumme, Suomen Kem., 1957, 30, B, 168. 
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from observed pK values. Green and Tong explain the assumptions involved in this 
method, and do not claim great accuracy for the results. An alternative method uses pK 
measurements in partially non-aqueous solvents to reduce the amount of zwitterion present 
(cf. Elderfield and Siegel ™). Neither method is sufficiently reliable to define ‘‘ primary” 
s constants. 

Cavill, Gibson, and Nyholm * determined pK values in water for sparingly soluble 
substituted benzoic acids by making pH measurements in aqueous acetone and extra. 
polating them to 100% water by use of an empirical function of solvent composition which 
gave a linear plot. A preliminary study of pyridine-3-carboxylic acid revealed, however, 
that the same function gave a curved plot even at 70% of acetone. Hence, this method 
was also regarded as unsuitable for definition of accurate o values. 

In view of these difficulties, for the various reactions and equilibria in Table 2 we have 
evaluated the expression (1/p) logy, (&4/ks), where k, and k, are the rate or equilibrium con- 
stants for the 4- and the 3-isomers respectively. The p values are those obtained from 
measurements on benzene derivatives and tabulated by Jaffé.2%* The values of the above 
expression in cols. 1, 3, 4, and possibly 5 agree well with each other, as expected if the 
Hammett equation were applicable (these would be values of o, — o,) although the 
individual values of o, and o, differ greatly. This suggests an equation of the type, 
logy, k = x + es, in which the constant x is determined by both the reaction considered 
and the series (benzene, pyridine). The Hammett equation uses the value logy, ko (hy is 
the rate or equilibrium constant for the unsubstituted benzene) throughout. If o isa 
measure of the electron density at a particular ring-carbon atom, and pe indicates the 
extent to which the rate of a reaction is affected by changes in this electron density, the 
same value of p might be expected to hold in different series. We intend to carry out 
further measurements to test the validity of the modified equation suggested above, and 


TABLE 2. Hammett substituent constants for replacement of —-C= by -N=. 
(1) (2) (3) (4) (5) 


Pe ae Sana ae nee 0-08 0-08 0-81 Ll 0-37 
ea sahllicaasesicacptnabaiaadtediedansh 0-45 0-59 0-62 1-3 0-55 
Bek Md ca abcipsesvinkctcetitostethcbtonne 0-76 0-70 0-93 1-6 0-95 
ST NS REL HE 0-31 0-15 0-76 0-076 0-47 
IR osacicicinecbenningrtences 0-31 0-09 0-31 0-30 0-39 


(1) From dissociation constants of acids in water.!® (2) From dissociation constants of acids in 
50% ethanol [values determined by present authors: pK = 5-53 (2-acid), 4-81 (3-acid), 4-66 (4-acid)]: 
poor agreement of the (1/p) log,) &,/k, values with those in other column ssuggests that considerable 
amounts of zwitterion form are present. (3) From rates of alkaline hydrolysis of ethoxycarbonyl- 
pyridines at 30°. (4) From rates of alkaline hydrolysis of pyridylmethy] acetates at 20°.18 (5) From 
rates of alkaline hydrolysis of pyridine-carboxyamides at 64-5°.* 


to determine whether p values measured in the benzene series are in fact applicable to the 
pyridine series. 

If we take o, — o, = 0-31, our rate measurements give the value e = 2-3 for the 
alkaline hydrolysis of pyridine esters in 70% ethanol at 25°. For the 1l-oxides, values of 
o, and o, from dissociation constants in water or 50% ethanol agree well ® (zwitterion 
formation is relatively unimportant) and along with our rate measurements give similarly 
a value p = 2-2, of the order observed for substituted benzoic esters in similar solvent 
mixtures. The pK values of pyridine-2-carboxylic acid l-oxide (3-55 in water, 4-72 in 
50% ethanol) give o, = 0-65, quite different from the value (1-5) expected from the rate 
of hydrolysis of the corresponding ester. Clearly, the 2-isomers are anomalous in both the 
pyridines and their l1-oxides as far as the Hammett-type treatment is concerned. 


ScIENCE DEPARTMENT, NOTTINGHAM & DistrRIcT TECHNICAL COLLEGE, 
NOTTINGHAM. [Received, September 29th, 1959.) 


*2 Cavill, Gibson, and Nyholm, J., 1949, 2466. 
%3 Jafié, Chem. Rev., 1953, 58, 191. 
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240. Stationary Current—Voltage Curves for Complex Electrode 
Processes. 


By A. C. RippiForp. 


By considering stationary current-voltage curves, it is shown (a) that 
a general relation can be deduced for the sum of the reaction, charge transfer, 
and transport resistances which applies to a single electrode process of any 
degree of complexity, (b) that the approximate concentration-dependence 
of the exchange current for any step in a sequence of simple consecutive 
reactions can be expressed by means of a single equation, and (c) that in the 
absence of parallel processes this equation also applies to more complex 
electrode processes. 


Tue stoicheiometric number for a given step in the mechanism of an electrode process, 
a concept introduced by Horiuti,’ and the dependence of the exchange current for this 
step upon the concentrations of species entering into the overall stoicheiometric equation,* 
are two of the diagnostic criteria which have been developed for the elucidation of the 
mechanisms of electrode processes.* The general relationships upon which the use of 
these two criteria depends may be deduced in a number of ways, one of which involves the 
consideration of stationary current-voltage curves. 

These relationships have been deduced by a number of workers for various special sets 
of circumstances. A complete review of the many contributions in this field will not be 
attempted here; for our present purpose, and purely by way of illustration, it suffices to 
draw attention to some of the cases which have been considered. Vetter,? for example, 
treated the case of processes for which there is a single electron-transfer step of unit 
stoicheiometric number, in which rate-control could be exerted both by the electrode 
process itself and by one or more of the transport processes. Subsequently,’ he considered 
the case of a coupled sequence of different electron-transfer steps, again of unit stoicheio- 
metric number, but on this occasion he did not include non-electron transfer steps in the 
reaction scheme, nor did he consider the possible effect of the transport processes upon the 
overall rate. Parsons ® considered a general sequence of steps in which there is a single 
rate-determining step, the stoicheiometric number of which is not necessarily unity, but 
did not consider the possibility of transport control. This treatment was modified by 
Bockris * to take transport control into account. 

Recently, Mauser 1° has shown how many of the earlier relations can be generalised 
for a sequence of simple consecutive reactions, each of which may be either an electron- 
transfer step or an ordinary chemical reaction taking place at the electrode surface. In 
order to do this, he found it necessary to assume that the reaction mechanism is known, 
and he then established the conditions under which one or more of the unit steps can 
determine the overall rate of the electrode process without, however, considering the 
transport processes. 

It was felt that his treatment could be made even more general and, therefore, it is 


* For reviews of these diagnostic criteria and references see, ¢.g., Bockris,? Vetter,‘ Grahame,’ 
Gerischer,* and Delahay.’ 


1 Horiuti, J. Res. Inst. Catalysis, Hokkaido, 1948, 1, 8; Horiuti and Ikusima, Proc. Imp. Acad. 
Japan, 1939, 15, 39. 
* Vetter, Z. phys. Chem., 1950, 194, 284. 
* Bockris, “‘ Modern Aspects of Electrochemistry,” Chap. IV, Butterworths, 1954; Ann. Rev. 
Phys. Chem., 1954, 5, 477. 
* Vetter, Z. Elektrochem., 1955, 59, 596. 
5 Grahame, Ann. Rev. Phys. Chem., 1955, 6, 337. 
* Gerischer, Angew. Chem., 1956, 68, 20. 
7 Delahay, Ann. Rev. Phys. Chem., 1957, 8, 229. 
® Vetter, Z. Naturforsch., 1952, 7a, 328. 
* Parsons, Trans. Faraday Soc., 1951, 47, 1332. 
1 Mauser, Z. Elektrochem., 1958, 62, 419. 
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the purpose of the present work to show (a) that a general relation for the initial slope of 
the current-voltage curve can be deduced which applies to a single electrode process of 
any degree of complexity, whatever the degree of transport control, (6) that the multiplicity 
of equations obtained by Mauser for the concentration dependence of the exchange 
velocities can be replaced by a more general equation, and (c) that this equation is not 
only valid for systems of simple consecutive reactions of the type considered by Mauser, 
but also applies to more complex processes. To simplify the problem, it will be assumed 
that an excess of indifferent electrolyte is present.® 


1. THE STOICHEIOMETRIC EQUATION AND EXCHANGE VELOCITIES 

The course of the electrode process will be represented by the following set of unit 

steps, no specific order being assumed at the outset, but there being s different unit steps 
in all: 

TyyAy + typAg + °° ** + rayAy = OA, + OypAg + °° ** + OyAy + 207 } 

TayAy + Fogg + °° ** + PayAy = OgyAy + OggAg + °° * * + OgyAy + 2907 | 


l 
FyAy + Tighe + °° °° + MjyAy SS OA, + OjgAg +°°°* + OjyAy + 2ye7 0) 





raAy + rade +°*°** + yAy == On Ai + OgAe+°°°° + OgAy + 2,e7 J 


It should be noted that A,, A,, .. . , Ay, together represent every different type of reactant, 
product, and intermediate species entering into the mechanism, where these three terms 
will be defined below. If there are m intermediate species in a given mechanism, it will be 
convenient to identify them with the species A,, Ag, ...., An. 

By a unit step is meant a simple step to which the law of mass action is directly 
applicable, so that the stoicheiometric coefficients o and 7 are also kinetic coefficients and 
hence are either small positive integers or zero; they can never be negative. For this 
reason, and in order to avoid confusion with the commonly employed stoicheiometric 
coefficients (denoted by v and introduced below), o and 7 will be termed the kinetic 
coefficients while v will simply be termed the stoicheiometric coefficient. In practice, the 
possible values for any kinetic coefficient so defined are 0, 1, and 2. 

For any unit step, say the j-th, z; can be zero (ordinary chemical step), 1 (in the case, for 
example, of an electron-transfer step in a redox process) or 2, 3, etc. (e.g., incorporation of 
a multivalent cation into the lattice of the electrode).5 

At first sight this notation may seem unnecessarily cumbersome, particularly since 
most of the kinetic coefficients appearing in the equations (1) are zero. It has been chosen 
for three reasons. First, these coefficients are, in fact, those which are established by 
experimental kinetic studies: secondly, by means of these kinetic coefficients we can 
define unambiguously the stoicheiometric number of any given step; thirdly, this notation, 
or its equivalent, is necessary for the complete generality of the arguments advanced in 
the following sections. 

The overall stoicheiometric equation for the electrode process can now be formed, and 
the stoicheiometric number of a given unit step can be defined, in the following way. 


Multiplying each of the equations (1) by the corresponding stoicheiometric number, y 7 


for the j-th unit step, and adding the s equations gives the overall stoicheiometric equation: 


8 8 y 8 
2 S vst = 2, 2 wioyAs + 2 wae” él. Og 


j=li= 


the stoicheiometric numbers being so chosen that for any intermediate species, say A,, 
we have: 


> yfan = >> Yj2%jn ene CO Et tL 6G (3) 
j=1 j=l 
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The usual stoicheiometric coefficients, vj; for the species A; in the j-th unit aed are 
obtained from expressions of the form: 


04 — Te = Vi oe oa ek are a Pe (4) 
and for the same species in the overall stoicheiometric equation 


DH —- >ue= Dow=w . . . . . . & 
j=1 j=1 j=1 


From equation (5), if vy; is negative then the species A; is a reactant, but if positive it is a 
product. Equation (3) is based upon the usual definition of an intermediate species, 
y= 0.* Hence the overall stoicheiometric equation may also be written in the more 
usual form: 


> wAr + ze- =0 ene ete 


i= 
where oo 2,08 — . 6 Se) e 6 eee 


and, because of the assumption of the presence of an excess of indifferent electrolyte, the 
Nernst equation for the equilibrium electrode potentiai, ¢., may be expressed in the 
approximate form: 


RT 
do = ¢° <1 oF 3 Vi In C; 4) te he (8) 


In this equation, ¢° is the standard (concentration) electrode potential, and C; denotes the 
concentration of the 1-th species at electrochemical equilibrium. 

The net velocity of the 7-th unit step when the electrode is sustaining a current 1 may 
be written: f 


tj = a exp (3a4P4/RT) TT Ci — by, <exp (—B/P$/RT) TTC . . (9) 


where ¢ is the potential of the working electrode, C; denotes the stationary concentration 
of A; at the electrode surface, and a and 8; are the transfer coefficients. It will be 
assumed that «; and 8; sum to unity, as is usually, but not necessarily," the case, and that 
their values do not vary with ¢. When z;=0 (chemical reaction), the anodic and 
cathodic rate constants for this unit step, k;,, and kj,., respectively, are the ordinary 
chemical rate constants. 

From equation (9), the exchange velocity of the 7-th unit step is given by: 


Vjo = hj,q exp (aj2zjFbo/RT) Il Cys 


= hj, exp (—Bj2z)F$o/RT) Tc ag a ee 


* If the terms “‘ reactant,” ‘‘ product,”” and “ intermediate ’’ are defined in this way, the use of the 
kinetic coefficients rj, and 0,, obviates the need for specifying whether a given species A; is a * * reduced ” 
or “ oxidised ” species in the j-th unit step, etc. The stoicheiometric coefficients v,, and » should not 
be confused with those used by Mauser.!¢ 

t See, ¢.g., Vetter.24 The net velocity and current will be taken as positive for net anodic processes 
and negative for net cathodic processes. 


™ Audubert, J. Phys. Radium, 1942, 8, 81; Discuss. Faraday Soc., 1947, 1, 72; Bonnemay, Compt. 
rend., 1946, 222, 793, 1222; 223, 76; J. Chim. " phy s., 1947, 44, 187; Riddiford, se Surface Phenomena in 
Chemistry and Biology,” Pergamon, London, 1958, p. 224. 
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and is positive. The condition for a stationary state can be expressed in the form: * 


Vy/y = Yalta = ss = Ulee= 9 - - - - « (I) 


where v, the overall velocity, refers to the process symbolised by equations (2) and (6), 
Then 
te a ee a 


and, like the current 7, is taken as positive for net anodic processes but as negative for net 
cathodic processes. 


2. THE INITIAL SLOPE OF THE CURRENT-VOLTAGE CURVE, 
AND THE EXCHANGE CURRENTS 


From equations (9)—(12), the ratio of the net velocity of the j-th unit step to the 
exchange velocity of that step is given by: 


4 of rH C O*%% 
") — tt _ exp (a,2;nF/RT) It(@) ‘me exp (—Bj2zjnF/RT) II fal - (13) 


Vjgo ZF Vjo i=1 
where n=¢— os oe Be 5 a oe 


is the overpotential; 7 is positive for net anodic processes. Differentiating equation (13) 
with respect to ¢ gives: 


a ox (ayy Co\"s yg ol 
~~, ¥~ exp (aj2zjnF/RT) II (2) {aes /RT +> Ty: ed 


C,\% él C; 
—exp (—82mrinT) TT (E)"{—soniar + $42}. 08 


i=1 


At electrochemical equilibrium, i and 7 are zero, and C; = Cj, etc., so that equation (15) 


becomes: 
wy ( & _ 3F ain C; 7 éln CG; 
ZF jo (4) a0 RT + Pad ap }n=0 2. &$ Jn=o fh: 


From equations (5) and (7), multiplying each of the s equations (16) by the corresponding 
stoicheiometric number and then adding, we obtain: 











a ¢ ‘ 2F y ain; 
= = —— , me 2 oy 
(poids 2Fvj RT 2” ( og ki, 7) 
For the transport of the 7-th reactant or product species to or from the electrode surface 
CilCy = 1 — tfitim i 1 


where tim,; is the transport limiting current for the given species,!” and is reckoned positive 
for reactant species. From equation (18), 


(22S) =--L(&).., Pike Atle ip ae 


* Mauser '° expresses the condition, incorrectly, as vu, = Vgpe = . . . . = Vet, = UV. 


12 Agar and Bowden, Proc. Roy. Soc., 1938, A, 169, 206. 
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Introducing the equations (19) into (17) gives finally: 


(3), = (#), 7 Fe - 3 2)- - + + (20) 


and it should be noted that this equation is valid whatever the degree of complexity of 
the electrode process; indeed, if one takes into account current views concerning the 
influence of the structure of the electrical double layer upon the rates of processes taking 
place at an electrode surface in the absence of specific adsorption," it is a simple matter 
to show that the same equation will hold whether an excess of supporting electrolyte is 
present or not.* 

On the right-hand side of equation (20), the term (R7/zF)5yu,?/zFv;, taken over all 
unit steps for which z; 40 is a measure of the charge transfer resistance; similarly, 
(RT/2F)Svi"/2F ro (ze = 0) and —(RT/zF)>vi/iim.i, respectively, are measures of the 
reaction resistance and transport resistance.* It will be observed that the ratio vj/ijm, ¢ 
is negative for all Aj;. 

The limiting transport currents are accurately calculable in certain cases.“ In other 
cases, it is often possible to measure at least one of the limiting currents, when the remainder 
can be calculated. In such cases, however, it is important to show that the limiting 
current so found is, in fact, due to transport control and not the result of a slow stage in 
the reaction mechanism.t This is readily done by applying the usual diagnostic criteria . 
for transport control,!® or by studying a process known to be subject to transport control 
in a system having the same transport characteristics as the one under investigation. 16 

Thus, the sum of the charge transfer and reaction resistances may be determined from 
the initial slope of the current-voltage curve, provided that this sum is not very small in 
comparison with the transport resistance.{ 

Finally, it is instructive to consider the relation between the exchange velocity of a 
unit step and the corresponding exchange current. Parsons® studied the case when 
there is a single rate-determining step, say the j-th, and obtained the following equation 
(expressed in the present notation) : 


(2n/2i)y—0 = RTyj/2Fix 


in which 4, is the exchange current for the j-th unit step. For this particular case, 
equation (20) reduces to: 


(On/ dt), =9 > RT p,?/22Fv;, 
which is identical with Parsons’s expression provided that 4j. is defined as follows: 


tio = ZF vjo/u, . = ae ° . (21) 
An alternative definition 
to = 2jF Vjo 


has been used by some workers, possibly because they do not favour the concept of an 


* Cases in which the degree of surface coverage is potential dependent will be considered elsewhere. 
t See, e.g., Fig. 1 in ref. 10. 

{¢ If it is, one must resort to other methods. See, e.g., Gerischer * and Delahay.’ 

§ The common practice of referring to the exchange current of an electrode process is misleading. 


- 18 my Z. Elektrochem., 1955, 59, 807; Breiter, Kleinerman, and Delahay, J. Amer. Chem. Soc., 
58, 80, 5111. e 

4 Levich, Acta Physicochim. U.R.S.S., 1942, 17, 257; Zhur. fiz. Khim., 1944, 18, 335; Discuss. 
Faraday Soc., 1947, 1, 37; Koutyetskii and Levich, Doklady Akad. Nauk S.S.S.R., 1957, 117, 441; 
Gregory and Riddiford, J., 1956, 3756. 

48 Bircumshaw and Riddiford, Quart. Rev., 1952, 6, 157. 

16 Ibl, Chimia, 1955, 9, 135. 
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exchange current for unit steps which do not involve electron transfer (z;= 0). This 
view is more logical, but less convenient, than that implied by equation (21), and the 
latter will be retained as the general definition in the following sections.* Equation (20) 
may then be written in the form: 


BY Mbt B $25) ; 
: = ~_— - pt, oor] oot aa 
(3 9-0 2F jot Py sa (204) 


3. DEPENDENCE OF EXCHANGE CURRENTS UPON CONCENTRATION 


From equations (10) and (21), taking logarithms and introducing equation (8), we have 
In i = In (hy, o2F/u) + ayeuF/RT +S (ry + eyzynf2) In C; 
i=1 
= In (bj, <2F/us) — Bja)FF4°/RT + > — Byywiz)InC, . . (22) 


If the concentrations of all reactant and product species are kept constant except one, 
say Cm, then from equation (22), 


(2 In tp/2 In Cn)omy = 7 (4 + 042;v4/2)(2 In C,]2 11 Cm)em 


= ¥ (oy — Baynls(@l CldIn Culm). - 3) 


i=1 


[where the subscript (m) indicates that the concentrations of all reactant and product 

species except the m-th are kept constant. The concentrations of the intermediates will, 

of course, vary]. We suppose that there are » intermediate species, A,, A,,..., A, 

(vy = 0), and that A,,1,..., Ay, are the reactant and product species (v; ~ 0), when 
(Ain C;/8 ln Cr)omy = 1, fort =m, 


=0, fors<m,1,2,...,%. 


Then equation (23) may be written: 


Me 


(2 In 4/0 In Cm)cm) = Vim + Oj ZjVyn/Z + 


t 


rji( In C;/a In Cm) 
1 


Me 


= Ojm — Bj2j¥m/z sd Oji(8 In C;/@ In Cm)m) . (24) 


t 


1 


and it is by the application of modifications of this equation to experimental data for the 
variation of a given exchange current with the concentration of a reactant or product 
species (or with the equilibrium potential of the electrode) that the mechanisms of a 
number of electrode processes have been diagnosed. 

The modifications result from the elimination of the terms involving the concentrations 
of the intermediate species. Mauser,!® for example, considered the case of a mechanism 
comprising simple consecutive reactions in which any A; of the » — 1 intermediates 
A,, Ag, .. . , An—1, appears only on the right-hand side of the i-th step and on the left-hand 


* Clearly, the two definitions are different even for unit steps involving electron transfer since, in 
general, z/u; # z (see equation 7). 
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side of the (¢ + 1)-th step. It follows that there is not more than one intermediate on ont 
side of a given unit step. For this case, equation (24) becomes: 


(8 In 40/8 In Con)emy = Fm + 0425%m]z + 74¢j—4(9 In C;_ 4/8 In Con) my 
= Ojm — Bj2j¥m/Z ao 04(0 In C;/a In Cm)«m) . (25) 


(@In C;_,/@ In Cm) m) may be found from the 7 — 1 equations of form (25) for the steps 
which precede the j-th; multiplying each such equation by the corresponding stoicheio- 
metric number and adding gives: 


éln C Sok Vm Ima} 
t-100-20-0 (Fine ag “Stent FZ CO 


Similarly, from the steps 7 + 1 to n 


one) _¢< _ Ym 
Yj +175 +)5 ( in Cm me em er ee ee 


Introducing these equations into equation (25), we find: 


(8 In tjo/8 In Cm) om) = Fm + %2jVm/2 — 2 S UEVim += > Lee 
= Ojm — Bj2v je++ 5 —_™* $ (28) 
jm "<j¥m, yk Fe 1 UkVim yz bat 3 . ° 


which is the general equation from which equations (51) to (58) in Mauser’s article are 
readily obtainable, i.e., the use of the stoicheiometric coefficients 0 and r obviates the 
necessity for a multiplicity of equations. There is no need to specify that A, is a reactant 
species, for example, nor is there any need to specify where it enters into the mechanism. 
The essential difference is that, whereas Mauser’s considerations are based upon a given 
mechanism, the present argument can be applied, with obvious reservations, to any 
mechanism for a system comprising simple consecutive reactions, 7.¢., it can be used for 
diagnostic purposes. 

Other equations have been developed for diagnostic purposes. For example, in the 
case of a mechanism in which there is but one electron-transfer step in a sequence of simple 
consecutive reactions, say the j-th, Vetter 1” derived the following equation: 


(2m i] bom = er (« + 2) = pe — —9 + i) are gam 


Vn/Z 


for the case when all reactant and product species except the m-th are maintained at 
constant concentration, and 


(a In 4,/8 In C)em,n) = 2m,r —| VmZn, rl¥n = 2m,o <— Vm2n,o] Yn . . (30) 
for the case when all reactant and product species are maintained at constant concen- 
tration except the m-th and n-th species, one of which is a reactant and the other a product. 


The concentrations of these two species are varied in such a manner that the equilibrium 


17 Vetter, Z. Elektrochem., 1951, 55, 123. 
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potential remains unchanged. From equation (28), it is readily seen that for the case of 
mechanism comprising a single electron-transfer step Vetter’s z terms are given by 


1 j=) 


2m,r = Tim — 4 P UkViem . . . . . . . (31) 
and 1 
2m,o = Ojm a By % om . . . . . . . (32) 


It is of particular interest to note that Vetter’s equation (30) is also valid for the case 
of a sequence of simple consecutive reactions in which there are two or more electron- 
transfer steps, a fact that could be of much assistance as a further diagnostic criterion. 


4. Typres OF MECHANISM FOR ELECTRODE PROCESSES 


More than one process may take place at the surface of an electrode, for example, the 
simultaneous discharge of a metal cation species and of hydrogen ion at the dropping- 
mercury electrode at high cathodic potentials. Even if the changes occurring at the 
electrode surface are uniquely represented by one stoicheiometric equation, however, it is 
still conceivable that two or more parallel processes are occurring at the surface, where by 
the term parallel is understood the case of reactions using the same reactants and forming 
the same products but proceeding by distinct routes involving completely different inter- 
mediate species. 

Excluding the case of parallel processes, it is instructive to consider the possible ways 
in which the unit steps of the reaction route may be coupled together by means of the 
intermediate species or, and this amounts to the same thing, to.consider the possible types 
of unit step. For this purpose, one need only take into account the number of different 
types of intermediate species entering into a given unit step; the reactant and product 
species are of no importance so far as the question of coupling is concerned. 

The simplest form of coupling is that which Mauser ! has termed the case of simple 
consecutive reactions, discussed in Section 3; it might be described more conveniently 
as 1 tol coupling. The sequence begins with a unit step in which there are no intermediate 
species on the left-hand side, and only one intermediate species on the right-hand side. 
This can be described as a 0:1 unit step. The sequence finishes with a unit step in which 
one intermediate species appears on the left-hand side, but none on the other side, 1.¢. 
a1:0step. The remaining unit steps of the sequence can be described as 1 : 1 steps. 

Because of the usual kinetic restrictions on the molecularity of a unit step, the possible 
types of alternative steps are very limited. It will be assumed that the molecularity of 
any unit step cannot exceed two, whichever direction is considered. On this assumption, 
the starting step or steps are limited to two types, 0: 1 and 0:2; similarly, the final step 
or steps are restricted to the types 1:0 and 2:0. For the remaining unit steps of the 
mechanism there are four possibilities, the 1 : 1 type discussed above, 1 : 2, 2:1, and 2: 2. 

Any intermediate participating in the reaction mechanism must satisfy the general 
requirement shown in equation (3). In consequence, it will be seen that an equation of 
the same form as (28) is applicable to any of the eight types of unit step listed above, with 
but one exception (see below). All that is necessary is that equation (28) should be 
re-written in the form: 


Ginte\ _ ozivm 1 Ym 
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where the summation g is taken over all the unit steps which give rise to the one or two 
intermediate species on the left-hand side of the j-th unit step, and # is taken over all the 
unit steps generated by the intermediate species formed in the j-th unit step. Thus, if 
there is one unit step which uniquely determines the rate of the electrode process, by 
itself the fact that the logarithm of the magnitude of the exchange.current varies linearly 
with the logarithm of the magnitude of the concentration of a reactant or product species 
A, can give no indication as to the complexity of the mechanism. On the other hand, 
the very generality of equation (33) means that it can be applied to a single electrode 
process of any degree of complexity. 

This equation cannot be applied, however, to a 1:1 step in certain improbable, but 
not inconceivable, circumstances. This is illustrated by the following scheme in which 
a set of unit steps (from which all reactants and products have been omitted) form a 
closed loop: 


A= As + Ags + 2,e7 
As == Ag + 2¢7 Ay === Ay + 2e7 
Ag == Az + 27¢7 Ag == Ay + z7e7 
A, + Ay == Ag + 2,e7 


The loop shown is formed from four 1 : 1 steps, preceded by a 1 : 2 step and followed by a 2: 1 
step. Irrespective of the number of 1 : 1 steps in either arm of the loop, which could also be 
preceded or followed by a 2: 2 step, it will be seen that equation (33) cannot be applied to 
any 1:1 step in suchaloop. On the other hand, no single 1 : 1 unit step in a closed loop 
can be uniquely rate-determining, although two 1:1 steps, one in each arm of the loop, 
could jointly determine the rate. 

In conclusion, it will also readily be seen that provided one generalises Mauser’s anodic 


and cathodic slopes * in the form: 
1 1 
Ay = — 2 vyte + a2 Aj = — ¥ upty + Byty 
Hig Yip 


where the summations and qg have the same significance as in equation (33), all his 
conclusions concerning 1 to 1 coupling are applicable to single-electrode processes of 
complex form. In particular, two 1:1 steps, one in each arm of a closed loop, can only 
jointly determine the overall rate if they have exactly the same Tafel slope. 

I thank one referee for his helpful criticisms of the first draft of this communication. 


DEPARTMENT OF CHEMISTRY, UNIVERSITY OF SOUTHAMPTON. [Received, April 27th, 1959.) 


* Mauser’s anodic slope, A,*, is related to b,, the anodic Tafel slope corresponding to rate control by 
the j-th unit step, as follows: 
bg. Ajt = 2:303RT/F. 


— by. Ay = 2-3038RT/F. 


Similarly, for the cathodic case, 
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The Hydrolysis of Ribonucleic Acid with Aqueous Formamide, 
By D. H. Hayes. 


Ribonucleic acid may be rapidly and quantitatively degraded to ribo- 
nucleosides by hydrolysis with 50% aqueous formamide under reflux. 
During the hydrolysis which takes place at a slightly acid pH, considerable 
deamination of cytidine takes place. The ribonucleosides are isolated from 
the hydrolysate by ion-exchange chromatography. 





Tue hydrolysis of ribonucleic acid to ribonucleosides and inorganic phosphate has already 
formed the subject of several publications. 

Recently the preparation of guanosine by hydrolysis of ribonucleic acid with aqueous 
formamide under reflux has been described.2 This procedure seems to offer some 
advantages over the earlier methods and it has therefore been investigated as a means of 
preparing the ribonucleosides on a large scale. The course of hydrolysis was followed by 
periodical determination of the liberated inorganic phosphate and of the pH of the reaction 
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mixture. The results, summarized in the Figure, show that liberation of inorganic 
phosphate becomes rapid only after establishment of a slightly acid pH and that it is 
complete in 8—10 hours. 

As can be seen from the yields of nucleosides obtained, hydrolysis of ribonucleic acid 
with aqueous formamide gives satisfactory results for adenosine, guanosine, and uridine 
but causes extensive deamination of cytidine. The isolated cytidine represents approx- 
imately 20% of the amount present in the intact ribonucleic acid, as determined by base 
analysis of this material. Similar low yields of cytidine have been obtained in all the 
hydrolytic procedures so far described. 

Since hydrolysis of ribonucleic acid with aqueous formamide takes place at a slightly 
acid pH, and since during the hydrolysis the formamide is largely converted into ammonium 
formate, it seemed probable that ribonucleic acid would be hydrolysed to ribonucleosides 
if heated at a slightly acid pH maintained either by use of a suitable buffer system or by 

1 Levene and Jacobs, Ber., 1910, 3150; Gulland and Hobday, J., 1940, 746; Bredereck, Martini, 
and Richter, Ber., 1941, 74, 694; Gulland and Smith, J., 1947, 338; Harris and Thomas, Nature, 1948, 
161, 931; Harris and Thomas, /J., 1948, 1936; Elmore, Nature, 1948, 161, 931; Elmore, J., 1950, 2084; 


Loring and Ploeser, J. Biol. Chem., 1949, 178, 439. 
2 Dimroth e¢ al., G.P. 820,438; Chem. Abs., 1945, 48, 2091. 
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continuous pH adjustment. Hydrolysis of ribonucleic acid was therefore carried out in 
ammonium formate buffer under conditions similar to those existing in the aqueous 
formamide hydrolysate after pH equilibrium has been reached. As shown in the Figure 
the rate of liberation of inorganic phosphate observed under these conditions is the same 
as the equilibrium rate observed in the hydrolysis with aqueous formamide. Further 
work is in progress and will be reported later. 


EXPERIMENTAL 


Commerical yeast ribonucleic acid (50 g.) was dissolved in water (100 c.c.) and formamide 
(Eastman Kodak technical grade; 100 c.c.). Octan-l-ol (10 c.c.) was added to control the 
frothing which takes place during the initial stages of the hydrolysis, and the mixture was 
boiled under reflux for 10 hr. Aliquot parts (0-5 c.c.) of the hydrolysate were removed at 
intervals and suitably diluted with distilled water 10-fold for pH measurement and 500-fold 
for inorganic phosphate determination.* After complete reaction (8—10 hr.) the hydrolysate 
was set aside at room temperature overnight and the crude guanosine which separated was 
removed after addition of Hyflo filter aid (50 g.). Without addition of this large amount of 
filter aid filtration of the guanosine was extremely slow. After being washed with water 
(2 x 50 c.c.) the damp filter cake was extracted for 10 min. with boiling water (300 c.c.) and 
charcoal (2 g.). Rapid filtration of the boiling mixture gave a colourless filtrate from which, on 
cooling, guanosine crystallized (6-0 g., 21 mmoles; m. p. 228—230°). The filtrate and water 
washings were combined and evaporated im vacuo to dryness in the boiling-water bath, leaving 


TABLE l. 
Results are given as millimoles of base, nucleoside, or phosphorus per 50 g. of ribonucleic acid or hydro- 
lysate therefrom. 
RNA Hydrolysate 
Pyridine-insoluble Pyridine-soluble fraction 


Intact RNA fraction Paper t Ion-exchange f 
ete scsiistcnn vanansencues ene — 4 oe 
DRRRRIIND...oncasdsicrpnvsaierans 33 * —_ 22 21 
DNIEED secinuacnansssonteuhhess —— 0-7 —_ 
IEEE sreacsctovsctaceseses 34* —- 3-3 4-4 
CYEERD 6... scicciccvecsseesice 23 * _— 9-2 6-8 
Ds issieicdiiscctnadeskeser es 28* ~~ 39 34 
PRORDROTUS ..... 00 0s0<d0csr005000 145 110 _ — 


* Results derived from base analysis of intact RNA. 

+ Paper, results obtained by paper-chromatography of hydrolysis products. 

Ion-exchange, results calc. from the amounts of nucleosides found by ion-exchange analysis of 
hydrolysis products (cf. Table 2). 


TABLE 2. 
Range of Content of peak 
Eluant Fractions Compound fractions (micromoles) Ees0/E260 
0-01m-K,B,O, 1—11 ~- - — — 
Cytidine 13—18 13-6 0:90—0-94 
? Adenine 
ak rita 12—73 4 Guanine 20—22* wis ae 
—_, [ Adenosine 21—35 42-6 0-13—0-15 
J Uridine 38—62 68 0-32—0-35 
e-em ‘ } 74-103 { Guanosine 80—87 8-8 0-63—0-66 
(pH 8-3) Inosine 88—98 0-4 
0Ou-H: Xanthosine 105—107 1-0 _ 
: “a } 104—145 4 Cytidylic acids  108—115 ‘ela sive 
P Uridylic acids 127—133 


* Estimated by paper chromatography of fractions 20—25. 


a voluminous semisolid residue consisting chiefly of ammonium formate. This residue was 
extracted under reflux for successive periods of 10 min. each with pyridine (200, 100, 100 c.c.). 
After each extraction the mixture was cooled to room temperature and filtered. The combined 
pyridine extracts were evaporated in vacuo on the water-bath, leaving a glassy solid (25 g.). 
* Lowry and Lopez, J. Biol. Chem., 1946, 162, 421. 
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This product and the pyridine-insoluble residue were each dissolved in distilled water, and the 
solutions, after dilution to 100 c.c., were examined for nucleoside and inorganic phosphate 
content.* Nucleoside determinations were carried out by two-dimensional paper chromato- 
graphy of the hydrolysis products [Whatman No. 1 paper; developing solvents, first direction 
aqueous ammonia, pH 10‘; second direction, 5% aqueous disodium hydrogen phosphate- 
isopentyl alcohol § (3: 2)]. Spots on the developed chromatograms corresponding to adenine, 
guanine, adenosine, and guanosine were eluted with 0-01N-hydrochloric acid (5-0 c.c.), and the 
eluates were assayed spectrophotometrically. Resolution of cytidine and uridine was usually 
poor. These compounds were therefore eluted together from the chromatogram with 0-01n- 
hydrochloric acid (5-0 c.c.) and determined by differential spectrophotometry.* Samples of 
the ribonucleic acid used for hydrolysis were analysed for purine and pyrimidine base content 
by Marshak and Vogel’s method’ and for phosphorus content by Fiske and SubbaRow’s 
procedure.* The results of the analyses are combined in Table 1. 

Chromatographic Separation of the Nucleosides.—(a) Separation on an analytical scale. An 
aliquot part (0-20 c.c.; nucleoside content approximately 150 micromoles) of the solution of 
pyridine-soluble material obtained by hydrolysis of 50 g. of ribonucleic acid was mixed with 
0-4m-potassium borate (0-5 c.c.). The pH was adjusted to 10 by addition of ammonia, and the 
solution was passed on to a column (15 x 1-0 cm.) of Dowex 2 x 8 ion-exchange resin (200— 
400 mesh; formate form) which had been previously washed with 0-01mM-potassium borate 
(200 c.c.). The buffers used for elution of the column, and the results, are summarized in 
Table 2. The course of elution was followed by determining the optical densities of individual 
fractions at 260 and 280 mu. 

(b) Separation on a large scale. A column (35 x 5-8 cm.) of Dowex 2 x 8 ion-exchange 
resin (200—400 mesh; formate form) was washed with 0-01mM-potassium borate (1 1.). The 
remainder of the solution of pyridine-soluble material obtained from the hydrolysate of 50 g. 
of ribonucleic acid (nucleoside content approximately 75 millimoles of mixed nucleosides) was 
mixed with 0-4m-potassium borate (250 c.c.), and the pH was adjusted to 10 with ammonia. 
This solution was passed on to the column and elution carried out with 0-01M-potassium borate 
(2 1.) followed by ammonium formate—potassium borate buffer {0-09m with respect to formate, 
0-01m with respect to borate; pH 8-3; 381.). Fractions of 500 c.c. were collected at a flow 
rate of 300 c.c. per hr. and examined for ultraviolet absorption at 260 and 280 mu. Cytidine 
was eluted in fractions 7—13, adenosine in fractions 19—35, and uridine in fractions 36—72. 

Cytidine. Fractions 7—13 were combined, acidified to pH 2 with hydrochloric acid, and 
treated with two portions of charcoal (10 g., 5 g.) with 10 minutes’ stirring after each addition. 
The ultraviolet absorption of the solution at 260 my was thereby reduced to less than 1% of its 
original value. The charcoal was removed, washed with water (200 c.c.), and eluted with 50% 
aqueous-ethanolic 0-3M-ammonia (2 x 1-51.) with 6 hours’ shaking at room temperature for 
each extraction. Evaporation of the combined charcoal eluates to dryness im vacuo on the 
water-bath left a solid which was dissolved in dry methanol (20 c.c.). The solution was filtered 
and the filtrate added to dry methanolic 6-8m-hydrogen chloride (7-0 c.c.). Cytidine hydro- 
chloride crystallized and was collected (1-2 g.). Concentration of the mother-liquors caused 
deposition of further cytidine hydrochloride (0-15 g., total yield 1-35 g., 5 millimoles), m. p. 
200—210° (decomp.). Recrystallized from methanol, cytidine hydrochloride had m. p. 209— 
212° (decomp.). 

Adenosine. Fractions 19—35 were combined, evaporated in vacuo on the water-bath to 
350 c.c., filtered, and set aside in the refrigerator. Adenosine monohydrate crystallized and 
was collected (5-0 g., 17-5 millimoles; m. p. 202—206°). Recrystallization from water followed 
by drying (P,O,) at 80°/1 mm. for 12 hr. gave adenosine, m. p. 227—228°. 

Uridine. Fractions 36—72 were combined, acidified to pH 2 with hydrochloric acid, and 
treated with charcoal (3 x 10 g.) as described for the cytidine eluate. The charcoal was 
collected, washed with water (400 c.c.), and eluted with 50% aqueous-ethanolic 0-3mM-ammonia 
(3 x 21.) with 6 hours’ shaking for each extraction. Evaporation of the combined 






* Levenbook, quoted by Wyatt, ‘“‘ The Nucleic Acids,”’ Academic Press, New York, 1955, Vol. I, pp. 
252—253. 

5 Carter, J. Amer. Chem. Soc., 1950, 72, 1466. 
* Loring, Fairley, Bortner, and Seagram, J. Biol. Chem., 1952, 197, 809. 
7 Marshak and Vogel, J. Biol. Chem., 1951, 189, 597. 
* Fiske and SubbaRow, J. Biol. Chem., 1925, 66, 375. 
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eluates left uridine which crystallized from 95% ethanol as needles (6-1 g., 25 millimoles), m. p. 
163—165°), and after recrystallization from 95% ethanol had m. p. 165—166-5°. 

Hydrolysis of Ribonucleic Acid in Ammonium Formate Buffer. Ribonucleic acid (1-0 g:) 
was heated in ammonium formate buffer (8m-formate; pH 4-0; 4-0 c.c.) at 140° (bath-tem- 
perature). The acid dissolved in 5—10 min. and the resulting solution had pH 4-1. Periodic 
determinations of the inorganic phosphate content of the hydrolysate and of its pH were 
made as previously described, measurement of time beginning when the ribonucleic acid had 
completely dissolved. The results obtained are summarized in the Figure. 


The work was carried out partly at the Institut de Recherches sur le Cancer, Villejuif, 
Seine, France, during tenure by the author of an appointment as Attaché de Recherches of the 
Centre National de la Recherche Scientifique; and partly at The University of Michigan. The 
author thanks Mlle. E. LeBreton, Sous-Directeur of the Institut de Recherches sur le Cancer, 
and Professor G. R. Greenberg of the Department of Biological Chemistry of the University of 
Michigan for their interest. This study was supported in part by a research grant to 
G. R. Greenberg from the National Institute of Arthritis and Metabolic Diseases, United 
States Public Health Service. 


Tue DEPARTMENT OF BIOLOGICAL CHEMISTRY, THE UNIVERSITY OF MICHIGAN, 
ANN ARBOR, MICHIGAN, U.S.A. (Received, July 1st, 1959.) 





242. Ring Enlargement during the Reduction of Nitrocycloalkanes by - 
Lithium Aluminium Hydride. 
By H. J. BARBER and E. Lunt. 


Simple tertiary nitrocycloalkanes (II; R = NO,, m = 1—3) on reduction 
with lithium aluminium hydride give, in addition to the expected tertiary 
cycloalkylamines (II; R = NH,), moderate yields of «-substituted poly- 
methyleneimines (III; » = 1—3) arising from a ring enlargement analogous 
to that observed previously with bicyclic nitro-compounds of type (I). In 
one case an additional N-substituted rearrangement product was observed. 
Substantial quantities of the corresponding hydroxylamines (II; R= 
NH-OH) were also isolated. As the same rearrangement takes place on 
reduction of these hydroxylamines by lithium aluminium hydride it is 
believed that the hydroxylamine stage is involved in the rearrangement. 
Secondary nitrocycloalkanes under the same conditions show much less 
tendency to rearrange in this way. 


Tuts investigation was carried out in order to study, in simpler systems, a novel ring 
enlargement which takes place+ during reduction of bridged nitrocycloalkanes of type 
(I; R = Me or Et, R’ = H or Me) by lithium aluminium hydride. These reductions had 
given products in high yield which were secondary amines, isomeric with the primary 
amines expected. 


R Me 
On [CH] me _[cHieA F 
R’ R NHMe 
(I) (Il) (IIT) (IV) 


In preliminary experiments,” reduction of 1-methyl-l-nitrocyclopentane (II; » = 1, 
R = NO,) with lithium aluminium hydride resulted in an analogous ring enlargement, 
giving a secondary amine in yields,up to 40%, which was identified as 2-methylpiperidine 
(III; »= 1). In the reduction of this unbridged compound, however, some 10% of the 
normal reduction product (II; = 1, R = NH,) was also isolated. Reduction of tertiary 


? Lee, Wragg, Corne, Edge, and Reading, Nature, 1958, 181, 1717. 
* Lee, Lunt, Wragg, and Barber, Chem. and Ind., 1958, 417. 
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nitrocycloalkanes by other methods, such as tin and hydrochloric acid,? sodium and 
alcohol,‘ or catalytic hydrogenation 1 (see also p. 1190) is known to give only the expected 
primary amine. 

This study has now been extended to the larger ring homologues, 1-methyl-1-nitro- 
cyclohexane and -cycloheptane (II; »=2 and 3, R=NO,). The former gave, in 
addition to ~15% of the primary base (II; = 2, R = NH,), a mixture (ca. 20% yield) 
of approximately equal amounts of two isomeric secondary amines C,H,,;N, which could not 
be separated by distillation or by crystallisation of derivatives. They were separated, 
however, by vapour phase chromatography, and the two components were identified, one 
as the ring-enlarged product, 2-methylhexamethyleneimine (III; » = 2), the other as 
N-methylcyclohexylamine (IV). The reason for the formation of the latter product from 
1-methyl-1-nitrocyclohexane is not fully understood, but it may be that the greater 
difficulty of formation of the seven-membered hexamethyleneimine ring causes larger 
amounts to take an alternative rearrangement path (in which the methyl group migrates 
to the nitrogen atom). 

The primary basic fraction contained, in addition to the cyclohexylamine (II; » = 2, 
R = NH,), higher-boiling components from which the corresponding hydroxylamine (II; 
nm = 2, R = NH:OH) was isolated in 25% yield. Reduction of this hydroxylamine by 
lithium aluminium hydride gave the same mixture of bases as was obtained from the parent 
nitro-compound (Il; »=2, R=NO,), together with a high-boiling compound, 
C,4H.g,ON., which was also a product of spontaneous decomposition of the hydroxylamine 
in air. This is believed to be the 1,1’-dimethylazoxycyclohexane (V; » = 1) formed from 
unchanged hydroxylamine during working-up. 

1-Methyl-1-nitrocycloheptane (II; » = 3, R = NO,) gave an even lower yield of one 
secondary amine only, shown to be the ring-enlarged product 2-methylheptamethylene- 

imine (III; » = 3), in addition to a substantial yield 

(th y ‘4a , f rade of the expected primary amine (II; » = 3, R = NH)). 

N==N In this case, the only product isolated from the higher- 

% ) boiling primary basic fraction was the dimethylazoxy- 

cycloheptane (V; ™ = 2), the hydroxylamine being even 

more labile in this case. Similar high-boiling fractions had also been encountered with 
1-methyl-1-nitrocyclopentane but were not thoroughly investigated. 

This formation of azoxy-compounds on oxidative decomposition of N-(tertiary cyclo- 
alkyl)hydroxylamines, paralleling the behaviour of aromatic hydroxylamines, is in marked 
contrast to the results obtained by Johnson e¢ al.5 with aliphatic hydroxylamines containing 
free a-hydrogen atoms. 

The foregoing reductions of tertiary nitrocycloalkanes also gave non-basic fractions 
which contained, in addition to recovered nitro-compound, varying amounts of the cyclo- 
alkanols (II; R = OH) the origin of which is not known. 

In contrast to the foregoing tertiary nitrocycloalkanes, secondary nitrocycloalkanes 
showed much less tendency to rearrange on reduction with lithium aluminium hydride. 
Nitrocyclopentane gave only a low yield of piperidine, in addition to substantial amounts 
of cyclopentylamine, while nitrocyclohexane gave only a trace of hexamethyleneimine, 
detected by vapour-phase chromatography. 9-Aci-nitrofluorene gave no phenanthridine- 
type rearrangement product, the secondary fraction yielding only a small amount of an 
unidentified base (picrate, m. p. 264—266°). The main product, in addition to 9-amino- 
fluorene, was fluorenone which probably arose from hydrolysis of fluorenone oxime. Small 
amounts of 9,9’-dinitro-9,9’-bifluorenyl and 9,9’-bifluorenyl itself were also isolated from 
the non-basic fraction. 

Throughout the present work the yields of secondary bases varied from 0 to 40% and 

’ Markownikow and Konowalow, Ber., 1895, 28, 1234. 


* Hiickel and Nerdel, Annalen, 1937, 528, 57. 
5 Johnson, Rogers, and Trappe, J., 1956, 1093. 
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were normally higher when reduction was carried out by addition of the lithium aluminium 
hydride to the nitro-compound than when the more usual procedure was used. Indeed, 
in the case of the secondary nitrocyclopentane, rearranged product was isolated only when 
the reverse addition procedure was used. 

Since (a) considerable quantities of hydroxylamines or their decomposition products are 
present in the reduction products and (b) rearrangement occurs on reduction of 1-methyl- 
cyclohexylhydroxylamine to give the same products as are obtained from the parent nitro- 
compound, it is believed that the hydroxylamine stage is involved in the ring enlargement. 


[CH,},-CHa, Me Ht [cr]a-CHa. Me -H,0 [CH] n—CHa, 7Me 


ey + — > (11;R=NH}) 

/ ‘NH-OH CH, en, CH,’ NH,-OH CH,— CH,’ ‘NH 
CH,— CH, 

(VI) ) «vip 

= —CH = 
le CHa cme 2H lone OMe <ijee [cr,] n CH, 7Me 
+/ +4 + NY 
CH,— CH,— NH, 4 CH,—CH,— NH CH, —— CH, NH 
(IX) (vil) 


A possible path involves protonation of the hydroxylamine (VI) under the influence of 
lithium aluminium hydride acting as a Lewis acid (cf. refs. 6, 7), followed by loss of water 
to give an intermediate (VII) which can be stabilised either by reduction to the primary. 
amine or by rearrangement to the unsaturated base (VIII). Simple reduction of the 
latter would give the observed saturated derivatives (IX). This must necessarily be an 
over-simplification, since in a lithium aluminium hydride reaction mixture the various 
intermediate reduction products are believed § to exist, not per se, but as complex negative 
ions of the types (LiAIRH,)~, (LiAIR,H)~, and (LiAIR,)~. A further possibility is that 
the mechanism could involve an internal rearrangement of a co-ordinated bicyclic complex 
ion corresponding to the hydroxylamine reduction stage, but many further experimental 
data are needed before a firm conclusion can be reached. 

The nitro-compounds used in this investigation, of which only 1-methyl-1-nitrocyclo- 
heptane (III; » = 3, R = NO,) is new, were prepared essentially by known methods. 
9-Aci-nitrofluorene could not be prepared from 9-bromofluorene by the method of 
Kornblum e¢ al.,° as further reaction gave the 9-fluorenyl ether of 9-aci-nitrofluorene. 

The reduction products remaining after separation into non-basic, primary, and non- 
primary basic fractions were examined and further separated by vapour-phase chrom- 
atography and identified by the preparation of derivatives for comparison with authentic 
samples prepared by known methods. 


EXPERIMENTAL 


1-Methylcycloalkanols.—1-Methylcyclopentanol, b. p. 57—60°/26 mm., m. p. 32—33° 
(Brown and Borkowski? give m. p. 32—34°), 1-methylcyclohexanol, b. p. 64—68°/20 mm., 
n,*! 1-4558 (Brown and Borkowski !° give b. p. 72—73-5°/29 mm.), and 1-methylcycloheptanol, 
b. p. 78—82°/16 mm., »,*1 1-4667 (Brown and Borkowski ! give b. p. 82—83-5°/20 mm., »,,*° 
14690), were obtained in the usual way from the available ketones and methylmagnesium 
iodide in ether. 

1-Methyleyclopentylamine.—(a) From 1-methylcyclopentanol (Ritter reaction). 1-Methyl- 
cyclopentanol (75 g.) reacted with 96% sodium cyanide (38-2 g.) and sulphuric acid (140 g.) as 
described for t-butyl alcohol by Ritter and Kalish ™ (cf. Jacquier and Christol#*). After the 


* Hunger and Reichstein, Chem. Ber., 1952, 85, 635. 

7 Edwards and Marion, Canad. ]. Chem., 1952, 30, 627. 
®* Gaylord, ‘‘ Reduction with Complex Metal Hydrides,”’ Interscience Ltd., London, 1956, pp. 86 ef seq. 
® Kornblum, Larson, Blackwood, Mooberry, Olivetti, and Graham, J. Amer. Chem. Soc., 1956,'78, 1497. 
*® Brown and Borkowski, J. Amer. Chem. Soc., 1952, 74, 1894. 
"' Ritter and Kalish, J. Amer. Chem. Soc., 1948, 70, 4048. 

‘2 Jacquier and Christol, Bull. Soc. chim. France, 1957, 596, 600. 
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mixture had been kept at room temperature overnight, water (280 ml.) was added, followed by 
sodium hydroxide (360 g.) in water (700 ml.). The mixture was refluxed for 4 hr., then steam. 
distilled until the distillate (approx. 1400 ml.) was only faintly alkaline. The distillate was 
acidified with concentrated hydrochloric acid. Some non-basic oil was removed by ether. 
extraction, and the aqueous layer was basified with sodium hydroxide solution (50% w/w; 
200 ml.) and extracted with ether (4 x 200 ml.). The combined ether extracts were drieg 
(Na,SO,), the ether removed through a 9” column from a water-bath, and the residue distilleg 
at atmospheric pressure. The l-methylcyclopentylamine was collected at 114—117°/757 mm, 
(36-4 g., 49%; m,* 1-4454; Markownikow ™ gave b. p. 114°/753 mm., ”,*° 1-4408). 

From the combined ether distillate and forerun, treatment with ethereal hydrogen chloride 
afforded further amine as the hydrochloride (29-7 g., 29%), m. p. 266—268° (decomp.). The 
hydrochloride prepared from the pure amine with ethereal hydrogen chloride crystallised from 
ethanol-ether in needles, m. p. 270—271° (decomp.) (Hamlin and Freifelder * give m. p. 263° 
(Found: C, 53-4; H, 10-0; N, 10-5; Cl, 26-25. Calc. for CgH,,N,HCI: C, 53-15; H, 10-4; N, 
10-3; Cl, 26-15%). The derived p-chlorophenylthiourea, m. p. 164—165°, crystallised from 
ethanol (Found: C, 57-7; H, 6-05; N, 10-5; Cl, 13-3. C,,H,,N,CIS requires C, 58-1; H, 6-4; 
N, 10-4; Cl, 13-2%). 

(b) From 1-methyl-1-nitrocyclopentane. 1-Methyl-l-nitrocyclopentane (5-2 g.) in ethanol 
(70 ml.) was hydrogenated at 70 Ib. per sq. in. pressure and 26° over Raney nickel catalyst 
(theoretical hydrogen uptake in 2 hr.). The filtered reaction mixture was treated with ether 
saturated with hydrogen chloride (60 ml.), and the solvents were removed under reduced 
pressure at 50°, leaving crude 1-methylcyclopentylamine hydrochloride (5-5 g., 100%), m. p. 
266—268° (decomp.). Crystallisation from dry ethanol-ether gave the pure salt (4-2 g., 78%), 
m. p. 269—270° alone or mixed with a sample prepared from 1-methylcyclopentanol as 
described above. The infrared spectra of the two samples were identical. 

1-Methylcyclohexylamine prepared (76% yield) from the alcohol by method (a) above had 
b. p. 142—146°/759 mm., n,,”* 1-4522 (Nametkin * gives b. p. 143°/744 mm., m,,!° 1-4536) [hydro- 
chloride, m. p. 290—291° (Hamlin and Freifelder * give m. p. 285°); picrate, m. p. 150—1651° 
(from water) (Found: C, 46-1; H, 5-5; N, 16-35. C,,;H,,0,N, requires C, 45-6; H, 5-3; N, 
16-35%)]. 1-Methylcycloheptylamine similarly prepared in 78% yield had b. p. 75—79°/25 mm., 
n,*! 1-4623 (Cope ef al.* give b. p. 82-5°/35 mm., n,** 1-4644) [picrate, m. p. 169—170° (lit. 
171-6—173°); hydrochloride, m. p. 257—258°]. The derived p-chlorophenylthiourea, m. p. 
155—156°, crystallised from benzene-light petroleum (b. p. 60—80°) (Found: Cl, 11-6; §, 
11-07. C,,;H,,N,CIS requires Cl, 11-95; S, 10-8%). 

1-Methyl-1\-nitrocyclopentane.—(a) From wmethylcyclopentane. This reaction should be 
carried out on a small scale (i.e., a few g.) only. The nitro-compound was obtained (1-9 g,, 
15% yield) from methylcyclopentane and aluminium nitrate nonahydrate as described by 
Hamlin and Freifelder for the corresponding cyclohexane derivative. It had b. p. 89— 
92°/37 mm., #,,”° 1-4517 (Nametkin *” gives b. p. 91°/40 mm., ,,** 1.4480). Methylcyclopentane 
(45%) was recovered from the forerun. The infrared spectrum was essentially the same as that 
of a sample prepared from 1-methylcyclopentylamine as described below, except for the 
presence of a trace of a carbonyl constituent (cf. Hamlin and Freifelder **). 

(b) From 1-methylcyclopentylamine. 1-Methylcyclopentylamine (20 g.) was oxidised with 
potassium permanganate (83 g.) in water (400 ml.) for 24 hr. as described by Kornblum and 
Clutter,!* except that the temperature was maintained at 20—25°. (Since the start of this work 
Kornblum, Clutter, and Jones !* have obtained improved yields by a modified procedure.) After 
steam-distillation, finally with addition of 50% aqueous sodium hydroxide (30 ml.), the distillate 
(approx. 1 1.) was acidified with 2N-hydrochloric acid (100 ml.) and extracted with ether (2 x 
150 ml.), and the ether extracts were washed with water and dried. Removal of the ether fol- 
lowed by distillation gave 1-methyl-l-nitrocyclopentane (6-6 g., 25-5%), b. p. 60°/10 mm., ,” 
1-4490. Crude 1-methylcyclopentylamine hydrochloride (10 g., 40%) was recovered from the 
aqueous layer. (c) From N-benzylidene-1-methylcyclopentylamine. The nitro-compound was also 

18 Markownikow, Annalen, 1899, 307, 335. 

1 Hamlin and Freifelder, J. Amer. Chem. Soc., 1953, 75, 369. 

15 Nametkin, J. Russ. Phys. Chem. Soc., 1910, 42, 691. 

16 Cope, Bumgardner, and Schweizer, J. Amer. Chem. Soc., 1957, 79, 4729. 

17 Nametkin, J. Russ. Phys. Chem. Soc., 1911, 48, 1603. 


18 Kornblum and Clutter, J. Amer. Chem. Soc., 1954, 76, 4494. 
%” Kornblum, Clutter, and Jones, J. Amer. Chem. Soc., 1956, 78, 4003. 
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prepared (47% yield) by asimilar permanganate oxidation of N-benzylidene-1-methylcyclopentyl- 
amine,* but much less amine was recovered. The overall yield was little different from that 
obtained by method (6). 

1-Methyl-1-nitrocyclohexane.—This was prepared by method (b) above in 37% yield with 
35% recovery of amine. It had b. p. 85—88°/15 mm., »,** 1-4574 (Nametkin ™ gives b. p. 
109—110°/40 mm., ”,° 1-4580). Further experiments showed that the yield of nitro-compound 
increased with increase in reaction time but there was much lower recovery of amine owing to 
loss in side-reactions (cf. Kornblum é¢ al.!*). By method (c), N-benzylidene-l-methylcyclo- 
hexylamine ™ gave a 51% yield of 1-methyl-1-nitrocyclohexane. 

1-Methyl-1-nitrocycloheptane was prepared by method (b) in 23% yield (b. p. 109— 
113°/18 mm., ”,”* 1-4710) with 33% recovery of amine (Found: C, 61-4; H, 9-5; N, 8-3. 
C,H,,0,N requires C, 61-1; H, 9-6; N, 8-9%). 

9-A ci-nitrofluorene.—This compound was obtained by acidification of its potassium salt *° 
with ice-cold sulphuric acid. It had m. p. 141—142° (cf. Nenitzescu and Isasescu 4), An 
attempted preparation from 9-bromofluorene by treatment with sodium nitrite in dimethyl- 
formamide in presence of urea and phloroglucinol ® (at 20° for 24 hr.) gave 33% of an orange- 
yellow solid, m. p. 209—210° (decomp.), which was shown to be 9-(0-fluorenyl-aci-nitro)fluorene, 
identical (mixed m. p. and infrared spectrum) with that prepared as described below. 

9-(O-Fluorenyl-aci-nitro) fluorene.—9-Bromofluorene was obtained only in low yield on 
attempted bromination of fluorene with N-bromosuccinimide * or 2,4-dibromo-5,5-dimethy]l- 
hydantoin.** It was prepared in quantitative yield (m. p. 102—103°) from 9-fluorenol as 
described by Hurd and Mold.** The bromo-compound (1-35 g.) was refluxed with 9-aci-nitro- 
fluorene potassium salt 2° (1-4 g.) in dry acetone (20 ml.) for 4 hr., cooled, and poured into ice- 
water (300 ml.). The light brown solid (2-1 g.) thus obtained crystallised from acetic acid 
(25 ml.) to give 9-(O-fluorenyl-aci-nitro) fluorene (1-4 g., 67%), m. p. 209—210° (decomp.) (Found: 
C, 83-0; H, 4-8; N, 3-9. C,,H,,O,N requires C, 83-2; H, 4-55; N, 3-75%). 

Reaction of Nitro-compounds with Lithium Aluminium Hydride.—(a) 1-Methyl-1-nitrocyclo- 
pentane. Lithium aluminium hydride (13-2 g.) was heated under reflux with dry ether (300 ml.) 
for lhr.; after being cooled the mixture was added dropwise under nitrogen to a stirred solution 
of 1-methyl-1-nitrocyclopentane (20 g.) in dry ether (300 ml.) so as to maintain gentle refluxing 
(a procedure referred to as reverse addition). After being stirred at room temperature over- 
night the mixture was cooled in ice and decomposed by successive cautious addition of water 
(12-5 ml.), 15% w/v aqueous sodium hydroxide (12-5 ml.), and water (40 ml.). The solid was 
filtered off and washed well with ether. The combined filtrate and washings were extracted 
with 2n-hydrochloric acid (150 ml.) and then with water (2 x 100 ml.), and the ether layer was 
dried and evaporated to yield a non-basic fraction (2-0 g.). Examination of this by vapour- 
phase chromatography showed presence of unchanged nitro-compound and a little 1-methyl- 
cyclopentanol. The acid extracts were basified with aqueous sodium hydroxide and extracted 
with benzene (4 x 150 ml.). The dried benzene extracts were heated under reflux with benz- 
aldehyde (20 g.) under a Dean and Stark separator until no more water was removed. The 
benzene solution was cooled in ice and extracted with ice-cold 2n-acetic acid (150 ml.), and then 
ice-water (4 x 100 ml.). Basification of these extracts and extraction with ether (4 x 200 ml.) 
gave the non-primary basic fraction, which on removal of ether and distillation gave 2-methyl- 
piperidine, b. p. 118—120°/760 mm. (5-75 g., 37:5%). This base, which was substantially 
homogeneous on vapour-phase chromatography (same retention time as an authentic sample) 
and whose infrared spectrum was identical with that of authentic material, was further 
identified by preparation of the picrate, m. p. 132—133°, p-chlorophenylthiourea derivative, 
m. p. 162—163°, and 3,5-dinitrobenzoyl derivative, m. p. 148—149°. The mixed m. p.s with 
authentic samples were undepressed. 

The crude benzylidene compounds remaining after removal of benzene were hydrolysed by 
heating with 2n-hydrochloric acid (200 ml.) for 1 hr., then steam-distilled to remove benz- 
aldehyde. The primary basic fraction was isolated by basification and extraction into ether 
(4 x 200 ml.). Removal of the ether and distillation gave a fraction A (1-6 g., 11%), b. p. 


* Wislicenus and Waldmuller, Ber., 1908, 41, 3334. 

*1 Nenitzescu and Isasescu, Ber., 1930, 63, 2484. 

22 Wittig and Felletschin, Annalen, 1944, 555, 133. 

Orazi and Mezeri, Anal. Asoc. quim. argentina, 1949, $7, 263. 
Hurd and Mold, J. Org. Chem., 1948, 18, 339. 
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110—130°/765 mm., which was substantially homogeneous on vapour-phase chromatography, 
and a higher-boiling fraction B (0-7 g.), b. p. 50—155°/11 mm., which was not further 
investigated. Fraction A was shown to be l- -methylcyclopentylamine. The hydrochloride, 
m. p. 269—270° (decomp.), was identical with an authentic sample. The p-chlorophenyl- 
thiourea derivative was also identical with an authentic sample (m. p. and mixed m, p. 
164—165°). 

In another experiment 1-methyl-l-nitrocyclopentane (20 g.) was added to lithium alumip. 
ium hydride (13-2 g.) in refluxing ether (a procedure referred to as direct addition) and worked 
up as described above. There were obtained 2-methylpiperidine (4-22 g., 27%) and 1-methyl- 
cyclopentylamine (3-06 g., 20%) in addition to the recovered nitro-compound (25%) and a 


Reduc- 
Nitro- Amount tion Non-basic Primary basic Non-primary basic 
compound (g.-) method fraction fraction * fraction 
1-Methyl-1-nitro- 12 Reverse (145%) Not in- 1-Methylcycloheptyl- 2-Methylheptamethyl- 
cycloheptane vestigated amine (11%) (@) + ene imine (6%) (c, d) 
1,1’-dimethylazoxy- 
syalibeniena (10°) (b) 
Nitrocyclo- 12 Direct Complex mixture Cyclopentylamine None (e) 
pentane * (5-5%) (e) (16%) (f) lhe 
Nitrocyclo- ll Reverse Complex mixture Cyclopentylamine Piperidine (2%) (¢, g) 
pentane ® (4%) (e) (138%) (f) 
Nitrocyclo- 20 Reverse (5%) Not investi- Cyclohexylamine Hexamethyleneimine 
hexane (h) gated (18-5%) (i) + cyclo- (trace) (e) 
hexylhydroxyl- 
amine (8%) (7) 
9-Aci-nitro- 15 Reverse 22% giving 9,9’-di- Fluorenone (27%) (m) 2% Unidentified base 
fluorene nitro-9,9’-bi- + 35% mixed bases as picrate, m, p, 
fluorenyl (4.5%) containing9-amino- 264—266° 
(k) and 9,9’-bi- fluorene (7) 
fluorenyl (3%) (/) / 
1-Methylcyclo- 10-5 Reverse 21% Not identi- 1-Methylcyclohexyl- Mixture of C,H,,N 
hexylhydroxyl- fied amine (11-5%) (0) bases (g) identical (¢) 
amine + 1,1’-dimethyl- with that obtained 
azoxycyclohexane from 1-methyl-l- 
(6%) (p) nitrocyclohexane 


* Some primary amine was generally recovered from the secondary fraction on vapour-phase 
chromatography owing to the difficulty of achieving complete separation via the benzylidene derivatives. 


(a) Picrate, m. p. and mixed m. p. 167—168°; -chlorophenylthiourea derivative, m. p. and mixed 

m. p. 155—156°. (b) B. p. 180—181°/14 mm., mp™ 1-4973 (Found: C, 71-8; H, 11-0; N, 10-15, 
CygHg,ON, requires C, 72-1; H, 11-35; N, 10-5%). (c) Picrate, m. p. and mixed m. p. 156—157°; 
p-chlorophenylthiourea derivative, m. p. and mixed m. p. 129—131°. (d) Isolated by preparative 
vapour-phase chromatography. (e) Analytical vapour-phase chromatography. (f) N-Benzoy]l deriv- 
ative, m. p. and mixed m. p. 156—157° (lit.,> m. p. 157-5—158-5°); -chlorophenylthiourea 
derivative, m. p. and mixed m. p. 177—178°. (g) p-Chlorophenylthiourea derivative, m. p. and 
mixed m. p. 148—149°. (h) From Eastman Kodak Co.; single substance on analytical vapour-phase 
chromatography. (i) Hydrochloride, m. p. and mixed m. p. 205—207° (Markownikow * gives m. p. 
206—207-5°); picrate, m. p. and mixed m. p. 157—158° (Breuer and Schnitzer ®” give m. p. 157— 
158°); -chlorophenylthiourea derivative, m. p. and mixed m. p. 175—177°. (7) M. p. 137—138° 
(Found: N, 11-95. Calc. for C,H,,ON: N, 12-15%) (Vavon and Berton * give m. p. 140—14l°). 
(k) M. p. 176—177°; mixed m. p. with authentic sample prepared according to Nenitzescu * unde- 
pressed. (i) M. p. 242—244° (Found: C, 93-3; H, 6-.. Calc. for C,,H,,: C, 94:5; H, 55%) 
(Staudinger * gives m. p. 239°). (m) M. p. 79—81°; mixed m. p. with authentic sample (m. p. 82°) 
ars gene according to Huntress e¢ a/.#4 81—82°. (n) Hydrochloride, m. p. 215—217°; mixed m. p. 

i uthentic sample (m. p. 217°) prepared as described by Ingold and Wilson ** was undepressed. 
(0) Hydrochloride, m. p. and mixed m. p. 288—290°; picrate, m. p. and mixed m. p. 149—150°. 
(p) B. p. 153—156°/14 mm., mp™ 1-4894; infrared spectrum identical with that of authentic sample. 
(q) Mixed picrates, m. p. 127—143° (Found: C, 45-75; H, 5-4; N, 16-3. Calc. for C,H,,N,C,H,0,N;: 
C, 45-6; H, 5-3; N, 16-35%). 

28 Markownikow and Kaschirin, Ber., 1897, 30, 974. 

*% Markownikow, Annalen, 1898, 302, 1. 

2” Breuer and Schnitzer, Monatsh., 1936, 68, 301. 

** Vavon and Berton, Bull. Soc. chim. France, 1925, 87, 296. 

*® Nenitzescu, Ber., 1929, 62, 2669. 

% Staudinger, Ber., 1906, 39, 3060. 

3! Huntress, Hershberg, and Cliff, J. Amer. Chem. Soc., 1931, 58, 2720. 

32 Ingold and Wilson, J., 1933, 1493. 











=—S =— = w» oe ea an & ae Oe 


ao +m po os Oo 















¢, d) 


*, 8) 











[1960] Nitrocycloalkanes by Lithium Aluminium Hydride. 1193 


higher-boiling hydroxylamine fraction, b. p. 110—125°/10 mm. (5-5%), corresponding to B 
ve. 

mr) 1-Methyl-1-nitrocyclohexane. 1-Methyl-1-nitrocyclohexane (20 g.) was reduced (reverse 
addition) and the products were separated as described above to give non-basic, primary basic, 
and non-primary basic fractions. The non-basic fraction (6-5%) consisted largely of 1-methyl- 
cyclohexanol (infrared spectrum identical with that of authentic material; 3,5-dinitrobenzoate, 
m. p. and mixed m. p. 130—132°). The primary basic fraction gave 1-methylcyclohexylamine 
(14%) (hydrochloride, m. p. and mixed m. p. 291—292°; correct infrared spectrum) and N-(1- 
methylcyclohexyl)hydroxylamine (12%), b. p. 136—141°/47 mm. Thenon-primary basic fraction 
(3-28 g., 21%) was shown by vapour-phase chromatography on an Apiezon-L-Celite column 
at 132° to consist of a little 1-methylcyclohexylamine (picrate, m. p. and mixed m. p. 149— 
150°), formed by slight hydrolysis of the benzylidene derivative, and a mixture of isomeric 
C;H,,N secondary bases [mixed picrates, m. p. 127—143° (Found: C, 45-85; H, 5-49; N, 16-7. 
Cale. for C;H,,N,C,H,O,N,: C, 45-6; H, 5-3; N, 16°35%)] which could not be separated by 
crystallisation of derivatives. 

Direct-addition reduction gave essentially the same mixture. 1-Methyl-1-nitrocyclo- 
hexane (20 g.) gave 1l-methylcyclohexylamine (6-5%), N-(1-methylcyclohexyl)hydroxylamine 
(3-9 g., 22%), m. p. 73—75° raised to 74—75° by crystallisation from light petroleum (b. p. 
40—60°) (Found: C, 65-05; H, 11-55; N, 11-1. C,H,,ON requires C, 65-05; H, 11-7; N, 
10-85%), and a non-primary basic fraction, which was shown by vapour-phase chromatography 
to contain the same mixture of bases as was obtained on reverse addition reduction, but in 
smaller amount. 

In a further large-scale (78 g.) reduction by the reverse addition method the benzaldehyde 
separation was therefore omitted and the total basic fraction isolated. Distillation gave a 
basic fraction (25-7 g., 42%), b. p. 100—160°/756 mm., 75—95°/17 mm., and N-(1-methylcyclo- 
hexyl)hydroxylamine (17-55 g., 25%), b. p. 111—115°/17 mm. (neutral oxalate, m. p. and 
mixed m. p. 184—185°). 

The lower-boiling basic fraction was separated by preparative vapour-phase chromatography 
on Apiezon-L—Celite at 132° into 1-methylcyclohexylamine (13-5%) (hydrochloride, m. p. and 
mixed m. p. 291—292°; picrate, m. p. and mixed m. p. 149—150°) and mixed C,H,,N secondary 
bases (5°8 g., 9°5%) as before. The latter were separated by further chromatography on a 
glycerol 1,3-di-m-tolyl ether—Celite column at 132° into 2-methylhexamethyleneimine (1-6 g., 
2.5%) (correct infrared spectrum) (picrate, m. p. 130—131°; mixed m. p. with authentic 
sample 132—133°; hydrochloride, m. p. and mixed m. p. 199—200°; derived p-chloropheny]l- 
thiourea, m. p. and mixed m. p. 159—160°), and N-methylcyclohexylamine (1-4 g., 2-56%) 
(picrate, m. p. and mixed m. p. 170—171°; hydrochloride, m. p. and mixed m. p. 180—181°, 
having the correct infrared spectrum). 

Other Reductions by Lithium Aluminium Hydride.—Details of other reductions and products 
obtained are given in the Table. 

Preparation and Characterisation of Authentic Samples.—(i) 2-Methylpiperidine (b. p. 118— 
119°) gave the picrate as thick rods, m. p. 127—128°, from benzene (Marckwald * gives m. p. 
127—128°), or as fine needles, m. p. 132—133° from water (Lipp ** gives m. p. 134—135°). The 
p-chlorophenylthiourea derivative, crystallised from benzene, had m. p. 162—163° (Found: C, 
58-2; H, 6-2; N, 10-55; Cl, 13-4. C,,H,,N,CIS requires C, 58-1; H, 6-4; N, 10-4; Cl, 13-2%). 
The N-3,5-dinitrobenzoyl derivative, m. p. 148—149°, crystallised from ethanol (Found: C, 53-2; 
H, 5-1; N, 14-1. C,;H,,0,N; requires C, 53-25; H, 5-15; N, 14-3%). 

(ii) 2-Methylhexamethyleneimine was prepared from 2-methylcyclohexanone according to 
Blicke and Doorenbos * [picrate, m. p. 183—134° (Gabriel ** gives m. p. 131°); hydrochloride, 
m. p. 199—200° (Muller and Krauss *” give m. p. 200°)]. The p-chlorophenylthiourea derivative 
had m. p. 159—160° (Found: N, 9-71; Cl, 12-75; S, 11-25. C,H ,N,CIS requires N, 9-9; Cl, 
12-55; S, 11-35%). 

(iii) 2-Methylheptamethyleneimine was similarly prepared from 2-methylsuberone.** The 
intermediate 2-methyl-8-oxoheptamethyleneimine (b. p. 94—98°/0-05 mm.) was reduced directly 
33 Marckwald, Ber., 1896, 29, 43. " 

“ Lipp, Annalen, 1896, 289, 173. 

%§ Blicke and Doorenbos, J. Amer. Chem. Soc., 1954, 76, 2317. 

%6 Gabriel, Ber., 1909, 42, 1259. 

7 Muller and Krauss, Monatsh., 1932, 61, 212. 

8 Godchot and Cauquil, Compt. rend., 1929, 188, 794. 
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without further purification, and the base, b. p. 62—64°/15 mm., was further purified by prepar. 
ative vapour-phase chromatography (185% yield on 2-methylsuberone) (m,* 1-4665) [N- 
benzenesulphonyl derivative, m. p. 114—115° (Gabriel *® gives m. p. 114—115°); picrate, m, p. 
156—157° (Gabriel ** gives m. p. 152—153°)]. The hydrochloride had m. p. 165—166° (Found: 
N, 8-67; Cl, 21-8. C,H,,N,HCl requires N, 8-55; Cl, 21-65%); the p-chlorophenylthioureg 
derivative had m. p. 130—131° (Found: C, 60-9; H, 7:05; N, 9-3; Cl, 12-1. C,;H,,N,cis 
requires C, 60-7; H, 7-15; N, 9-45; Cl, 11-95%). 

(iv) N-Methylcyclohexylamine was prepared as described by Blicke and Lu * [hydro. 
chloride, m. p. 180—181°, from acetone (Lukes and Jizba ** give m. p. 177—178°); picrate, 
m. p. 170—171° (Skita and Rolfes 4? give m. p. 170°). The p-chlorophenylthiourea derivative 
had m. p. 149—150° (Found: N, 10-2; Cl, 12-6; S, 11-0. C,,H,,N,CIS requires N, 9-9; Cj, 
12-55; S, 11-35%)). 

(v) Piperidine. The p-chlorophenylthiourea derivative (prepared from redistilled base, b. p, 
106°) had m. p. 150—151° (Found: N, 11-0; Cl, 13-9; S, 12-6. C,,H,,N,CIS requires N, 11-0; 
Cl, 13-9; S, 12-6%). 

(vi) Cyclopentylamine was prepared by reductive amination of cyclopentanone as described 
by. Corrigan et al.4* The hydrochloride had m. p. 206—207° (Found: C, 49-4; H, 9-95; N, 11-5; 
Cl, 29-15. C,H,,N,HCl requires C, 49-4; H, 9-9; Cl, 292%). The p-chlorophenylthiourea 
derivative (from ethanol) had m. p. 179—180° (Found: N, 11-0; Cl, 14-1; S, 12-7. C,,H,,N,Cis 
requires N, 11-0; Cl, 13-9; S, 126%). The picrate (from dilute acetic acid) had m. p. 
136—137° (Found: C, 42-25; H, 4-8; N, 18-0. C,,H,,0O,N, requires C, 42-05; H, 4-5; N, 
17-85%). 

(vii) Cyclohexylamine. The p-chlorophenylthiourea derivative had m. p. 176—177° (Found: 
C, 58-3; H, 6-0; Cl, 13-2; S, 11-7. C,s3H,,N,CIS requires C, 58-1; H, 6-4; Cl, 13-2; S, 11-95%). 

(viii) 1-Methylcyclohexyl 3,5-dinitrobenzoate crystallised from ethanol as pale yellow plates, 
m. p. 132—133° (Found: C, 54-45; H, 5-25; N, 9-25. C,,H,,0O,N, requires C, 54-55; H, 5-25; 
N, 9-1%). 

N-(1-Methylcyclopentyl)hydroxylamine was prepared in 54% yield (on unrecovered nitro- 
compound) by reduction of 1-methyl-l-nitrocyclopentane with zinc dust and aqueous ammon- 
ium chloride at 70°. It was isolated as the hydrochloride, m. p. 148—149° (Found: C, 47-5; H, 
9-25; N, 8-85; Cl, 23-3. C,H,,ON,HCI requires C, 47-55; H, 9-3; N, 9-25; Cl, 23-49%), 
Attempts to prepare this or the following compound from the corresponding bromide by 
Exner’s method “ or by a convenient modification of this method using the alcohol with 
acetoxime in concentrated hydrobromic acid—acetic acid were unsuccessful. “ 

N-(1-Methylcyclohexyl)hydroxylamine was similarly prepared in 78% yield (on un- ; 
recovered nitro-compound), and had m. p. 71—73°. The neutral oxalate had m. p. 184—185° > 
(Found: C, 55-2; H, 9-3; N, 7-9. 2C,H,,ON,C,H,O, requires C, 55-15; H, 9-25; N, 8-05%). 
The free base slowly decomposed in air to an orange liquid, which on distillation gave 1,1’-di- 
methylazoxycyclohexane (77%), b. p. 159—162°/17 mm., »,** 1-4912 (Found: C, 70-55; H, 11-0; 
N, 12-2. C,,H,,ON, requires C, 70-55; H, 11-0; N, 11-75%). 

N-(9-Fluorenyl) hydroxylamine, prepared in low yield (2%) from 9-bromofluorene by Exner’s 
method,“ had m. p. 124° (from cyclohexane) (Found: C, 79-8; H, 5-8; N, 7-25. C,,;H,,ON 
requires C, 79-2; H, 5-6; N, 7-1%). Since this work was completed, Wragg and Stevens 
have described the oxalate of this base, prepared by a similar method in low and variable yield. 





The authors are indebted to their colleagues, Dr. G. A. P. Tuey for the results obtained by 
vapour-phase chromatography, Dr. D. F. Muggleton for his interpretation of infrared spectra, Mr. 
S. Bance for the microanalyses, and Dr. R. Slack for his suggestions regarding the reaction 
mechanism. 
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243. Olefinic Additions with Asymmetric Reactants. Part V.* The 
Asymmetric Hydrogenation of (—)-3-Methyl-4-phenylbut-3-en-2-ol and 
of (+)-«-Pinene. 

By C. L. Arcus, L. A. Cort, T. J. Howarp, and Le Ba Loc. 


(—)-3-Methyl-4-phenylbut-3-en-2-ol on hydrogenation gave (+)-3- 
methyl-4-phenylbutan-2-ol, which on oxidation yielded (—)-3-methyl-4- 
phenylbutan-2-one. A partial asymmetric synthesis is effected by these 
reactions: a new centre of asymmetry is formed at the 3-position with 
preponderance of one configuration, and the original centre at the 2-position 
is rendered symmetrical. Substantial separation of the diastereoisomeric 
methylphenylbutanols has been effected by vapour-phase chromatography, 
whence 22 and 17% asymmetric syntheses are deduced for the two sets of 
reactions. 

By the use of vapour-phase chromatography, the hydrogenation of 
(+)-«-pinene is shown to give predominantly one form [(+-)-cis] of pinane. 


THERE has been described? a partial asymmetric synthesis in which (—)-3-ethyl- 
hept-3-en-2-ol on hydrogenation with Raney nickel catalyst gave (—)-3-ethylheptan-2-ol, 
which on oxidation yielded (+-)-3-ethylheptan-2-one (I, II, III; R= Et, R’ = Pr); 
a new centre of asymmetry is formed at Cy) with preponderance of one configuration, and 
the original centre at Cy) is rendered symmetrical. A second example of an asymmetric 
synthesis of this type (where, in I, II, III, R = Me and R’ = Ph) is now reported. 


CHy*CH(OH)*CR:CHR’ ——g> CHy'CH(OH)CHR°CH,R’ ——te CHyCO*CHR-CH,R’ 
(1) (IT) (IIT) 


3-Methyl-4-phenylbut-3-en-2-one was prepared by the condensation of benzaldehyde 
with butan-2-one in the presence of hydrogen chloride.? In this ketone the phenyl group 
is trans to the carbonyl group, since oxidation with sodium hypochlorite yields «-methyl- 
trans-cinnamic acid. The present material, which behaved as a single entity when 
subjected to purification by zone-melting and by recrystallisation, on reduction with 
aluminium isopropoxide gave (-+)-3-methyl-4-phenylbut-3-en-2-ol, which was resolved by 
fractional crystallisation of the brucine salt of its hydrogen phthalate. The (+)-hydrogen 


TABLE 1. Rotatory powers at 25°; 1, 0-5. 


Compound M4358 “5086 “5461 Xseo3 Xease 
CHPh:CMe-CHMe-OH (i) ............... —6-54° —6-02° —6-45° — 488° — 4-23° 
i hiteanasousibtg —6-41 —6-09 —5-47 —4-91 — 4-28 

CH,Ph: CHMe-CHMe-OH El daatooeee inte +11-63 +7-97 +6-67 +5-56 +439 
gee +10-94 +7°75 +6-41 +5°35 +432 

CH,Ph-CHMe-COMe (i) ...000 panonducsees — — 2-58 —2-10 —1-76 —1-31 
ee (peepee — —2-16 —1-76 — 1-42 —1-07 


phthalate, which gave the less soluble salt, was obtained from two resolutions as an oil of 
constant maximum rotatory power, which yielded the specimens of (—)-alcohol whose 
rotatory powers are recorded in Table 1. Each was hydrogenated (in solution in ethanol, 
with W-3 Raney nickel catalyst,5 the maximum temperature and pressure being 36° and 
95 atm.) to (+-)-3-methyl-4-phenylbutan-2-ol. Oxidation of this alcohol with chromic 
anhydride in acetic acid yielded (—)-3-methyl-4-phenylbutan-2-one, which was converted 


* Part IV, J., 1957, 3407. 


' Arcus and Smyth, J., 1955, 34. 
* Harries and Miiller, Ber., 1902, 35, 966. 
* Stoermer and Wehln, Ber., 1902, 35, —. 
* Stoermer and Voht, ‘Annalen, 1915, 409, 4: 
* Pavlic and Adkins, J. Amer. Chem. Soc., 1946, 68, 1471. 
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into the (—)-semicarbazone and the (—)-4-phenylsemicarbazone. Rotatory powers of 
the butanols and butanones are recorded in Table 1. 

The stereochemistry of the hydrogenation of (—)-3-ethylhept-3-en-2-ol is discussed, 
together with the relevant literature, in Part III,! the following conclusions, applicable 
to the present hydrogenations, being reached: (a) The addition of hydrogen is cis to that 
surface of the molecule which is adjacent to the nickel surface. (6) No asymmetric 
synthesis can result if adsorption, and hence hydrogenation, were to occur with equal ease 
at either side of the double bond; hence the asymmetric carbon atom must determine 
the conformation in which the molecule is adsorbed, 7.e., asymmetric adsorption precedes, 
and leads to, asymmetric addition of hydrogen. 

The present asymmetric synthesis demonstrates the (—)-3-methyl-4-phenylbut-3-en-2. 
ol to have been adsorbed asymmetrically on the nickel surface. In the deduction of the 
conformation so taken up, there are two main considerations: that the side of the molecule 
which becomes adjacent to the nickel surface is the one conforming most closely to a 
plane,®’ and that lone pairs and x-electrons interact with the nickel surface. Two con- 
formations (IV) and V *) are available which, equally, place the styryl portion of the 
molecule and the oxygen atom close to the plane of the paper. It is found, however, from 
examination of C.R.L.-Catalin models, that there is closer crowding of the two methyl 
groups in (V) than in (IV); hence the latter is the more probable conformation. Hydro- 
genation of conformation (IV), from below the plane of the paper, yields the methyl. 
phenylbutanol (VI) which on oxidation forms the methylphenylbutanone (VII). On the 
other hand, insofar as the (—)-alcohol is adsorbed in conformation (V), there result the 
diastereoisomeric methylphenylbutanol (VIII) and the enantiomeric ketone (IX). 


Ph Me Me 
Wolf 
i. HO+H _y co 
Ant Me-+-H Me—+-H 
e 
HO CH,Ph CH,Ph 
(IV) (VI) (VII) 
Me ~ 
Ph Me HO-+-H co 
ao kl Sioa ea H-{Me 
7 C. 
H wo’ “H CH,Ph CH,Ph 
(Vv) (VIII) (1X) 


The percentage asymmetric synthesis cannot be estimated from the rotatory power 
of specimens of (—)-3-methyl-4-phenylbutan-2-one because the rotation of the optically 
pure ketone is unknown, and, although the rotations of the semicarbazone and 4-phenyl- 
semicarbazone remained substantially constant on recrystallisation, this (from data 
below) is probably because the ratio of active to racemic compound remains nearly 
constant. 

Towards the end of this investigation we were fortunate in having carried out for us, 
by Dr. J. N. Haresnape and Mr. W. T. Swanton, at The British Petroleum Company 
Research Centre, Sunbury-on-Thames, a vapour-phase chromatographic examination 
of the hydrogenated alcohols and the corresponding ketones, and of two pinanes (see 
below). The chromatogram of (+)-3-methyl-4-phenylbutan-2-ol in each instance showed 
two substantially separate, but overlapping peaks, the less volatile component forming 


* The absolute configuration of the asymmetric centre in the alcohol (IV) being unknown, a con- 
figuration has been arbitrarily selected. 

* Linstead, Doering, Davis, Levine, and Whetstone, J. Amer. Chem. Soc., 1942, 64, 1985. 
7 Prelog, Bull. Soc. chim. France, 1956, 987. 
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the larger peak. The (—)-3-methyl-4-phenylbutan-2-one in each instance gave a single 

ak. ) 
ye The chromatograms of the ketone showed there to be present about 1% of a low- 
boiling impurity and traces of, probably, the original alcohol. 

The two peaks observed with the (+)-methylphenylbutanols are identified as the 
diastereoisomeric alcohols (VI, or its enantiomer) and (VIII, or its enantiomer). The 
single peak found for the ketone accords with the latter’s being an (unequal) mixture of 
the enantiomers (VII and IX). (Optical isomers would not be expected to separate on 
a symmetrical chromatographic medium.) The molecular ratio of the diastereoisomeric 
methylphenylbutanols is equal to that of the areas under the two peaks of the chromato- 

These, as stated, overlap; they have been approximately separated by the 
ordinate through the minimum between them and the areas measured. The ratios so 
found were: (i) 1-55:1; (ii) 1-42:1. 

Where a and 0 are the areas under the two peaks, the percentage asymmetric synthesis 
is given by 100(a — 6)/(a + 6); the values so obtained are (i) 21-5 and (ii) 17-3%. 

Further, the ratio of the percentages of asymmetric synthesis for the two sets of 
experiments is 1-24:1; this accords with the ratio of the values of asg9, for the respective 
specimens of (—)-3-methyl-4-phenylbutan-2-one, 1-24 : 1, aresult tending to confirm that the 
percentage of asymmetric synthesis can be determined by vapour-phase chromatography. 

(+)-«-Pinene.—The separation of the 3-methyl-4-phenylbutan-2-ols appears to be 
the first instance of the vapour-phase chromatographic separation of diastereoisomers 
which are not also geometrical isomers, separation of the cis- and trans-isomers of 2-, 3-, 
and 4-methylcyclohexanol having been reported by Komers, Kochloefl, and Bazant.§ 
These separations point to considerable simplification in the investigation of product 
ratios in asymmetric reactions of the type: dA — symX—»dA — dY + dA —lY. 
Hitherto it has been necessary either to work with optically active material, remove the 
original centre of asymmetry, and determine the optical purity of the product, or to rely 
on the separation of mixtures of diastereoisomers by fractional crystallisation. (Fractional 
distillation and chromatography on a solid phase have also found limited application.) 
Where practicable, the direct separation and quantitative estimation of diastereoisomers 
by vapour-phase chromatography is clearly more satisfactory. 

The assistance given by this method in studies of the kind above is further exemplified 
by the following. (-+)-a-Pinene (X), in ether, was hydrogenated with W-3 Raney nickel 
catalyst (maximum temperature and pressure 107° and 103 atm.). The greater part of 

the product appeared to be a single entity having refractive index and density 
in good agreement with those of cis-pinane.* (The values for trans-pinane 
(x) are a little lower; however, cis-pinane is the major product from hydro- 

\/ genation of «- and £-pinene under mild conditions.®) 
| On vapour-phase chromatography of the main and the immediately pre- 
ceding fractions of pinane, each gave a single sharp major peak having a small 
shoulder on the more volatile side. It appears reasonable to ascribe the main peak 
to cis-pinane and the shoulder to an isomer, presumably ¢rans-pinane, estimated to form 
1% of the specimens. (There were also two small low-boiling impurities totalling +1% 

of the specimens.) 

Hydrogenation of (+-)-«-pinene would be expected to proceed preferentially through 
the adsorption-conformation which presents the double bond most closely to a plane, 
i.e., that having the isopropylidene bridge remote from the surface. On hydrogenation 
this yields cis-pinane, a result in accordance with the experimental finding. 


* The cis-compound is that having the methyl group and the isopropylidene bridge in the cis- 
relationship. 


® Komers, Kochloefi, and Bazant, Chem. and Ind., 1958, 1405. 


® Lipp, Ber., 1923, 56, 2098; 1930, 68, 411; Fisher, Stinson, and Goldblatt, J]. Amer. Chem. Soc., 
1953, 75, 3675. 
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EXPERIMENTAL 


M. p.s are corrected. Unless otherwise stated, heating was on a steam-bath, ethanol refers 
to the 96% alcohol, and the rotations of undiluted liquid compounds were determined at 
1 0-5, and those of solutions at / 1-0. 

3-Methyl-4-phenylbut-3-en-2-one,? b. p. 131—132°/12 mm., m. p. (by the conventional 
method) 38° (100 g.), was melted in a 45 cm. tube, which was then lowered at 2 cm./hr. through 
an annular copper jacket, through which water at 50° was circulating, into a constant-leve] 
bath of ice and water. When nine-tenths of the ketone had solidified, the remainder was 
removed by suction. The f. p. of the ketone was determined by plotting the cooling curve of 
a stirred specimen placed in a bath at 33°. After two passages the ketone had f. p. 36-25°, 
unchanged by further treatment; the original ketone, after recrystallisation from light 
petroleum (b. p. 60—80°) also had f. p. 36-25°. 

To a solution of aluminium isopropoxide (from aluminium 85 g., propan-2-ol 1500 ml., and 
mercuric chloride 1 g.) was added 3-methyl-4-phenylbut-3-en-2-one (230 g.); the whole was 
boiled under reflux for 45 min. and acetone then removed by distillation at slightly reduced 
pressure. The product was cooled and added to excess of 6N-sulphuric acid and ice. The 
whole was extracted with ether, the aqueous layer having been saturated with sodium chloride, 
The extract was washed with 2n-sulphuric acid, with 2N-sodium hydroxide, and with water, 
then dried (K,CO,). It yielded (+)-3-methyl-4-phenylbut-3-en-2-ol (166 g.), having on redistil- 
lation, b. p. 92°/0-2 mm., ”,** 1-5600 (Found: C, 81-7; H, 8-8. C,,H,,O requires C, 81-45; 
H, 8-7%). 

This alcohol (7-8 g.), pyridine (6-2 g.), and acetic anhydride (6-5 g.) were kept at room 
temperature for 2} days, thus yielding the acetate (7-7 g.), b. p. 88—88-5°/0-2 mm., m,,** 1-5250 
(Found: C, 76-9; H, 8-15. C,,;H,,O, requires C, 76-4; H, 7-9%). 

The (+)-alcohol (11-7 g.) was allowed to react with finely divided potassium (3-0 g.) in 
benzene (40 ml.), the whole being refluxed for $ hr. Methyl iodide (13-2 g.) in benzene (10 ml.) 
was added portionwise, the mixture being finally refluxed for ? hr. After being washed with 
dilute hydrochloric acid and water, the benzene solution was dried (Na,SO,) and distilled. It 
gave the methyl ether (3-6 g.), b. p. 64—66°/0-5 mm., m,* 1-5195 (Found: C, 81-75; H, 95. 
C,,H,,O requires C, 81-8; H, 9-15%). 

The following were prepared by the methods described below for the corresponding optically 
active compounds. 

(+)-3-Methyl-4-phenylbut-3-en-2-ol yielded (+)-3-methyl-4-phenylbutan-2-ol, b. p. 80— 
81°/0-3 mmm., n,** 1-5138 (Colonge and Pichat ? record b. p. 124°/11 mm., ,,! 1-5190). This 
alcohol (1-64 g.) was heated (oil-bath) under reflux for 2 hr. with 1-isocyanatonaphthalene 
(1-86 g.) in light petroleum (b. p. 100—120°; 10 ml.). After two weeks the crystalline product 
(3-50 g.) was collected; it yielded, after 5 recrystallisations from the above solvent, 
one diastereoisomeric racemate of the (-+)-N-a«-naphthylcarbamate (0-80 g.), needles, m. p. 
73-5—74-5° (Found: C, 79-05; H, 7-05; N, 4:0. C,,H,,0O,N requires C, 79-1: H, 6-95; N, 
4:2%). 

Oxidation of the methylphenylbutanol gave (+)-3-methyl-4-phenylbutan-2-one, b. p. 
72—73-5°/0-5 mm., m,* 1-5041, m, 1-5066 (semicarbazone, needles, m. p. 116-5°). Its 
4-phenylsemicarbazone, which separated having m. p. 85-5—86-5°, had after successive recrystal- 
lisations from aqueous ethanol, m. p. 120—121°, 88-5—89°, 120—121° (needles); it is presumed 
to be dimorphic (Found: C, 73-35; H, 6-65; N, 14-3. Calc. for C,,H,,ON,: C, 73-2; H, 7-15; 
N, 14:2%) (Colonge and Pichat ™ record b. p. 106°/9 mm. and m,'* 1-5065 for the ketone, and 
m. p. 114° for the semicarbazone). 

Phthalic anhydride (148 g.) was partly dissolved in hot pyridine (84 g.); the mixture was 
cooled, the (+)-butenol (162 g.) was added and the whole heated under reflux for 3 hr. The 
resultant solution was cooled, diluted with an equal volume of acetone, and added with stirring 
to excess of 3N-hydrochloric acid and ice. The oil which separated was stirred with 2n-hydro- 
chloric acid, then dissolved in ether; the solution was extracted with aqueous sodium hydrogen 
carbonate, and the latter was acidified with hydrochloric acid. The oil which separated 
solidified; the (+)-hydrogen phthalate was ground, washed with water, and dried. It (227 g.) 
had m. p. 73-5—76-5° (Found: equiv., 338. C,,H,,0,*CO,H requires equiv., 310). 


1 Colonge and Pichat, Bull. Soc. chim. France, 1949, 177. 
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(a) All specimens of this phthalate had an equivalent in excess of the theoretical. It is 
possible that a hydrate is formed. For calculation of the quantity of brucine required for the 
salt, the equivalent determined by titration was used. (b) Traces of ether were removed from 
specimens to be used for rotation measurements by pumping at 40°, for 5 min. at 15 mm., and 
for 15 min. at 1mm. The phthalate then formed a colourless oil. (c) Chloroform containing 
1% of ethanol as stabiliser was necessary for use in the determination of rotations. (d) More 
drastic drying or solvent-removal, and the use of non-stabilised chloroform containing carbonyl 
chloride, resulted in the separation of phthalic acid. 

To a solution of the (+-)-hydrogen phthalate (200 g.) in acetone (400 ml.) anhydrous brucine 
(233-5 g.) was added, and the whole was boiled under reflux until a homogeneous solution was 
obtained. On cooling, the alkaloidal salt (274 g.) separated. The specific rotation of the 
hydrogen phthalate derived from a portion of the salt after seven recrystallisations from acetone 
({al¢3 +53°; 12; ¢2) was unaltered after four further recrystallisations. [The same value was 
attained in resolution (ii).] The optically pure salt (90 g.) was suspended in acetone (200 ml.) 
and shaken with 3N-hydrochloric acid and ice; the whole was extracted with ether; the extract 
was washed with 2N-hydrochloric acid, then with water, dried (Na,SO,), and evaporated under 
reduced pressure, yielding the (+-)-hydrogen phthalate as a colourless oil (35 g.; equiv., 336). 
It was dissolved in ethanol (128 ml.), and potassium hydroxide (33-7 g.) in water (117 ml.) was 
added. The whole was heated under reflux for 1 hr., then steam-distilled. The distillate was 
saturated with sodium chloride and extracted with ether; the latter was dried (K,CO,), and 
yielded the (—)-alcohol (14-0 g.), b. p. 90-5—91°/0-3 mm., n,* 1-5576, d,* 0-998 (Found: 
C, 81-2; H, 8-35. (C,,H,,O requires C, 81-45; H, 8-7%). 

The (—)-alcohol (i; 12-7 g.) in ethanol (75 ml.) was hydrogenated in the presence of W-3 
Raney nickel ® (1 g.) with stirring for 14 hr., then kept overnight without stirring, and stirred 
for a further 3 hr.; the maximum temperature and pressure attained were 36° and 90 atm. 
The solution was filtered and evaporated; the product was diluted with ether and dried for 5 
days with two portions of potassium carbonate; it yielded (+ -)-3-methyl-4-phenylbutan-2-ol 
(i; 10-75 g.), b. p. 88°/1-1 mm., m,,** 1-5141, d,5 0-968 (Found: C, 79-8; H, 9-65. C,,H,,O 
requires C, 80-45; H, 9-8%). 

A solution of this alcohol (5-32 g.) in acetic acid (10 ml.) was placed in a bath at 80°. A 
suspension of powdered chromic anhydride (3-85 g.) in acetic acid (20 ml.) was added during 
17 min., with stirring which was continued for a further 17 min. The mixture was cooled and 
poured into water (50 ml.); the whole was extracted with light petroleum (b. p. 40—60°); the 
extract was washed with aqueous sodium hydrogen carbonate and water, dried (MgSO,), and 
evaporated under reduced pressure. The product yielded, on redistillation, (—)-3-methyl-4- 
phenylbutan-2-one (i; 1-52 g.), b. p. 71—73°/1-1 mm., m,* 1-5042 (Found: C, 81-25; H, 8°55. 
C,,H,,0 requires C, 81-45; H, 8-7%). Closely similar adjacent fractions totalled 1-21 g. This 
ketone (1-02 g.) gave a 4-phenylsemicarbazone (1-60 g.), (after two recrystallisations from ethanol, 
1-19 g.; needles), m. p. 119-5—120-5°, [a]?5,, —1-4° (c 5-032) (Found: C, 72-8; H, 6-65; N, 14-4%). 

The butenol (ii; 13-6 g.) was hydrogenated as above except that the stirring times were 
3 hr. on the first day and 1} hr. on the second (max. 29°, 95 atm.); there was obtained 


p. (+)-3-methyl-4-phenylbutan-2-ol (ii; 12-0 g.), b. p. 84—85-5°/0-4 mm., ,* 1-5145, d,* 0-970 
ts (Found: C, 80-2; H, 96%). This alcohol was oxidised as above in three portions of 3-3 g.; 
tal- the combined products on redistillation yielded the (—)-ketone (ii; 2-16 g.), b. p. 69-5—71°/0-3 


mm., ”,,** 1-5039, d,*5 0-967 (Found: C, 80-85; H, 8-45%), and closely similar adjacent fractions 
totalling 1-83 g. This ketone (1-43 g.) gave a semicarbazone (1-53 g.), m. p. (after two recrystal- 
lisations from aqueous ethanol; needles), 116-5°, [a]?5,, —2-3° (c 3-035) (Found: C, 65-5; H, 
7-4; N, 19-25. C,,H,,ON, requires C, 65:7; H, 7-8; N, 19-15%). The combined fractions 
(1-67 g.; afg93 —1-28°) adjacent to ketone (ii) gave a 4-phenylsemicarbazone (2-44 g.), m. p. 
114-5—115-5°, [aJ3%.3 —1-9° (c 5-350 in CHCI,); after two recrystallisations it had m. p. 119— 
120°, [aJss0s —1-7° (c 5-447) (Found: C, 73-3; H, 6-75; N, 14-5%). 

(+)-a-Pinene.—Repeated fractionation of pinene from Pinus halipensis through a heated 
20 cm. column, packed with glass helices, gave (+-)-«-pinene, b. p. 156°, m,,*° 1-4661, ,,** 1-4636, 
d,*° 0-859, d,25 0-856, a25,, +81-75% (1 2), whence [aJ%,, +47-78°. 

It (100 g.) was hydrogenated in ether (200 ml.), in the presence of W-3 Raney nickel catalyst 
(3 g.); the pressure was initially 99 atm. at 16°, and during 4 hr. the temperature was raised 
to 107° (max. pressure 103 atm.). The product was thrice distilled; in order to minimise 
heating, no column was used in these distillations. The fractions obtained are tabulated. 
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BRADLEY, HARTSHORNE, and THACKRAY! concluded from a consideration of the linear 
rates of the transformations between «-, 8-, and y-sulphur, and of the temperature co- 
efficients of these rates, that a transition point between 8- and y-sulphur might exist at 
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_# (ii) 
® wf (iii) (iv) (v) (vi) (vii) 
Be De scsees 166—169 166—168 169 166 166 166—167 167—168° 
SeaP- cctzeisie —_— 1-4603 1-4603 1-4579 1-4600 1-4602 1-4602 
Wt. (g.) ... 95-4 67-2 21-5 2-4 5-3 42-8 10-1 


The following further measurements were made: 


Fraction np?” ad, a* abses [a] 2853 
(v) 1-4623 0-857 0-854 +9-65° 0-5 +22-61° 
(vi) 1-4626 0-857 0-854 +39-33 2 + 23-03 

(vii) 7 _ — +39-76 2 = 


Confirmed comparable b. p.s for cis- and trans-pinane are lacking; on refractive indices and 
densities there is agreement as follows: cis-pinane, »,*° 1-4624, d,*° 0-857, d,** 0-853; ® and for 
trans-pinane, n,*° 1-4619, d,* 0-856, d,* 0-852.%"" The final main fraction (vi) and its preceding 
fraction (v) were subjected to vapour-phase chromatography. 


The conditions for chromatography of the methylphenylbutan-ols and -ones were: 


Column: 120 x 04cm. Temp., 150°. Packing: 20% tritolyl phosphate on 100—120 mesh 
Celite 545. Carrier gas: argon, with Lovelock ionisation detector. Inlet pressure: 110 cm. 
Hg. Outlet pressure: atmospheric. Rate of flow: 33 ml./min. For the pinanes, conditions 
were as above except that measurements were made at 75° and 50°, the rate of flow being 
41 ml./min; measurements were also made with squalane as packing, at 75°. 


We thank Dr. Haresnape and Mr. Swanton for the vapour-phase chromatography, and the 
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244. The Vapour Pressures and Latent Heats of Sublimation 
of «-, B-, and y-Sulphur. 


By C. Briske, N. H. HARTSHORNE, and D. R. STRANKs. 


The temperature coefficients of the rates of effusion of sulphur vapour in 
equilibrium with (1) «- and 6-sulphur over the range 0—60°, and (2) y-sulphur 
over the range 0—40°, have been determined by a radiochemical method. 
The corresponding latent heats of sublimation [cal. mole(S,)*] and their 
95% limits are: a 23,850 + 130; 6 23,060+ 170; y 23,110+ 180. An 
approximate determination of the relation between the activities of the 
effusates and their weights was also made, and values of the vapour pressure 
of «-sulphur calculated from this agree within experimental error with those 
of previous workers. 

On reasonable assumptions, a further statistical analysis points to a 
strong probability that the B- and y-curves intersect at some lower tem- 
perature, i.e., that there is a transition point between these two forms. 

The effects on the results of allowing for possible partial dissociation 
of the vapour are discussed, and it is shown that degrees of dissociation 
consistent with those recently reported for higher temperatures have very 
small effects. 



























1 Bradley, Hartshorne, and Thackray, Nature, 1954, 178, 400. 
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some temperature below —18°. We undertook the present work in the hope of obtaining 
direct evidence for or against such a point, and also to add to the existing vapour-pressure 
data for the crystalline forms of sulphur. We know of no previous determination of the 
vapour pressure of y-sulphur, or of $-sulphur below the «-8 transition point. 

A modified Knudsen effusion method was used. The sulphur contained a small 
proportion of 35S (a weak B-emitter, half-life 87 days), and assessments of the relative 
weights of the effusates, which were collected on a strongly cooled target (silvered intern- 
ally), were made by measuring their activities by means of a Geiger tube and counting 
circuit. From these results, values of the latent heats of sublimation of the three forms 
have been calculated. By an extension of the method an approximate determination of 
the weight of effusate corresponding to a given activity was also made, and from the 
result the vapour pressure of a-sulphur at 30° was calculated. This agreed within 
experimental error with the value obtained by Bradley ® at this temperature, using an 
effusion method and a microbalance technique. From Bradley’s value and our relative 
effusion rates, vapour pressures for all three forms over the temperature ranges of the 
experiments have been calculated. 

Our apparatus was similar to that used by Carson, Stranks, and Wilmshurst ® for 
determining the latent heat of sublimation of diphenylmercury, but certain improvements 
and modifications in procedure were introduced. 


EXPERIMENTAL 


Preparation of the Active Sulphur.—Carrier-free Na,**SO, solution (obtained from the 
U.K.A.E.A. Radiochemical Centre, Amersham), equivalent to 2—5 mc, was added drop by 
drop to 0-5—0-6 g. of inactive “ AnalaR ” sodium sulphate contained in a platinum boat. The 
moist mass was dried under an infrared lamp to constant weight, and the boat and its contents 
were placed in a silica combustion tube. Oxygen-free hydrogen, dried by passage over calcium 
chloride, was then passed over the sulphate, which was heated to a dull red heat, until the loss 
of weight approximated to complete reduction to sulphide. The product was dissolved in the 
minimum quantity of water in a centrifuge tube, which was placed in a rack in a hot-water 
bath. Iodine in potassium iodide solution was then added drop by drop to oxidise the sulphide 
to sulphur. Completion of the reaction was marked by a sudden change in the apparent 
colour of the suspension of sulphur from yellow to white, which was followed after a few minutes 
by coagulation and precipitation of the sulphur. The sulphur was centrifuged off and washed 
repeatedly, first with very dilute potassium iodide solution to remove adsorbed iodine, and then 
with distilled water until the washings were free from iodide ion. It was then dried in a vacuum- 
desiccator for 24 hr., and finally annealed for 2 days at 90—95° to convert it all into S,. The 
method gave yields of 80—90%. 

Preparation of Specimens for the Effusion Apparatus.—The specimens of «-, B-, and y-sulphur 
for insertion in the effusion cell were prepared as polycrystalline films between pieces of 
microscope slide, ca. ? in. square, and no. 1 cover slips cut slightly smaller. 8- and y-Sulphur 
were obtained by inoculating with a cold metal point, and by chilling, respectively, the molten 
films as described by Hartshorne and others,** and the «-films were obtained by allowing the 
f- and y-films to transform completely. Before insertion of a preparation in the cell, the cover 
slip was stripped off. This left almost all the sulphur on the slide. The large surface area thus 
exposed to the vapour phase was ca. 100 times the area of the effusion hole, i.e., much greater 
than the minimum figure of 10 suggested by Clausing * as necessary to ensure that the equili- 
brium between the vapour and the solid is not disturbed by the loss of molecules through the 
hole. (Later work has shown, however, that this effect was not entirely absent; see under 
“ Results ’’ below.) The cover slip was placed in a numbered weighing bottle, and the slide 
was also placed in this bottle after the run. The exposed film of sulphur was thus protected 
from contamination when not in use, and the slide and cover slip could be reassembled, and the 


* Bradley, Proc. Roy. Soc., 1951, A, 205, 553. 

* Carson, Stranks, and Wilmshurst, Proc. Roy. Soc., 1958, A, 244, 72. 
* Elias, Hartshorne, and James, J., 1940, 588. 

° Briske and Hartshorne, Discuss. Faraday Soc., 1957, 28, 196. 

* Clausing, Ann. Physik, 1932, 12, 961, 
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sulphur remelted and treated as above to give a fresh specimen of the 8- or y-form, if required, 
By examining the $- and y-films under the microscope, or sometimes even by the naked eye, it 
was easy to discover whether any transformation to the «-form had occurred. Over the periods 
of the runs the §-films usually underwent no change at any temperature in the range studied 
(0O—60°), but the y-films almost invariably began to transform at temperatures above 40°, and 
so no determinations on this form were made above this point. Preliminary experiments jn 
which @- and y-films were exposed to strong f-radiation showed that this treatment did not 
appear to make the films more liable to transform. 
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The duration of a run was chosen to suit the activity of the specimen and the rate of effusion 
at the temperature in question, and varied from 6—8 hr. at 0° to 10 min. at 60°. 

Apparatus and General Procedure.—The effusion cell and target assembly are shown in 
Fig. 1. The stainless-steel cell A was that used by Carson et al.,3 but was modified as follows. 
(1) The upper surface was machined and repolished so as to reduce the thickness of the metal 
around the effusion hole from the original value of 0-75 mm. to 0-3 mm. (ideally this thickness 
should be zero). (2) A slotted plate L was attached to the upper surface by the minimum 
quantity of vacuum-grease to form a guide for the disc shutter C. (3) Flats D were machined 
on the outer wall and on the tapered plug E to fit spanners by means of which the cell could be 
removed from the outer jacket F more easily after a run, and then dismantled. 

The cell was inserted in the outer jacket so that the direction of the slot in the guide plate 
was at right angles to the side tube connecting the apparatus to the vacuum-train. The shutter 
could then be caused to move so as to cover or uncover the effusion hole by tilting the apparatus 
slightly about the ground glass joint G. The 5-litre thermostat had to be lowered somewhat 
before this could be done, owing to its small size and the fact that much of its interior was 
occupied by heating and control apparatus, but this operation was made simple and quick by 
supporting the thermostat on a counterpoised platform moving very smoothly on rollers and 
vertical guides. In practice this method of opening and closing the shutter was much simpler 
and more certain than the magnetic method used by Carson e¢ al. 

A further modification was the insertion between the effusion apparatus and the vacuum- 
train of a ground-glass safety valve (similar to the valve on a Tépler pump) to protect the 








pena! 
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pumps and McLeod gauge from flooding if the outer jacket of the effusion apparatus should be 
fractured below thermostat level by the thermal expansion of the metal effusion cell (as happened 
once). There was a greater danger of this in the present work than in the experiments of 
Carson et al., because of the higher temperatures to which our determinations were taken. To 
guard against it, in runs above room temperature the empty cell was always pre-heated in an 
oven to a higher temperature than that of the experiment to be done, and then after insertion of 
the specimen was connected to the rest of the apparatus and immersed in the thermostat 
as expeditiously as possible. 

It was found necessary to maintain the cooling of the target tube while it was being trans- 
ferred to the counting apparatus and throughout the subsequent counting, otherwise the 
effusate began to evaporate and some condensed on 
the window of the Geiger tube, giving rise to erratic 
and valueless results. Since any frost forming over the 
effusate during these operations would have absorbed 
the -radiation, the following procedure was adopted. 
At the end of a run, dry air was admitted to the 
apparatus, and the target tube with its cold finger was 
then withdrawn while a stream of dry air was passed 
around it from the side tube H. As soon as the tube 
had been raised clear of the outer jacket F, the transfer 
tube J (Fig. 1,a) was quickly slipped over its lower end, 
and the lower end of J, which was ground flat and 
slightly greased, was immediately closed with the 
Perspex disc K. J made a good sliding fit over the 
target tube, and K was recessed as shown so that it 
did not foul the effusate. 

On arrival at the counting apparatus (Fig. 2) the 
cooled target tube, still protected by J and K, was 
passed through the B 50 socket M until its lower end -—— lft. 
was just above the Perspex box N which surrounded (opprox) 
the window of the Geiger tube, and through which a Fie. 2. 
stream of dry nitrogen was passed. The disc K was 
then removed and the target tube lowered into position through a circular opening in the top of 
N, as shown in the Figure. The tube J was too wide to pass through the opening and remained 
resting on the top of N. The stream of nitrogen was continued throughout the counting. 

Traces of frost did form on the target during the transfer to the counting apparatus, since 
the protection during this operation was not perfect, but these were quickly removed by the 
nitrogen stream as soon as the target was placed in position in the apparatus. 

A reproducible position of the target tube during both effusion and counting was effected 
by aligning a fixed mark on its B 50 cone with marks on the B 50 sockets into which it fitted on 
the effusion and counting assemblies respectively. 

The counting apparatus consisted of an EHM2S Geiger tube (window thickness 2 mg. cm.~*), 
an Ericsson scaling unit, and an EHT unit (1007). 

Counts were corrected for (a) day-to-day variations in the counter sensitivity (determined 
by means of a standard 1*"Cs source; * see Fig. 2), (b) background radiation, (c) counter paralysis 
time (300 psec.), and (d) decay of the *S, all counts being calculated as being at the same 
arbitrary zero time. Counting was repeated a number of times on each effusate to give in most 
cases a total of at least ~50,000 counts, corresponding to a statistical accuracy (standard 
deviation) of ca. $% (Taylor,? Cook and Duncan *). The activity of the effusates obtained at 
0° was, however, too low for this total to be reached without making prohibitively lengthy 
counts, despite the very long effusion runs at this temperature, and totals of 15,000—20,000, 
corresponding to an accuracy of ca. 1% were the most that could then be conveniently achieved. 

Absolute Determination of the Weight of Effusate corresponding to a Given Activity.—A 
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* This was used because the geometry of the apparatus prevented a source having more nearly the 
same characteristics as *°S, e.g., *C, from being brought near enough to the Geiger tube. 


? Taylor, ‘‘ Measurements of Radioisotopes,”” Methuen Monographs, 2nd edn., 1957. 
§ Cook and Duncan, ‘“‘ Modern Radiochemical Technique,” Oxford, 1952. 
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specimen of active sulphur was allowed to effuse on to the target and counts were made in the 
usual way. The target tube and cold finger were then carefully removed from the count 
assembly, the transfer tube and Perspex disc (J and K, Fig. 1) being used to prevent the lower 
end from frosting. This end was then quickly dipped (after removal of K and sliding up of J) 
into a small beaker containing a few c.c. of carbon disulphide and 0-04 g. of inactive sulphur to 
act asacarrier. The target tube was gently agitated in the carbon disulphide for a few minutes 
to dissolve off the effusate, rinsed with a little more carbon disulphide, and returned to the 
counting apparatus, and a count was taken. This showed that over 99-85% of the effusate had 
been dissolved off the target. The effusate solution was then made up to 25 c.c. in a graduated 
flask with more carbon disulphide (solution I). 

About 1 mg. of the active sulphur was weighed out accurately on a microbalance, transferred 
to a 1 1. graduated flask together with 3 g. of inactive sulphur as a carrier, and dissolved in 
carbon disulphide, and the solution made up to the mark (solution II). 

A number of aluminium sample pans were modified by machining a recess in. in diameter 
in their centres. The depths of these recesses and the degree of chamfer of their edges were 
made as nearly the same as possible. 

1 c.c. portion of solution II were pipetted into five of the pans and evaporated to dryness 
under an infrared lamp. During the last stages of the evaporation the solution collected into 
a large number of drops, which were led into the recess by means of a drawn-out glass rod, 
The sulphur finally crystallised in one or two large lumps. These were moistened with acetone 
and gently crushed with a glass rod. The moist mass was spread as evenly as possible over the 
recess and finally dried under the infrared lamp. 

2 c.c. portions of solution I were pipetted into five other pans and treated similarly. 

The amount of carrier sulphur added in making up these solutions was such that the pans 
in the two sets contained approximately the same weight of sulphur, namely, 3-0—3-1 mg. per 
pan. Moreover, since the sulphur was spread as evenly as possible over equal areas, self- 
absorption of the radiation should have been approximately the same for all pans. 

The pans were then counted on a standard Geiger counting assembly (not that shown in 
Fig. 2), variations in the counter sensitivity being checked with a standard ™“C source. 

From a comparison of the count rates for the two sets of pans with that for the original 
effusate, the weight of effusate could be calculated, since the weight of active sulphur in 
solution II was known. From this result the weight of any other effusate obtained with the 
same specimen of active sulphur could be calculated from its activity, due allowance being made, 
as always, for decay. The result could, however, only be regarded as approximate, the 
calculated 95% limits being +10-8%, because the variations in the count rates for the pans 
were considerable, despite the precautions taken to spread the residues evenly. 


RESULTS 


The relation between the weight of effusate and the vapour pressure is given by the 
following modified form of the Knudsen equation, 


G' =atWfp(M/2eRT)## wg www wk. 


where G’ is the weight of the effusate, a the area of the hole, ¢ the time of effusion, W the 
Clausing factor correcting for the finite thickness of the cell wall around the effusion hole 
(which is necessary because some of the molecules moving through the hole strike this 
wall and are returned to the cell), f a correction factor for the finite distance between the 
hole and the target, M is the molecular weight of the vapour, and the other symbols have 
their usual significance. W is given by 1/(1 + //d), where / is the thickness of the wall and 
d the diameter of the hole, and was 0-753 in the present case. The factor f, which allows 
for the fact that molecules escaping from the hole at wide angles miss the target, is given 
by r?/(r? + h?), where r is the radius of the target, and 4 the distance between the hole and 
the target, and was 0-954. 

It follows from eqn. (i) that the vapour pressure is proportional simply to the weight of 
effusate (and thus to the measured activity, A) and to T+, since all other factors in the 
equation are temperature-independent. (It is assumed here that M is constant.) Fig. 3 
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shows the plots of log (AT*) against 1/T for the three forms. Good straight lines are 
obtained in all cases. At least two completely independent determinations, and in some 
cases three or four, were made with each form at each temperature. The maximum 
difference between the values of log (AT#) shown by these determinations was 1-8% 
(g-form at 10°). In only one other case was the difference greater than 1%, and in the 
majority it was less than 05%. For clarity the distances between the plots have been 
increased in the figure by shifting the ordinate scale as shown, but qualitatively their 
positions with respect to one another are correct, i.e., the y-plot lies above the 6-one, and 
this above the a-one throughout. Values of log (AT#) given at each end of the plots 
indicate the correct spacing. It will be noted that the #-plot lies only slightly above the 
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y-plot, and there was in fact some overlap of the individual A values for these two forms 
at 0° and 10°. 

The best straight lines and the 95% limits of their slopes (#.e., standard error of slope x 
“t” function) were determined by the method of least squares, and correspond to the 
following values of the latent heats of sublimation [L, cal. mole (S,)~4] to the nearest 10 cal. : 


(1) Le = 28,850 + 130; 
(2) Lg = 23,060 + 170; 
(3) Ly = 23,110 + 180. 


(1) may be compared with the value calculated in the same way from Bradley’s * results 
for the range 15-10—32-50°, namely, 23,920 + 670. (Bradley in his paper gave a slightly 
different value for the mean, based on visual assessment of the best slope. The rather 
large spread of his 95% limits is due to the shortness of the temperature range which his 
results covered. We are indebted to him for making available to us full details of his 
experimental results for our calculations.) Neumann® found 24,080 +70 cal. for the 
range 59-5—90°, and for $-sulphur he obtained 23,240 + 70 cal. for the range 96—115°, 
which may be compared with (2) above. It is not clear from Neumann’s paper how his 
limits of error were evaluated. ~* 

A calculation of the vapour pressure of «-sulphur at 30° by means of eqn. (i), G’ being 
obtained from the measured mean activity, and the relation between activity and weight 


* Neumann, Z. phys. Chem., 1934, 171, 416. 
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of effusate, gives 2-88 x 10* mm., if M is taken as 256 (=S,). Recently, however, 
Cooper and Stranks (personal communication) have shown, from experiments with effusion 
cells having different sizes of holes, that the error due to the effect of the loss of molecules 
by effusion on the equilibrium between solid and vapour could not have been negligible 
for the cell which we used, but must have been about —4%. Allowance for this raises 
the above value to 3-00 x 10* mm. Bradley,? taking the same value for M, found 
3-06 x 10° mm., and the difference is well within the error of our determination of the 
relation between activity and weight of effusate (see ‘“‘ Experimental” section). . This 
agreement is reassuring as indicating that our experimental arrangements and procedure 
were in order. 

Table 1 shows the result of taking Bradley’s value for «-sulphur at 30° (which we 
consider to be more accurate than ours, since it was obtained by a more direct method) and 
calculating the vapour pressures at other temperatures and for the other forms from this 
and our experimental values of A7#, using the mean value of A at each temperature. 
For comparison, vapour pressures of «- and $-sulphur calculated by means of the empirical 
equations of Bradley * and Neumann, based on their experimental results, are also given. 
It must be remembered that Neumann’s measurements were made at higher temperatures 
than ours. He also used a different kind of effusion method in which jets of the vapour 
issued in opposite directions from two holes in the cell in such a way as to exert a torsional 
force on the quartz-fibre suspension of the cell. This force, which is what was measured, 
depends directly on the vapour pressure. The molecular weight is not involved. It will be 
noted that the figures derived from Neumann’s equation for 6-sulphur agree on the whole 
more closely with our values for y-sulphur than with those for 6-sulphur, but the difference 
between the AT? values for these two forms is very small, as has already been mentioned. 
The three sets of figures for a-sulphur agree within a: few percent throughout, though 
Neumann’s are appreciably higher than the others at the higher temperatures. These 
points are discussed at the end of the paper. 

The values given above for Lg and L, afford no evidence as to whether there is a 
transition point between @- and y-sulphur at some lower temperature, 7.e., whether their 
vapour-pressure plots converge in the direction of falling temperature. The figures are 
so close, and there is so much overlap between their 95% limits, that the difference between 


TABLE 1. Vapour pressures based on Bradley's value for «-sulphur at 30° and 
the mean AT* values of the present authors. 


Vapour pressure (mm.) 





a-Form B-Form 
Temp. Bradley’s eqn. Neumann’s eqn. Neumann’s eqn. y-Form 
0° 3-81 x 10°° 3-79 x 10° 3-84 x 10°° 5-61 x 10% 5-74 x 10° 5-78 x 10° 
10 1-88 x 107 181 x 107 1-84 x 107 2-55 x 107 2-61 x 10” 2-68 x 107 
20 8-11 x 10° 7-72 x 107 7-93 x 10° 1:06 x 10° 1-07 x 10°* 1-08 x 10° 
30 3-06 x 10° 3-01 x 10% 3-10 x 10°¢ 3-71 x 10-* 3-98 x 10°* 3-98 x 10* 
40 1-09 x 10° 1-07 x 10° 1-1l x 10° 1-28 x 10°% 1:36 x 10° 1-35 x 10° 
50 3-55 x 10° 3-53 x 10-5 3-69 x 10°% 3-99 x 10°5 4:35 x 10° 
60 1:06 x 10 1-08 x 10 1-14 x 10% 1-19 x 10 1-29 x 10+ 


them is obviously not significant statistically. It must be remembered, however, that 
they are based solely on the experimental results, without any account being taken of the 
relation which must exist between the vapour-pressure plots at higher temperatures. 
These relations are (i) that the plots must meet the plot for liquid sulphur at the respective 
melting points of the three forms, and (ii) that the plots for «- and $-sulphur must intersect 
at the «8 transition point. If use is made of these facts, and if it is assumed that the 
logarithmic plots are straight lines up to the melting points, as seems reasonable in view 
of the linearity of our graphs in Fig. 3 which cover quite wide ranges of temperature, then 
a further statistical treatment becomes possible as follows. 
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The procedure may be followed graphically in Fig. 4, though all the actual results were 
calculated from the equations of the various straight lines involved. The plotting along 
the ordinate in the Figure is not to scale, some intervals having been much exaggerated 
to bring out the procedure more clearly. Only the upper part of the range of temperature 
covered by the experimental results is represented. 

Taking first the upper 95% limit of the slope of log (AT*) against 1/T for a-sulphur 
(DD’ in the figure), an extrapolation is made to the temperature of the a—-8 transition 
point and to the melting point of «-sulphur, giving the points U and Mg respectively. The 
best straight line for the 6-form is now calculated by the method of least squares, taking U 
as the datum point, t.e., the point through which the line must pass, instead of the point 
given by the means of the experimental values of log (AT#) and of the corresponding 
values of 1/T as in the application of the least squares method based on the experimental 
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results alone. This gives BB’U which on extrapolation to the melting point of 6-sulphur 
gives the point Mg. The 95% limits of the slope of BB’U are also calculated, and by 
extrapolation these give upper and lower limits of Mg on the ordinate scale, which are 
indicated by the short horizontal strokes above and below the point in the figure. For 
each of these three values, 7.e., the central value and the two 95% limiting ones, an 
extrapolation to the melting point of y-sulphur is made, giving three corresponding points 
M,. Each of these is used in turn as a datum point for calculating the best straight line 
MC'C passing through it and the y-experimental points, together with the 95% limits of 
the line. The whole procedure is then repeated, with the lower 95% limit of the «-slope 
as the starting point. We have thus in all six values for the 8-slope covering the whole 
95°, range of possibilities of the «-slope, and corresponding to each of these six values a 
range of values for the y-slope. 

The results of applying this treatment are given in Table 2, in terms of latent heats of 
sublimation. 


TABLE 2. 
Corresponding Corresponding 
range of range of 
B-Values (cal.) y-values (cal.) B-Values (cal.) y-values (cal.) 
Based on upper a-limit (23,980) Based on lower a-limit (23,720) 
1. Upper 95% limit... 23,300 23,290—23,400 4. Upper 95% limit 23,130 23,070—23,160 
2. Central value ...... 23,230 23,310—23,430 5. Central value ...... 23,010 23,110—23,190 


3. Lower 95% limit... 23,160 23,330—23,450 6. Lower 95% limit 22,890 23,140—23,230 


The y-range overlaps the 6-value considerably in case 4, and very slightly in case 1, 


but in all other cases it lies completely above it. Thus the balance of probability appears 
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to lie heavily in favour of the y-form’s having a greater heat of sublimation than the 
8-form. This also implies a greater probability that their vapour-pressure curves intersect 
at some lower temperature than that they do not, i.e., that a transition point exists between 
them. This transition point would almost certainly have to be below —18°, because 
Bradley, Hartshorne, and Thackray ! observed that the interface between the two forms 
in CS,-catalysed sulphur moved in the direction of the disappearance of the y-form at al] 
temperatures down to this. We cannot of course estimate the actual position of this 
point from our results. 

The temperature taken for the a—8 transition point in the above statistical analysis was 
95-5°. This appears to be the best mean value of the direct determinations of this point 
which have been made (see Gmelin’s ‘‘ Handbuch der Anorganischen Chemie” !). For 
the melting points of «-, 8-, and y-sulphur the “ natural” points obtained by Smith and 
Carson " were used, namely, 110-2°, 114-5°, and 103-4° respectively. These were chosen 
out of a number of somewhat varying values in the literature because they are the only 
determinations made on all three forms by the same authors, and it was considered more 
important for our purpose that the relative values should be correct, than they should be 
the best values individually. The “ natural” melting points were selected in preference 
to the “ ideal” melting points, because the former refer to an equilibrium condition and 
their determination is therefore probably the more trustworthy. 

Effect of Dissociation of the Vapour.—Bradley’s and our values of the vapour pressures 
given in Table 1 are based on the assumption that the vapour consists wholly of S, molecules, 
as has already been stated. Braune, Peter, and Neveling }* have found, however, from a 
study of the vapour density of sulphur vapour between 120° and 420° at different total 
pressures, that even at 120° there is considerable dissociation, the vapour in equilibrium 
with liquid sulphur at this temperature being said to contain 24-4% of S,, 0-2% of S,, and 
0-1% of S,. A graphical extrapolation of these authors’ results * gives ca. 16°, for the 
proportion of S, in vapour in equilibrium with liquid sulphur at 0° (our lowest experimental 
temperature), and the vapour in equilibrium with solid sulphur at this temperature, being 
at a lower pressure, would on the same basis of calculation contain rather more. 

From eqn. (i) we see that the calculated vapour pressure based on a Knudsen effusion 
experiment is inversely proportional to the square root of the value taken for M. Let us 
now take the above value of Braune, Peter, and Neveling for S, at 120°, rounding it to 25% 
and ignoring the very small percentages of S, and S,, as giving approximately the dissoci- 
ation of sulphur vapour in equilibrium with solid sulphur in the neighbourhood of the 
melting points of the three forms (where the saturation vapour pressures of solid and 
liquid would be nearly equal). This corresponds to M = 240, while for no dissociation 
M = 256. Thus if we disregard the dissociation, the calculated vapour pressure will be 
too low by a factor of (240/256) = 0-97, or by about 3%. Within the temperature 
range of our determinations, 0—60°, we should expect the proportion of S,, and therefore 
the error, to be less than this. 

The effect on the values of the heats of sublimation of ignoring a degree of dissociation 
of the above order will now be considered. Taking the most unfavourable case possible. 
let us suppose that in the neighbourhood of the melting points the vapour contains 25% 
of S,, but that the dissociation falls to zero at 0°. If we allowed for this it would increase 
the values of the latent heats by only ca. 0-25%, i.e., 60 cal. Since, on the basis of the 
extrapolated results of Braune, Peter, and Neveling, dissociation at the lower temperatures 
would not in fact be so very much less than near the melting points, it may well be that the 
effect on the values of the latent heats of not allowing for dissociation is negligible. 


* Using the logarithms of their saturation partial pressures plotted against 1/T, which give good 
straight lines. 
1© Gmelin, “‘ Handbuch der Anorganischen Chemie,”’ 1942—1953, Vol. IX, p. 626. 


11 Smith and Carson, Z. phys. Chem., 1911, 77, 661. 
12 Braune, Peter, and Neveling, Z. Naturforsch., 1951, 6a, 32. 
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It is of interest in connection with the above discussion that Neumann’s values for «- 
and @-sulphur in Table 1 are almost uniformly higher than Bradley’s and ours, with a 
tendency for the difference to increase with rise of temperature. The maximum difference, 
ca. 8—9% for B-sulphur at 50° and 60°, is considerably greater than that just estimated 
for the effect of dissociation, but the difference may be at least partly due to the fact that 
Neumann’s method led directly to the value of the vapour pressure without regard to the 
value of M, whereas Bradley’s and ours did not, and we made no allowance for dissociation. 


We are indebted to Dr. R. S. Bradley for taking part in many helpful discussions with us. 
The scaling unit used in the investigation was purchased with a grant to D. R. S. from the 
Royal Society, to whom grateful acknowledgment is made. C. B. thanks the University of 
Leeds for the grant of a Lowson Scholarship and a Junior Ellison Fellowship during the period 
of the work. 
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245. Organic Compounds of Multivalent Iodine. Part I. 
Infrared Spectra. 


By R. Bet and K. J. Morcan. 


The infrared spectra of typical iodoxy-, iodoso-, and iodonium compounds 
have been recorded. Iodoxy-compounds show three characteristic bands 
between 700 and 800 cm.; in solution the spectra change largely. No 
characteristic absorption is found in the spectra of iodoso-compounds. 
Acyloxy-derivatives of iodoso-compounds show low carbonyl frequencies 
which are attributed to partially ionic structures. The iodosobenzoic acids 
show abnormalities and are best represented as zwitterionic (meta, para) or 
cyclic (ortho); o0-iodoxybenzoic acid is similarly cyclic. Iodonium salts 
show no characteristic bands. 


OxIDATION of aromatic iodo-compounds cah lead to organic derivatives of multivalent 
iodine. Such compounds were first prepared by Willgerodt ! and by Meyer and Wachter ? 
and were extensively studied by Willgerodt and his collaborators. The compounds may 
be separated into three groups: iodoxy-compounds, Ar-IO,; iodoso-compounds, Ar-IO, 
and their derivatives, Ar-IX, (X = e.g., Cl, OAc); iodonium salts, Ar,I*X~. Infrared 
spectra of representative compounds of each class have been examined. 

Iodoxy-compounds.—These compounds are colourless, non-volatile, infusible solids 
insoluble in all but highly polar solvents. The spectra of the solids (prepared as mulls 
with Nujol or as discs with potassium bromide) revealed a close similarity to those of the 
parent iodo-compounds except in the region 700—800 cm.. A group of strong bands 
(Table 1) appears here in the spectra of all the iodoxy-compounds examined. Strong 
absorption in this region is shown by inorganic iodates,* iodic acid, and iodine pentoxide, 
and has been previously reported 5 for a few iodoxy-compounds. It may accordingly be 
attributed to the iodine-oxygen system. By using carefully purified materials it was 
possible to resolve the absorption of the iodoxy-compounds into three bands: 720 + 5, 
745 + 5, and 765+ 5 cm.1. Of the compounds examined, two, viz., o-iodoxynitro- 
benzene and 0-iodoxybenzoic acid, fail to show these characteristic bands. In both cases 
models indicate that the proximity of the two bulky substituents must lead to strong 
interactions. With o-iodoxynitrobenzene this shifts the iodoxy-bands to higher frequencies, 

1 Willgerodt, J. prakt. Chem., 1886, 38, 154; Ber., 1892, 25, 3494. 

2 Meyer and Wachter, Ber., 1892, 25, 2632. 

* Willgerodt, “‘ Die Organischen Verbindungen mit mehrwertigem Iod,” Enke, Stuttgart, 1914. 


* Miller and Wilkins, Analyt. Chem., 1952, 1253. 
5 Furlani and Sartori, Ann. Chimica, 1957, 47, 124. 
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TABLE I. 


Probable assignment 
Todobenzene ..............ssse00+ 
Iodoxybenzene 
o-lodonitrobenzene ............ 


o-lodoxynitrobenzene ......... 
m-lodonitrobenzene 

m-lodoxynitrobenzene 
p-lodonitrobenzene ............ 
p-Ilodoxynitrobenzene 
o-lodotoluene 
o-Iodoxytoluene 
m-Todotoluene ................++ 
m-lodoxytoluene ............... 
p-lodotoluene 
p-Iodoxytoluene 
o-Iodoanisole 
o-Iodoxyanisole 
p-Iodoanisole 
p-Iodoxyanisole 
o-Iodobenzoic acid ............ 
o-Iodoxybenzoic acid 
m-lodobenzoic acid ............ 
m-lodoxybenzoic acid 


* Letters indicate the relative intensity of the bands: 
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Absorption bands (in cm.~*) * 


715s 


| 


715m 
725m 


723s 


720s 
715s 
723s 
725s 


PLT dtd 


720s 


brackets indicate points of inflexion. 


Infrared spectra (700—800 cm.) of iodoxy- and iodo-compounds. 


C-H NO, IO, C-H 10, — C-H 
730s a — — — = —_ 
730s a [740] w — 765s —_— ong 
— 730m — 780m ~- —- — 
745s 793s 
= 735m 755m “770s 800s — ia 
— 730m -—— -- — _— 800m 
_- 732m 740w _— 760m a 800w 
— ae — — —- — 833m 
— 735s 748w -- 774s — 837s 
745s — — + a 796w _ 
740s — [748]w — 765s 794w _— 
— — -—- 768s = 80lw — 
-- -- 740m — 765s 804w — 
— — — — — 790m 800s 
— - 742w os 765s —_— 793m 
750s —- -—— _- —- 790m _— 
755s -— 748w — 762s 795m _ 
— — — — = 783w 805s 
— _ 745m — 770s 800w 805w 
740s — = -- — —_ — 
750m —_- = = 785s - + — 
— — -- 750m --- — _— 
-— — 738m 750s 765s —- —— 
8, strong; m, medium; w, weak. Square 


TABLE 2. Characteristic bands in the spectra of iodoso-esters. 
Carbonyl stretching 


(1) Iodosobenzene diacetate ... 


(2) Iodosobenzene dipropionate 


eee e eee eeeeeeeeee 


(3) Iodosobenzene di-isobutyrate ............... 


(4) lodosobenzene dibenzoate 


(5) Iodosobenzene di-(p-nitrobenzoate) 


(6) p-Iodosoanisole diacetate 


(7) p-Iodosonitrobenzene diacetate 


(8) m-Iodosotoluene diacetate 
(9) p-Iodosotoluene diacetate 
(10) Benzylidene diacetate 


(11) p-Methylbenzylidene diacetate 


C-O single-bond stretching 
frequency (cm.~*) 








Soln.* a 
(1) 12380ms* 1263s¢ 
(2) 1180m*%* 121955 = 
(3) 1190m**  1207s«° so 
(4) 1175m4 1270s * 1320s 4 
(5) a as 1304s 
(6) 1236m* 1265s ° oa 
1255s 
(7) 1232m* 1265s ° ee 
(8)  1240s* 1269s * ee 
(9) 1240ms* 1269s an 
(10) 1200s « 1243s ¢ or" 
(11) 1200s * 1235s ° hes 


C-O single-bond stretching 





frequency (cm.~) frequency (cm.~) 
Solid 2 Soln.? ~" Solid # 
1625m 1660s * — 1275s — 
1640s 
1615m 1650s + 1180mw 1220s — 
1650s 
1655 s 1650s *.° 1170ms 1212s — 
1612ms 1645s %¢ 1174m 1277s 1325s 
1650ms 
1605ms 1603ms¢ — — 1315s 
1653ms 1650m 
1650ms 1650ms® 1258s 1276m — 
1645s 1650s ° — 1276s _- 
1645s 1655s ® _- 1275s — 
1650s 1655s ° — 1270s — 

--- 1755s ¢ —- -—- -- 
1735s 1755s * 1208s 1242s — | 
1755s 

Other characteristic 
frequencies (cm.~) 

Solid ? Soln.* Solid # Soln.* 
1296s 1284s ¢ 672ms 665m ¢ 
1290ms 1284m +> [680] * 678 *m? 
1288m 1286m ** 685 * m 680 * m? 
1309ms 1287s ® 680ms 680 * ms? 
1304s 1285s ¢ 678 *m — 
1295s 1285s ® 672m 665m ° 
1295s 1282s ® 670ms 665m ° 
1300m 1286s ® 672m 668ms ® 
1291s 1286s ® 667s 668m * 

2 In Nujol. * Alphabetical superscripts 


1 Letters indicate the relative intensity of the bands. 
indicate the following solvents: a, CCl,; 6b, CS,; c, CH,Cl,; d, CHCI,; e, liquid. 
* Overlaps aromatic C-H deformation band. 
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together with a similar shift (found also in the parent iodo-compound) of the out-of-plane 
C-H deformation band. In the spectrum of 0-iodoxybenzoic acid only one band detived 
from the iodoxy-group is recognised; it seems probable that chemical interaction of the 
two neighbouring groups has occurred: this will be discussed more fully below with the 
jodosobenzoic acids. 

The physical properties of the iodoxy-compounds show the existence of strong lattice 
forces. That these are largely effective between neighbouring iodoxy-groups is indicated 
by the decomposition temperatures of the known iodoxy-compounds which are grouped 
between the limits 150° and 250° and lie in Gaussian distribution about 202°. Crystallo- 
graphic examination® of -chloroiodoxybenzene has shown that the iodine-oxygen 
distance between adjacent molecules is small, 7.¢., 2-72 A, significantly less than the sum 
of the van der Waals radii (3-15 A). It is therefore particularly desirable to determine 
the spectra of the iodoxy-compounds in a dispersed phase. Although they are insoluble 
in the conventional spectroscopic solvents, iodoxy-compounds dissolve sufficiently in 
dimethylformamide for spectroscopic purposes; the window in this solvent, at 750—825 
cm.1, permits the examination of part of the interesting 700—800 cm.! range. The 
spectra of the compounds examined show considerable changes in solution. Two strong 
bands separated by ca. 20 cm. appear near 800 cm.*!: iodoxybenzene, 782, 803; 0-nitro-, 
795, 813; p-nitro-, 787, 805; -methyl-, 803; and p-methoxy-iodoxybenzene, 785, 805 
cm. (these bands are additional to any due to the skeleton of the parent iodo-compound). 
The magnitude of these shifts shows it to be of doubtful propriety to attempt to assign 
precisely the bands in the spectra of the solid iodoxy-compounds. Although the data 
available are limited and there exists the possibility of strong solvent-solute interaction 
in dimethylformamide, the two bands found in the solution spectra may be tentatively 
assigned to the symmetrical and antisymmetrical iodine-oxygen stretching frequencies. 
An extension of the range of solution spectra is being examined. 

Iodoso-compounds.—The physical properties of these compounds closely resemble 
those of the iodoxy-compounds: they are colourless or pale yellow solids, insoluble or 
soluble with decomposition in the common solvents. Their spectra were examined as 
mulls in Nujol; no characteristic bands could be detected. (We were not able to confirm 


SOcor R\_ yOu 
Ar*l p-CgH,R°CH(OAc) B ay ot 
r No-co-r ea C)e R’ v4 \o% 
(D) (Il (III) 


the presence of a weak band near 740 cm. previously reported ® for several iodoso- 
compounds: it seems probable that these bands were due to the presence of smail amounts 
of iodoxy-compounds.) If the bands in the spectra of iodoxy-compounds between 700 
and 800 cm.- are correctly assigned to an iodine-oxygen stretching frequency, it follows 
that similar I-O bonding is not present in the iodoso-compounds; it seems possible that 
these have a polymeric structure. When specimens were prepared as discs by grinding 
and pressing with potassium bromide, a strong band appeared at 765 cm.+. The well- 
known disproportionation, to iodoxy- and iodo-compounds, probably occurs under these 
conditions; a more detailed examination of the ground and pressed material is being 
undertaken. Attempts to obtain solution spectra of iodoso-compounds have not been 
successful. 

Iodoso-compounds react with carboxylic acids to give compounds formulated as 
diesters (I). These are tractable solids, readily soluble in organic solvents. An examin- 
ation of their spectra (Table 2) revealed several points of interest. The carbonyl stretching 
band is displaced to values ca. 100 cm.“ less than those expected for the corresponding 
carbon compounds. The model compounds, benzylidene diacetate and p-methylbenzyl- 
idene diacetate (II; R =H, Me), show normal carbonyl bands. Correspondingly, the 


* Archer, Acta Cryst., 1948, 1, 64. 
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carbon-oxygen single-bond stretching frequency, normal in the two model esters, moves 
to higher values. A similarly low value for the carbonyl frequency has recently been 
reported ? for certain acyloxy-derivatives of boron (III) and explained by chelation of the 
ester carbonyl group to the electron-deficient boron. There is, however, no evidence to 
suggest that tervalent iodine is electron-deficient, and it seems improbable that a similar 
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effect is operating here. An alternative explanation may be found in the combination of 
the high polarisability of iodine with the inefficiency of the overlap between the oxygen 
2- and the iodine 4d- or 5sp-orbitals. The consequent shift of electrons towards the more 
electronegative oxygen will lead to weakening of the carbonyl bond and to strengthening 
of the carbon-oxygen single bond and give a partially zwitterionic structure (IV). A 
similar structure (V) has been suggested ® for iodosobenzene dichloride. 

The spectra of the esters are further characterised by bands near 1290 and 670 cm.1, 
These bands are not present in the parent iodo- or iodoso-compounds or in the benzylidene 
model compounds, and they may accordingly be attributed to the iodine ester system. 
The band near 670 cm. has been tentatively assigned to the iodine-oxygen single-bond 
stretching frequency in the I-O-(C) group; it is possible that the second band is a com- 
bination band of this and the carboxylic ester band ® at 600 cm.*. 

o-Iodosobenzoic acid has long been recognised as atypical. The absence of the usual 
“ jodoso” smell and its stability to further oxidation led to its formulation ®! as the 
cyclic half-ester (VI). The presence of an -I-O-CO- system in this structure led us to 
expect a low value for the carbonyl stretching band. This was confirmed (Table 3); 
additionally, the absence of the hydrogen-bonded hydroxyl bands characteristic of 
carboxylic acids and the appearance of a weak hydroxyl band at 3340 cm. confirm the 
correctness of the cyclic structure (VI). However, m- and p-iodosobenzoic acid also had 
low carbonyl bands (Table 3) and weak hydroxyl bands, suggesting that their structures 
also involved proton transfer to the iodoso-group. No intramolecularly cyclised structures 
can be written for these acids, and formulation as linear, polymeric half esters does not 


TABLE 3. Carbonyl stretching bands in the spectra of iodo-, iodoso-, and iodoxy- 
benzoic acids. 
Absorption bands (in cm.~) 
Iodoso- Iodoso- Iodoso- 


Subst. orientn. Iodo- Iodoso- Iodoxy- (Na salt) acetate chloride 
[1640] 
GED ".. cdlitanntincer+ ceeasienn 1680 1620 1640 1595 1660 1695 
EE wenipcanensonstrerosstnvess 1695 1605 1695 1595 — 1705 
PAVE cocrccvorcesccccscscvcccess 1690 1625 — _— _— _— 


appear to explain the extremely low values for the carbonyl stretching frequency (cf. 
Table 2). The carboxylate ion absorbs ™ in the region 1550—1610 cm.+, and an alternative 
representation of these compounds as zwitterions (e.g., VII) appears to accommodate the 


7 Duncanson, Gerrard, Lappert, Pyszora, and Shaffeman, J., 1958, 3652. 

* Guryanova and Syrkin, Acta Physicochim. U.R.S.S., 1939, 11, 657. 

* Thompson and Torkington, J., 1945, 64. 

1° Askenasy and Meyer, Ber., 1893, 26, 1354. 

11 Bellamy, “‘ The Infra-Red Spectra of Complex Molecules,” 2nd edn., Methuen, London, 1958, p. 
174. 
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evidence satisfactorily. Models of o-iodosobenzoic acid indicate that, owing to the 
proximity of the two large groups, there can be no useful distinction between the cyclic 
structure and a necessarily perturbed zwitterionic form. Comparison of the spectra of 
o- and m-iodosobenzoic acid with their sodium salts slows that the carbonyl band is 
similar both in position and shape. The zwitterionic structure assigned to the acids may 
be regarded in part as a limit of the tendency already expressed in the structure of the 
jodoso-esters assisted internally by the increased strength of the acid grouping: the basic 


9H *I0H 10H © 
os 8S aS os 
m4 7 ~ 4 COH 
8 Co," 5 
(VI) (Vil) (VII) (IX) 


nature of the iodoso-group and its ability to form salts with inorganic acids are well 
established. Additionally, external forces arising from packing considerations may well 
play some part in the apparently high basicity of the iodoso-group in the benzoic acids. 
It is of interest that the carbonyl band of several iodoso-esters is split in the solid state 
(Table 2); in each case the low-frequency band could arise from a carboxylate ion. No 
spectroscopically useful solvent for the iodosobenzoic acids has yet been found. 

The abnormality of the spectrum of o-iodoxybenzoic acid in the 700—800 cm, region 
has already been noted. Its spectrum shows no typical carboxylic acid hydroxyl absorb- 
tion, and its carbonyl band appears at a low value (Table 3). A model indicates that the 
neighbouring iodine and carboxyl groups must interact strongly, but, that the low carbonyl 
band is not due solely to this, is shown by the normal position of the band in the iodo-acid. 
It seems probable that the slight basicity of the iodoxy-group ™ coupled with the proximity 
effect has resulted in the transfer of the proton from the carbonyl group with the formation 
of a cyclic system (VIII). m-Iodoxybenzoic acid shows normal hydroxyl, carbonyl, and 
iodoxy-bands. 

Attempts to determine the iodine-chlorine stretching frequencies of the aryliodoso- 
chlorides, Ar-ICl,, were not successful; the low stability of these compounds led to 
substantial decomposition during their examination. Slightly more stable is the dichloride 
of o-iodosobenzoic acid; this showed a normal carbonyl band and is correctly represented 
as the non-cyclic compound (IX). 

Iodonium Salts.—No characteristic frequencies were observed in the spectra of these 
salts. A strong carbon-iodine stretching band appeared near 452 cm." , a value similar 
to that of the parent iodo-compounds (445—450 cm.*). 


EXPERIMENTAL 


Iodo-compounds were obtained commercially or prepared by the Sandmeyer reaction and 
purified by crystallisation. Iodoso-compounds were prepared by hydrolysis of the dichlorides 
with 5% sodium hydroxide solution; o-, m-, and p-iodosobenzoic acid were obtained by 
cautious neutralisation of the hydrolysis mixture.* Iodoxy-compounds were prepared by 
oxidation of the iodoso-chlorides with sodium hypochlorite ™ and purified by repeated crystal- 
lisation from water; purity was estimated iodometrically and was in all cases better than 98%. 

Preparation of Iodoso-esters.—(a) lodosobenzene (2 g.) was warmed with acetic acid (6 ml.) ; 
excess of acid was evaporated in vacuo; the residual iodosobenzene diacetate, crystallised from 
light petroleum—benzene, had m. p. 157—158°. lodosobenzene dipropionate had m. p. 62°, 
and iodosobenzene di-isobutyrate m. p. 101—102° (from light petroleum) (Found: C, 44-3; H, 5-1. 
C,,H,gO,I requires C, 44-5; H, 5-1%). (6) p-Iodosoanisole diacetate, m. p. 82—83°, was 
obtained from the dichloride (1-9 g.) by the action of lead acetate (2-6 g.) in warm acetic acid 

42 Masson, Race, and Pounder, J., 1935, 1669. 

** Lucas and Kennedy, Org. Synth., Coll. Vol. III, p. 482. 
“ Formo and Johnson, Org. Synth., Coll. Vol. III, p. 486. 
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(10 ml.).25 After 1 hr. the mixture was filtered and evaporated in vacuo, and the residual ester 
crystallised from light petroleum. -Iodosonitrobenzene diacetate, m. p. 167—168°, m- and 
p-iodosotoluene diacetate, m. p. 104—105° and 153—155°, respectively, were prepared 
similarly. (c) lodosobenzene dibenzoate, m. p. 162°, was prepared by the action of ethereal 
benzoic acid on the acetate.¥* Iodosobenzene di-(p-nitrobenzoate), m. p. 209° (from chloroform), 
was prepared similarly. 

Spectral Measurements.—Spectra were measured on a Perkin-Elmer Model 21 spectrophoto- 
meter with sodium chloride optics and on a Grubb-Parsons single-beam spectrophotometer 
with potassium bromide optics. Solids were examined as mulls with Nujol and Fluorolub and 
as discs with potassium bromide. Solutions were examined in 1 mm. matched cells; dimethyl- 
formamide was Eastman Kodak “‘ Spectro ” grade. 


We thank Professor M. Stacey, F.R.S., for his interest and encouragement and Dr. D. H. 
Whiffen for helpful discussions. One of us (R. B.) thanks the University of Birmingham 
for a maintenance grant. 
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246. Chemical Correlation of the Absolute Configurations of 
Salsolidine, Salsoline, and Calycotomine with the Amino-acids. 


By A. R. Batrerssy and T. P. Epwarps. 


The absolute configurations of (—)-salsolidine and (+-)-salsoline have 
been elucidated by degrading the former base to N-2-carboxyethyl-L-alanine 
which has been synthesised from L-alanine for comparison. The stereo- 
chemistry of (+)-calycotomine has been correlated with that of (—)- 
salsolidine by chemical methods. 

Support is given to the view that the method of rotation shifts is useful 
for the determination of absolute configurations provided that certain 
limitations are borne in mind. By this method, absolute configurations 
are assigned to the alkaloids anhalonine and lophophorine. 


More than a dozen 1,2,3,4-tetrahydroisoquinoline alkaloids have been isolated, mainly 
from the Cactacez,! based upon the skeleton (I; R’ = H or Me) where R is an alkyl group 
or some simple derivative, for example, -CH,"OH. Of these bases, about half are optically 
active, but in no case has the absolute configuration been established. The biochemical 
interest of the absolute stereochemistry of natural products prompted a study of several 
isoquinoline alkaloids? and the present paper reports the elucidation of the absolute 
configurations of salsolidine (V), salsoline (IX) and calycotomine (X). 

(—)-Salsolidine (V) occurs in Salsola arbuscula * together with partially racemic (+)- 
salsoline (IX). The former had been synthesised by the standard Bischler—Napieralski 
method followed by resolution,‘ but for our studies we found that (--)-salsolidine is more 
readily available by Pictet-Spengler condensation of acetaldehyde with 3,4-dimethoxy- 
phenethylamine; resolution of the product was carried out by the recorded method.‘ 
It was planned to degrade (—)-salsolidine by vigorous ozonolysis,5* the expected product 

1 Reti, ‘‘ The Alkaloids,” Ed. Manske and Holmes, Academic Press, New York, 1954, Vol. IV, p. 
7; Djerassi, Nakano, and Bobbitt, Tetrahedron, 1958, 2, 58 and refs. therein. 

* Cf. Battersby and Garratt, Proc. Chem. Soc., 1959, 86; J., 1959, 3512. 

* Orekhov and Proskurnina, Bull. Soc. chim. France, 1939, 144 and refs. therein. 

* Spath and Dengel, Ber., 1938, 71, 113. 

5 Cf., inter al., Schmid and Ebnother, Helv. Chim. Acta, 1951, 34, 1041; Corrodi and Hardegger, 


ibid., 1955, 38, 2031, 2038; Barton and Miller, J., 1955, 1028. 
* Corrodi and Hardegger, Helv. Chim. Acta, 1956, 39, 889. 
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being N-2-carboxyethylalanine (IV or mirror image). This could then be correlated with 
t-alanine ’ (II). . 

To provide a reference sample of the previously unknown N-2-carboxyethyl-t-alanine 
(IV), L-alanine was cyanoethylated by the method of McKinney, Setzkorn, and Uhing ® 
and the product (III) was hydrolysed with acid to the dicarboxylic acid (IV). This was 
conveniently separated from the alanine which was also produced in the hydrolysis by 
holding the dicarboxylic acid (IV) on a weak anion-exchange resin; it was then readily 
eluted with acetic acid. 


Ow a Nc7 _, Hoc IE i th 
H 


HO,C_ _NH, HO,C_ _NH HO,C_ [NH N-CHO 
‘ ad mr me > 
Me Me Me Me 
(I) (i) (IIT) (IV) ‘ (VII) 
HO MeO MeO MeO 
| < — 
MeO H MeO N-Tos MeO NH MeO N-CHO 
" Me ai Me ud Me = Me 
(+)-Base (IX) (VIID (-)-Base (V), (VI) 


Direct ozonolysis of (—)-salsolidine (V) under many widely differing conditions gave 
none or only traces of the arhino-acid (IV) detected chromatographically; this is in 
contrast to the successful direct degradation of (—)-tetrahydropapaverine (XVI; R = H) 
with ozone.6 However, in simpler cases,® primary and secondary amines are completely 
destroyed by ozone. The secondary amino-function of (—)-salsolidine (V) was therefore 
protected by formylation, and the product (VI) was treated with a large excess of ozone 
followed by peracetic acid. After removal of the formyl group from the crude products 
by acid hydrolysis, the amino-acid fraction yielded N-2-carboxyethyl-L-alanine, shown 
by infrared absorption to be structurally identical with the sample prepared above from 
L-alanine. It is thus established conclusively that the absolute configuration of (—)- 
salsolidine is as shown in structure (V). 

One must methylate (—)-salsoline in order to obtain * (—)-salsolidine (V), so it follows 
that the natural (+)-salsoline (IX) has the illustrated absolute configuration. This 
co-occurrence of closely related bases having opposite configurations in Salsola arbuscula 
can be compared with the presence of a similar pair, (+)-laudanosine (XVI; R = Me) 
and (—)-laudanidine (XVII) in Papaver somniferum. 

The third base included in the present study, calycotomine (X), is now available by 
synthesis “ and its resolution was accomplished through the neutral (—)-O0-di-p-toluoyl- 
tartrate. To conserve material, the resolution was stopped when the base had {aJ,, +16° 
(in H,O). This material is quite sufficiently enriched with respect to the (+)-enantiomer 
for configurational studies; natural (+)-calycotomine has [a], +21° (in H,O). 

In order to correlate (+)-calycotomine (X) with (—)-salsolidine (V), the former was 
acetylated and the ON-diacetyl derivative then partially hydrolysed to give N-acetyl- 
calycotomine (XIII). When this was treated with thionyl chloride, a mixture resulted 
which was not fully investigated though a crystalline salt was isolated having the com- 
position corresponding to the expected product (XV) of acyl migration. Reduction, by 
lithium aluminium hydride, of the mixture remaining after removal of the salt (XV) 

7 Brewster, Hughes, Ingold, and Rao, Nature, 1950, 166, 178. 

® McKinney, Setzkorn, and Uhing, J. Amer. Chem. Soc., 1952, 74, 1942. 

® Homer, Schaefer, and Ludwig, Chem. Ber., 1958, 91, 75. 

10 Hesse, Annalen, 1894, 282, 208; Spath and Bernhauer, Ber., 1925, 58, 200. 

1! Battersby and Edwards, J., 1959, 1909. 


12 Cf., inter al., Bergmann, Brand, and Dreyer, Ber., 1921, 54, 936; Elliott, Biochem. J., 1952, 50, 
542; Welsh, J. Amer. Chem. Soc., 1949, 71, 3500. 
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yielded (—)-N-ethylsalsolidine (enantiomer of XXV), presumably by way of the chloride 
(XIV). This sequence was not fully satisfactory, however, because of low yields, extensive 
racemisation and lack of crystalline intermediates. 

A convincing correlation of (+)-calycotomine (X) with (—)-salsolidine (V) involved 
treatment of the former with toluene-f-sulphonyl chloride in pyridine to yield the diacyl 
derivative (XI) which, with lithium aluminium hydride in boiling tetrahydrofuran, under- 
went reductive cleavage of the sulphonyloxy-residue. The resultant N-tcluene-p- 
sulphonylsalsolidine (XII) had a strong negative rotation whereas the (+)-compound 


MeO 
a 
MeO NH N: Tos N:Tos 
H™ 


CH,-OH HY CH» -OTos 
( +)-Base (X) (XI) (xt) 
| i in of (XXV) 
MeO 
_— 
MeO NAc MeO NH,* Ci> 
H®; 
CH,"OH aC xy He Hy: OAc 
(XIII) (XIV) 


(VIII) was obtained from (—)-salsolidine (V). Thus the natural forms of calycotomine 
and salsolidine have opposite absolute configurations; (-+-)-calycotomine is thereby 
proved to have the absolute stereochemistry (X). 

The above work provides several 1,2,3,4-tetrahydroisoquinolines of firmly established 
absolute configuration and so it was possible to make a further study of the value of optical 
methods for configurational determinations in this series. . It is known * that the molecular 
rotations of bases of type (I) and of simple «-phenylbenzylamines (cf. XVIII) are strikingly 
affected by the polarity of the solvent in which the observations are made. Moreover, Leithe™ 
found in several cases that the rotations of bases having the same absolute configuration 
are shifted in the same direction as the polarity of the solvent is increased. In two cases, 
a-methylbenzylamine (XVIII; R=H) and N-ethyl-«-methylbenzylamine (XVIII; 
R = Et), the illustrated absolute configuration had been established by chemical means; ® 
for these two bases, there was a marked shift in a positive direction as the polarity of the 
solvent was increased. (—)-Tetrahydropapaverine * (XVI; R = H) and (+)-laudosine 
(XVI; R = Me) also show the same direction of shift, and Corrodi and Hardegger’s recent 
chemical studies ® have proved that these bases correspond in absolute configuration with 
(—)-a-phenethylamine (XVIII; R=H). Thus a positive shift in rotation brought 
about by increasing the polarity of the solvent has been taken as a strong indication that 
the base in hand has the absolute stereochemistry shown in formule (XVI) and (XVIII), 


MeO 
MeO > A ents MeO 4 NMe > NHR 
CHK )oMe cH.—{ ote Me 
(XVI) (XVII) (XVII) 


whereas a negative shift was taken as evidence for the mirror image of these structures. 
However, the failure of the method when attempts were made to extend it to more complex 
bases in the morphine-codeine group (ref. 14; cf. refs. 5 and 15) raised doubts * about its 
usefulness. Accordingly, the experiments below were carried out. 

18 Leithe, Ber., 1934, 67, 1261 and earlier papers. 

“4 Bick, Nature, 1952, 169, 755. 


18 Kalvoda, Buchschacher, and Jeger, Helv. Chim. Acta, 1955, 38, 1847 
16 Beckett and Casy, Nature, 1954, 178, 1231; J., 1957, 3076. 
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The number of bases available for study by the rotation shift method was increased 
by methylating (—)-salsolidine (V) with formaldehyde and formic acid, to give N-methy]l- 
salsolidine (XIX). With methyl iodide, this readily gave the methiodide (XX) which was 
degraded by Hofmann’s method. Catalytic hydrogenation of the total basic product 
resulted in the uptake of 1-03 mol. of hydrogen to yield dihydro-N-methylsalsolidine- 
methine. Without purification, this base showed [a],16 —76-5° + 0-8° (c 9-14 in EtOH) 
and after purification as the picrate showed [o],”* —73-8° + 0-8° (c 4-81 in EtOH). The 
optical activity of the dihydromethine proves that it has the structure (XXII), and the 
agreement in the rotations before and after purification shows that there is a high degree 
of specificity in the Hofmann degradation to give the base (XXI) rather than the optically 
inactive base (XXIII). This proof of the direction of Hofmann degradation for a 1,2,3,4- 
tetrahydro-l-methylisoquinoline is in agreement with the recent results of Childs and 
Forbes !? in the deoxy-series. 

Reduction of the N-acetyl derivative (XXIV) of (—)-salsolidine with lithium alu- 
minium hydride in boiling ether gave a mixture of about 20% of (+)-N-ethylsalsolidine 
(XXV).and 80% of a secondary base, presumably recovered (—)-salsolidine (V). The 
high proportion of material resulting from reductive cleavage was unexpected though some 
fission of amide groups by lithium aluminium hydride has previously been observed."8 


Molecular rotations * in different solvents. 





Base InC,H, InCHCl, In EtOH In n-HCl 
(—)-Salsolidine (V)_ ...............000 Shasescdsceediseicsseted — 133° — 123° — 57° 
(—)-N-Methylsalsolidine (XIX) .............sceeedeceeeeeeees —115 — 55 +17 
(—)-Dihydro-N-methylsalsolidinemethine (XXII) ...... —244 —175 —20 
(+)-N-Ethylsalsolidine (XXV)  ........:cccesenececereeeerees +14 +18° +20 +30 
FPPC MRVOOMONEID CIES seccoccsccsncdecelivsdscctsetessséabocscas =0 +6 +25 
(—)-Anhalonine * # (X XVI) —124 — 108° 
(—)-Lophophorine % ¢ (XXVIII) ...........sccceceeseeeeesenes —lll —44° 


* The concentrations of solutions were kept approximately constant for a set of determinations 
on one base; probable maximum limits of error on present measurements are +3°. *° Determined 
as hydrochloride in aqueous solution. * Lewin, Arch. exp. Pathol. Pharmakol., 1894, 34, 374 and 
earlier papers. * Spaith and Kesztler, Ber., 1935, 68, 1663. * Heffter, Ber., 1896, 29, 216. 


The Table gives molecular rotations for the 1,2,3,4-tetrahydroisoquinolines prepared 
as above. In the two cases having italicised figures, partially resolved material was used 
and the values given represent proportions of the true molecular rotations. These values 
are, however, no less useful than the others for the study of rotation shifts. 

The first four bases in the Table, which we have proved to have the same absolute 
configuration as (—)-a-methylbenzylamine (XVIII; R = H) all show a positive shift of 
molecular rotation with increasing solvent polarity as was described above for the bases 
(XVI; R=H), (XVI; R= Me), and (XVIII; R=H and Me). Thus eight bases 
having the same absolute configuration show this positive shift. As shown above, (+)- 
calycotomine (X) has the opposite configuration, but nevertheless its rotations become 
more positive with increasing polarity of the solvent. This result is not unexpected since 
calycotomine (X) differs from all the other bases by having two strongly polar groups 
>NH and -OH close to the asymmetric centre; both groups will be affected by solvent 
polarity. The case of calycotomine emphasises again the paramount importance of 
making optical comparisons only among strictly similar molecules. 

On the basis of our results and those drawn from the literature cited above, we think 
that the method of rotation shifts is a useful one for the determination of absolute configur- 
ation provided that the base examined belongs to the «-methylbenzylamine or 1-benzyl- 
or l-alkyl-1,2,3,4-tetrahydroisoquinoline series and that the nitrogen atom is the only 

17 Childs and Forbes, J., 1959, 2024. 

18 E.g., Micovic and Mihailovic, J. Org. Chem., 1953, 18, 1190. 


#® Klyne, “‘ Determination of Organic Structures by Physical Methods,” ed. Braude and Nachod, 
Academic Press, New York, 1955, p. 73. 
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strongly polar centre in the molecule. In this context, alkoxyl groups attached to aromatic 
rings are not considered to be strongly polar. It may be possible to enlarge this group as 
knowledge grows; for example, the protoberberine alkaloids will probably be included 
(cf. ref. 6) when more cases of established absolute configuration have been examined, 


poe OS 
MeO 


\ (xIx) Me xx) Me xxn me 


MeO MeO MeO Et 
—> 
NAc MeO NEt MeO NMe, MeO NMe, 
~ dl 1 il 
. " Me CH, " Me 


(XXIV). ‘ (XXV) (XXIID (XXII) 


MeO 

° NH S 

| > t » 
H,C—O H"h H,C—o H 


> 


(XXVI) Me (XXVIII) 


The cactus Lophophora williamsii yields *.*4 two bases, (—)-anhalonine (XXVI) and 
(—)-lophophorine (X XVII), of unknown absolute configuration, which fall into the group 
of bases susceptible to study by rotation shifts. N-Methylation of the former base ™ 
yields the latter, showing that they have the same absolute configuration. In keeping with 
this, the values in the Table show a positive shift for each base as the polarity of the solvent 
increases so that they can be assigned the same absolute configuration as (—)-salsolidine (V), 
that is, as shown in structures (XXVI) and (XXVII). This assignment is supported by the 
fact that the change in molecular rotation brought about by methylation {A[M] for 
(XXVIII) — (XXVI) = +64° for the hydrochlorides} corresponds well with that for the 
conversion of (—)-salsolidine into (—)-N-methylsalsolidine {A[M] for (XIX) — (V) = +74° 
for the hydrochlorides}. 


e 


EXPERIMENTAL 


For general directions, see ref. 23. 

N-2-Cyanoethyl-t-alanine (III).—A solution of L-alanine (2-97 g.) in N-sodium hydroxide 
(33-3 ml.) was cooled to 0° and treated with acrylonitrile (1-77 g.) at such a rate that the tem- 
perature was held below 30°. After the mixture had been kept at 5° overnight, glacial acetic 
acid (2 ml.) and ethanol (60 ml.) were added and the precipitated N-2-cyanoethyl-.-alanine 
was collected (2-56 g.); it had m. p. 240—245° (decomp.) after sintering at 220—225°, un- 
changed by recrystallisation from 50% aqueous ethanol (Found: C, 50-9; H, 7:0; N, 19-6. 
C,H,,O,N, requires C, 50-7; H, 7-0; N, 19-7%). 

N-2-Carboxyethyl-L-alanine (IV).—The foregoing cyanide (5-26 g.) was heated under reflux 
for 24 hr. with 6n-hydrochloric acid (150 ml.), and the solution was then evaporated to dryness. 
Water (20 ml.) was added and the solution again evaporated to dryness; this process was 
repeated with two further portions of water. A solution of the final residue in water (20 ml.) 
was adjusted to pH 2-5—3-0 with sodium hydroxide and then run on to a column (3 x 20 cm.) 
of ‘‘ Amberlite ’’ IR-120 resin (H-form). The column was washed with water (1 1.), the final 
test samples being free from solute. Elution of the column with N-ammonia yielded the 
amino-acids (4-09 g.). This fraction was dissolved in the minimum volume of water, and the 
solution run on to a column (3 x 20 cm.) of “‘ Amberlite ” IR-4B resin (acetate form). After 
the column had been thoroughly washed with water, the acidic amino-acid fraction was eluted 
with N-acetic acid. Crystallisation from aqueous acetone gave N-2-carboxyethyl-t-alanine 

© Lewin, Arch. exptl. Pathol. Pharmakol., 1894, 34, 374 and earlier papers. 

*! Heffter, Ber., 1896, 29, 216. 

#2 Spaith and Kesztler, Ber., 1935, 68, 1663. 

*3 Battersby, Davidson, and Harper, J., 1959, 1744. 
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(2-5 g.), m. Pp. 220—221° (Found: C, 44-8; H, 6-8; N, 8-7, C,H,,O,N requires C, 44-7; H, 6-8; 
N, 87%), [aJp22 +6-0° + 0-5° (c 3-43 in H,O). 

(+)-Salsolidine (V).—Freshly distilled acetaldehyde (80 ml.) was added slowly at 0° to a 
solution of 3,4-dimethoxyphenethylamine (40 g.) in 6N-sulphuric acid (400 ml.). After the 
mixture had been heated under reflux for 0-5 hr., it was cooled to 0°, treated with a second 
portion of acetaldehyde (80 ml.), then heated under reflux for 3 hr. The black polymer was 
removed and the remaining solution was extracted thrice with ether. Basification of the 
aqueous solution with concentrated sodium hydroxide solution was followed by thorough 
ether-extraction which removed a gum (41 g.). This was fractionally distilled and the main 
fraction, b. p. 110—115°/0-03 mm., was (+)-salsolidine (33-4 g., 73%). A small portion was 
converted in ethanol into the picrate, m. p. 200—201°; Spath and Dengel ¢ record m. p. 201— 
201:5°. The resolution of salsolidine was carried out by using (+-)-tartaric acid as described 
by Spath and Dengel; ¢ the {a],,** of pure base was — 59-5° + 0-5° (c 4-39 in EtOH) [lit.,4 — 59-7° 
(c 20 in EtOH). 

Ozonolysis of N-Formylsalsolidine (V1).—A solution of (—)-salsolidine ({a],2* —11° in EtOH) 
(1-56 g.) in 98—100% formic acid (12-5 ml.) was heated with acetic anhydride (4-1 ml.) at 35° 
for 0-5 hr. Evaporation of the solvents left N-formylsalsolidine as a gum. This was dissolved 
in chloroform—methanol (10:1 by vol.; 75 ml.), and the solution was divided equally among 
three Drechsel bottles which were connected in series. Ozonised oxygen (3% ozone) was passed 
through the bottles at 200 ml./min. for 7-5 hr. The bottles were interchanged after 2-5 hr. 
and 5 hr. so that each bottle was the first in the series for 2-5 hr. Formic acid (98—100% ; 
17 ml.) and hydrogen peroxide (30-vol.; 17 ml.) were added to the combined solutions, the 
chloroform-—methanol was evaporated, and the mixture was heated under reflux for 1 hr. The 
oil which had separated was dissolved by the addition of methanol, and the peracids were 
destroyed with palladium black (0-2 g.); this was completed by warming the mixture at 60° 
for hr. After removal of the catalyst, the solution was evaporated to dryness and the residue 
was heated under reflux for 2 hr. with 4n-hydrochloric acid (25 ml.). The solution was extracted 
thrice with chloroform, the aqueous layer was taken to dryness, and the residue in the minimum 
volume of water was run on to a column (2:5 x 13 cm.) of ‘‘ Amberlite ’’ IR-120 resin (H-form). 
The procedure used above in the synthesis of N-2-carboxyethyl-L-alanine was then followed, to 
give the acidic amino-acids (341 mg.). This fraction crystallised from aqueous acetone to give 
partially racemic N-2-carboxyethyl-t-alanine (115 mg.), m. p. 209—210° (Found: C, 44-5; 
H, 6-8; N, 8-6. Calc. for CgH,,0,N: C, 44-7; H, 6-8; N, 8-7%), [aJ,2* +2-8° + 0-8° (c 2-55 
in H,O). The infrared spectrum of this product was identical with that of the synthetic sample 
of N-2-carboxyethyl-L-alanine (IV) above. 

Resolution of (+)-Calycotomine (cf. X).—(-+)-Calycotomine ™ (2-25 g.) in the minimum volume 
of ethanol was treated with (—)-OO-di-p-toluoyltartaric acid *4 (1-93 g.) in ethanol (total vol. of 
solution 75 ml.). After crystallisation had been initiated by seeding with material from a trial 
resolution, it was allowed to continue for 2 days at room temperature. The crystals (8-13 g.) 
from four such resolutions were dissolved in water, and the solution was basified with a large 
excess of potassium carbonate and extracted exhaustively with ether-chloroform (4: 1). 
Evaporation of the extracts left the optically active base (3-68 g.), [a],,2* —16° (c 2-26 in H,O), 
whose infrared spectrum was identical with that of (-+-)-calycotomine. 

The mother-liquors from the first crops of calycotomine ditoluoyltartrate slowly deposited 
a second crop (total 5-7 g.) from which the base (2-64 g.) was recovered as above, having [a],,** 
+16° (¢c 1-68 in H,O). 

(+)-N-Acetylcalycotomine (cf. XIII).—(+)-Calycotomine (512 mg.) was heated with acetic 
anhydride (10 ml.) for 1-25 hr., the excess of anhydride was evaporated and the residue in 
ether (150 ml.) was shaken with an excess of 2N-sulphuric acid (total 10 ml.). Evaporation 
of the ether left a neutral gum (677 mg.) which was dissolved in 0-25n-methanolic potassium 
hydroxide (10 ml.) and kept overnight. After addition of hydrochloric acid to pH 5, the 
solution was freed from methanol by evaporation and then shaken with an excess of N-hydro- 
chloric acid and ether. The ether afforded a solid (433 mg.) which crystallised from ethyl 
acetate to yield (+)-N-acetylcalycttomine, m. p. 166—167° (Found: C, 63-3; H, 7-4; N, 5-7. 
C,4H,,O,N requires C, 63-4; H, 7-2; N, 5°3%). 

N-Ethylsalsolidine.—(a) From (+)-calycotomine. The foregoing experiment was repeated 
but with (+)-calycotomine (3-68 g.) ((aJ,2* +16° in H,O), and the total N-acetyl derivative was 
** Stoll and Hofmann, Helv. Chim. Acta, 1943, 26, 922. 
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dissolved in dry chloroform (60 ml.). Thionyl chloride (10 ml.) was added, the solution was 
kept overnight, then evaporated to dryness, and the residue in chloroform (60 ml.) was heated 
with thionyl] chloride (1 ml.) at 60° for 1-5 hr. The residue left by evaporation of the solvents 
was extracted with warm tetrahydrofuran, and the insoluble solid (1-64 g.), probably 1-acetozy. 
methyl-1,2,3,4-tetrahydro-6,7-dimethoxyisoquinoline hydrochloride (XV), was recrystallised thrice 
from ethanol; it had m. p. 190—191° (Found: C, 56-1; H, 6-7; N, 46. C,,H,9O,NCI requires 
C, 55-7; H, 6-6; N, 46%). 

The solution in tetrahydrofuran was added dropwise to a stirred suspension of lithium 
aluminium hydride (2-1 g.) in tetrahydrofuran (200 ml.), and the mixture was heated under reflux 
forlhr. After the excess of hydride had been destroyed with the minimum amount of water, the 
suspension was filtered, and the filtrate evaporated to dryness. The residue was heated at 
100° with acetic anhydride (25 ml.) for 1 hr., the excess of anhydride was evaporated, and the 
residue shaken with dilute sulphuric acid and chloroform. Basification of the aqueous layer 
with a large excess of potassium carbonate followed by ether-extraction yielded the basic 
products (0-5 g.) as a gum. This was purified by countercurrent distribution (150 transfers) 
between ethyl acetate and aqueous buffer made from 0-5m-potassium dihydrogen phosphate 
(85 vol.) and 0-5m-dipotassium hydrogen phosphate (15 vol.). The contents of tubes 98—122 
were worked up for base as usual, to give (—)-N-ethylsalsolidine (251 mg.), b. p. 110—115° 
(bath)/0-01 mm., {a],,2* —1-5° +0.5° (c 5-6 in EtOH), infrared spectrum (in CCl,) identical with 
that of authentic N-ethylsalsolidine below. 

(b) From (—)-salsolidine. This base (2-29 g., [a], —17-5° in EtOH) was heated with acetic 
anhydride (50 ml.) for 1 hr. at 100° and the excess of anhydride was evaporated; the residue 
was worked up for neutral material (2-8 g.) as usual. A solution of this product in anhydrous 
ether (150 ml.) was added gradually to a stirred suspension of lithium aluminium hydride 
(1-4 g.) in boiling ether (100 ml.). After the mixture had been heated under reflux for 2 hr., it 
was cooled and treated with the minimum volume of water necessary to decompose the hydride, 
and the solid was then filtered off. The latter was extracted with ethanol, and the ethanolic 
and ethereal solutions were combined and evaporated to give a gum (2-26 g.). This was 
acetylated as above, the product was shaken with 2Nn-sulphuric acid and chloroform, and the 
aqueous layer was extracted twice more with chloroform. The tertiary base (423 mg.) was 
recovered from the aqueous solution by basification and ether extraction. It was purified by 
countercurrent distribution as above and distilled at 110°(bath)/0-01 mm., to give (+)-N- 
ethylsalsolidine, [a],,2* + 8-3° + 0-5° (c 6-04 in EtOH). 

Part of this base was converted into the hydrochloride which, crystallised from ethanol, had 
m. p. 173—174° (Found: C, 61-7; H, 81; N, 5-4. C,H,,O,NCl requires C, 61-8; H, 81; 
N, 5-1%). 

(+)-N-Toluene-p-sulphonylsalsolidine (VIII).—Toluene-p-sulphony] chloride (0-3 g.) in dry 
pyridine (5 ml.) was added dropwise at 0° to a stirred solution of (—)-salsolidine (0-2 g. of 
optically pure base) in dry pyridine (5 ml.). After the mixture had been kept at 5° for 2 days, 
it was treated with crushed ice and extracted with chloroform. The extracts were washed 
twice with 6N-hydrochloric acid, then with water, and finally dried and evaporated to a gum. 
This crystallised from ethanol to give (-+-)-N-toluene-p-sulphonylsalsolidine (143 mg.), m. p. 
172—173°, [aJ,,2* + 127° + 1-5° (c 1-64 in CHCI,) (Found: C, 63-6; H, 6-6; N,3-9 C,gH,,0,NS 
requires C, 63-1; H, 6-4; N, 3-9%). 

(—)-N-Toluene-p-sulphonylsalsolidine (XII) from (+-)-Calycotomine (X).—(-+-)-Calycotomine 
{306 mg. of base [a],,2* +16° (in H,O)} was converted into the amorphous ON-ditoluene-p- 
sulphonyl derivative (783 mg.) as in the foregoing experiment, though proportionately twice 
the amount of toluene-p-sulphonyl chloride was used. A solution of this product in anhydrous 
tetrahydrofuran (30 ml.) was added dropwise in 0-5 hr. to a stirred suspension of lithium alu- 
minium hydride (0-3 g.) in tetrahydrofuran (20 ml.). After the mixture had been heated 
under reflux for 2 hr., it was treated with an excess of wet ethyl acetate, and the precipitate 
was dissolved by the addition of 5n-hydrochloric acid. The aqueous layer was extracted 
twice more with ethyl acetate, and the combined organic layers were dried and evaporated to 
leave a gum (615 mg.). Crystallisation from ethanol (15 ml.) gave (—)-N-toluene-p-sulphonyl- 
salsolidine (229 mg.), m. p. 168—169°, [a],** —94° + 1-5° (¢ 1-65 in CHCI,) (Found: C, 63-0; 
H, 6-8; N, 42%). The infrared spectrum of this product was identical with that of the fore- 
going (+)-enantiomer. 

(—)-N-Methylsalsolidine (XIX) (with Dr. R. Binxs).—Optically pure (—)-salsolidine 
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(2-06 g.) was dissolved at 0° in 90% formic acid (11 ml.), and 40% aqueous formaldehyde (10 ml.) 
was then added. The solution was heated at 100° for 11 hr., cooled, treated with 4n-hydro- 
chloric acid (10 ml.) and evaporated to dryness. A solution of the residue in water (20 ml.) was 
basified strongly with potassium hydroxide and a large excess of potassium carbonate and 
extracted with ether (6 x 80 ml.). The ethereal solution was washed with saturated sodium 
sulphate solution, dried, and evaporated to leave an oil (2 g.). Part was converted into the 
picrate as usual which was recrystallised from methanol to give (—)-N-methylsalsolidine picrate, 
m. p. 233—234° (decomp.) (Found: C, 50-95; H, 5-2. C,sH,,0,N, requires C, 50-65; H, 49%). 

The base (91 mg.) was recovered by passing the pure picrate (189 mg.) in chloroform (25 ml.) 
and methanol (5 ml.) down a column of alumina. Distillation of the base at 100°(bath)/0-02 
mm. gave (—)-N-methylsalsolidine as an oil, [«],** —24-9° + 0-5° (c 4-45 in EtOH). 

Hofmann Degradation of (—)-N-Methylsalsolidine (XiX) (with Dr. R. Binxs).—Methyl 
iodide (2-8 ml.) was added to a solution of (—)-N-methylsalsolidine (1-85 g.) in ether (20 ml.), 
and the mixture was kept at room temperature overnight. The precipitate (2-76 g.) was 
collected and recrystallised from methanol, to yield (—)-N-methylsalsolidine methiodide, m. p. 
229—231° (decomp.) (Found: C, 46-4; H, 6-3; N, 3-9. C,,H,.O,NI requires C, 46-3; H, 6-1; 
N, 3-9%). 

A solution of the methiodide (2-47 g.) in warm water (150 ml.) was shaken for 2 hr. with 
silver oxide freshly prepared from silver nitrate (6 g.), and the solids were then filtered off. The 
filtrate was evaporated to dryness and the residue was heated at 100°/12 mm. for 2 hr. before 
it was cooled and shaken with water and ether. Evaporation of the ether left an oil (1-44 g.) 
which in ethanol (30 ml.) was shaken with hydrogen and platinum at room temperature and 
pressure; uptake (1-03 mol.) ceased after 18 min. After removal of the catalyst, the ethanol 
was evaporated and the residual. base distilled at 110°(bath)/0-05 mm.; [aJ,,”* of the distillate 
was —76-5° + 0-8° (c 9:14 in EtOH). The distillate was converted into the picrate which 
recrystallised from ethanol to give dihydro-N-methylsalsolidinemethine picrate, m. p. 165—166° 
(decomp.) (Found: C, 51-4; H, 6-0; N, 11-9. C,9H,,O,N, requires C, 51-5; H, 5-6; N, 12-0%). 

The base was recovered from the pure picrate as above and after redistillation had [a],** 
—73-8° + 0-8° (c 4-81 in EtOH). 


Our thanks are expressed to Dr. R. Binks for his help with the experiments indicated above 
and to the University of Bristol and the Ministry of Education for grants to T. P. E. 


THE UNIVERSITY, BRISTOL. : (Received, October 5th, 1959.] 


247. The Vibration Spectra and Structures of the Hydroxy- 
pyridines and Hydroxypyrimidines in Aqueous Solution. 
By ADRIEN ALBERT and E. SPINNER. 


The Raman and infrared absorption spectra of aqueous 2-, 3-, and 4- 
hydroxypyridine, and 2- and 4-hydroxypyrimidine have been determined. 
The structures previously assigned have been confirmed and, for the 2- and 
4-hydroxy-compounds, further clarified. 


HYDROXYPYRIDINES and hydroxypyrimidines are capable of tautomerism because the 
labile hydrogen atom may be attached to either a nitrogen or an oxygen atom [see (I)— 
(X)]. Previous studies of the ultraviolet spectra ’** and ionization constants* had 
shown that, in aqueous solution, «- and y-hydroxyaza-aromatic compounds are present 
predominantly in the amide forms,* e¢.g., (II) or (VI), either as such or as resonance hybrids 
with the corresponding zwitterions, e.g., (VII). On the other hand, 3-hydroxypyridine 


* For convenience these substances will nevertheless be referred to by their usual names, hydroxy- 
pyridines and hydroxypyrimidines. * 
1 Specker and Gawrosch, Ber., 1942, 75, 1338. 
® Mason, J., 1957, 5010. 
* (a) Brown and Short, J., 1953, 331; (b) Brown, Hoerger, and Mason, J., 1955, 211. 
* Albert and Phillips, ]., 1956, 1294. 
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in aqueous solution is divided roughly equally “*® between the uncharged form (III) and 
the zwitterion (IV). Infrared spectral work ®*¢ has shown that a large number of «- and 
y-hydroxyaza-derivatives are amides both in chloroform solution and in the solid state 
(and in several instances ? X-ray crystallographic studies have led to the same conclusion), 
The previous conclusions have now been confirmed and extended. 


Gar O. Gs gy O- Q- S 
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Criteria used for Structure Diagnosis.—Since the Raman band due to the carbony 
stretching vibration is frequently rather weak, Raman spectra cannot be relied upon to 
detect carbonyl groups. Still less can they be relied upon to detect OH or NH groups in 
aqueous solution. The six-membered aromatic ring system (unless disubstituted, with at 
least one polyatomic group) is, however, readily identified by the presence of a strong 
“ ring-breathing ’’ Raman band near 1000 cm.+, which is normally unsurpassed in 
intensity * by any other Raman band below 2000 cm.1. The frequency of this band 
(960—1060 cm. in benzodiazines and picolines *) is rather insensitive to polar effects.’ 
Thus, if a hydroxypyridine or hydroxypyrimidine is a truly aromatic compound * the 
strongest band in the Raman spectrum (or, if the two strongest bands are equally intense, 2 
at least one of them) must be located in the range 1020 + 70 cm.. (The presence of a i 
six-membered aromatic skeleton is, of course, not proved thereby.) t 

In the infrared spectra of these compounds a very strong band in the range 1620—1750 
cm. shows the presence of a C=O group; neither OH nor NH groups in solutes are 
detectable in aqueous media. Complete infrared spectra for the solids (agreeing with 
those previously reported ®), taken for comparison with the aqueous-solution spectra, : 
showed that the tautomer present in the crystalline state is identical with the main species 
present in water (except for 3-hydroxypyridine). No information about tautomers 
present only in small proportions is obtainable from the data for aqueous solutions. 





EXPERIMENTAL 


Materials —The hydroxypyridines were purified by standard methods. Pure 2-* and 
4-hydroxypyrimidine were kindly supplied by Dr. D. J. Brown of this Department. 

Raman Spectra (see Table).—These were determined with a Hilger Raman spectrograph 
operated at effective slit widths of 2-5—6 cm.4. Spectra were recorded photographically, the 





* A six-membered ring is referred to as “‘ truly aromatic ”’ if the main canonical forms that can be 
written for it are Kekulé structures, as ‘‘ non-aromatic ” if in the main form(s) one of the three double 
bonds is exocyclic, and as ‘‘ modified aromatic ’’ if both kinds of form are equally important. 


® Metzler and Snell, J. Amer. Chem. Soc., 1955, 77, 2431. 

* Mason, J., 1957, 4874; Sensi and Gallo, Ann. Chim. Appl. (Italy), 1954, 44, 232; Short and 
Thompson, J., 1952, 168; Gibson, Kynaston, and Lindsey, J., 1955, 4340. 

7 Penfold, Acta Cryst., 1953, 6, 591; Parry, ibid., 1954, 7, 313; Newman and Badger, J. Amer. 
Chem. Soc., 1952, 74, 3545. 

* Lord, Marston, and Miller, Spectrochim. Acta, 1957, 9, 113; Long, Murfin, Hales, and Kynaston, 
Trans. Faraday Soc., 1957, 58, 1171; Kohlrausch, ‘‘ Ramanspektren,”” Akad. Verlagsges. Becker & 
Erler, Leipzig, 1943, pp. 380—382; Stojiljkovic and Whiffen, Spectrochim. Acta, 1958, 12, 47, 57. 

* Brown, Nature, 1950, 165, 1010. 
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Band peaks * in the vibration spectra (range 1800—680 cm.*). 
3-Hydroxypyridine 1,4-Dihydro-1-methyl-4- 








2-Hydroxypyridine LR. 4-Hydroxypyridine oxopyridine 
LR. Raman Soln. in Raman LR. Raman LR. LR. 
Aq. soln. Aq. soln. CHCl,* Agq.soln.’ Aq.soln. Ag. soln. Solid Soln. in CHCl, 
1652 s 1640 vw 1595 mw 1570 wb 1637 s 1634 w 1750 w 
1601 s 1599 w 1585 m 1584 vw 1662 w 
1541 m 1542 m 1453m 1469w 1641 vs 1641 vs (ec ~ 500) 
1463 m 1387w 152lvs 1516 mw 1548 vs 1578 vs (c ~ 560) 
1419 m 1375 w 1389 m 1487 mw 
1371 m ~1357 w 1189 m 1396 s 1398 m 
1260 s 1280 ms 1082w 1085 vw 1361m 1359m 
1230 w 1180 vw? 1056? 1231 m 
1224 mw 1123 w 1031 vw 10385 ms 1200 ms 1215 ms 
1158 mw 1101 mw 1107? 996 m 999 vw 1190 s 
1093 w 1063 ? 1045 m 872? 1150w 1144w 
1010 vw? 966 vw 849ms 848 ms 1086 w 
993 m 846 mwb 829 w 824 w 102l1m 1016mw 
945? 798 vw 998 w 992 w 
922 w 757 vw 854 ms 
864 wvb 703 vw? 825 w 
850 ms 761 w 
812 w 
780 m 71718 w 
742 w 
702 w 
2-Hydroxypyrimidine. 4-Hydroxypyrimidine 
LR. Raman LR. Raman LR. Raman LR. Raman 
Aq. soln. Aq. soln. Aq. soln. Aq. soln. Aq. soln. Aq. soln. Aq. soln. Aq. soln. 
1644 vs 1653 vw 1106 w 1109 mw ~1687 s 1675 vw? 1125 w 
1619 w 1052 mw 1061 w 1607 vw 1029 w 1043 w 
1557s 1553 m 997 m 1554 ms 1546 vw 994 m 
1500? 868 w 869 ms 1494 vw? 937? 
1466 ms 802 m 1424 m 1424 vw? 882 vw 
1433 mw 1369 m 1361 vw 849 m 858 ms 
1399? 1329 vw 801 vw 
1347s 1347 w 1250 mw 1255 w 747 vw? 
1216 m 12l4w . 1226 mw 


1163 w 1164 m 
Peaks of Raman bands, range 200—680 cm.~! (aqueous solution) : 
2-Hydroxypyridine: 660?, 607 vw, 562 vw, 514 vw, 473? 
3-Hydroxypyridine: 301 vw? 
4-Hydroxypyridine: 638 w, 607 vw?, 566 vw, 533 vw, 474 vw 
2 Hydroxypyrimidine: 589 m, 536 w, 448 vw 
4-Hydroxypyrimidine: 338 vw? 

* Wave numbers are given in cm.-'. Estimated band intensities are given as very strong (vs), 
strong (s), medium (m), weak (w), doubtful (?), or intermediate; these represent the actual intensities 
of the bands in question over and above any background absorption or scatter due to vicinal bands. 
In the Raman spectra the relative intensities of the bands within each spectrum are given, but no 
absolute significance attaches to these intensity ratings. Inflexions are in italics; b = broad; the 
strongest bands are in bold type. 

* There is solvent obscuration over much of the spectrum (a cell thickness of 1 mm. had to be 
used for solubility reasons). ?° Solution too dilute to show any but the main bands clearly. *¢ In 
solution in CS,. 


plates being examined visually with a travelling microscope. The spectra were measured over 
the range 200—2600 cm.!; outside these limits mercury-source emission lines were troublesome 
(the exciting radiation was of 4 4358 A). Solutions were treated with activated charcoal, 
filtered, centrifuged, and left in the specimen tubes for some time before examination. No 
trouble due to photochemical reaction was encountered, except with 2-hydroxypyridine, which, 
on irradiation, rapidly develops 4 pale blue colour that stops all Raman scattering. Concen- 
trations of solutions used (weight of solute to weight of water): 2-hydroxypyridine, 1: 3; 
3-hydroxypyridine, 1:16 (solution supersaturated); 4-hydroxypyridine, 1:4, 2-hydroxy- 
pyrimidine, 1: 7-5; 4-hydroxypyrimidine, 1 : 3-5. 

Infrared Spectra (see Table).—These were taken with a Perkin-Elmer Model 12-C single-beam 
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single-pass spectrometer, fitted with a lithium fluoride prism for the range 3800—2400 cm. 
and a sodium chloride prism for the range 2400—700 cm.. Aqueous solutions, in thin films 
pressed between (uncoated) sodium chloride plates, were examined in the sodium chloride range 
only; the background spectrum was taken with a saturated aqueous solution of sodium chloride, 
Only absorption bands of appreciable intensity could be observed, especially near the H,O 
absorption peak at 1648 cm.™, and the accuracy of the wave-number measurements is lower 
than that obtainable with the usual infrared solvents. Concentrations used (in weight of 
solute to weight of water): 2- and 4-hydroxypyridine, 1:1, 2- and 4-hydroxypyrimidine, 1; 2: 
the solubility of 3-hydroxypyridine in water is far too low to permit a study of its infrared 
spectrum in aqueous solution (a 1% solution in chloroform was examined). The infrared 
spectra of the solids were determined with potassium bromide discs (1 mg. of substance in 
200 mg. of potassium bromide). 


RESULTS AND DISCUSSION 
The spectral results are collected in the Table. 


Raman Spectra,—The strongest band in the Raman spectrum of 3-hydroxypyridine is 
at 1045 cm.", as would be expected for a genuine derivative of pyridine. As both the 
uncharged structure (III) and the zwitterion structure (IV) are truly pyridinoid the Raman 
spectrum is not well suited to the study of the equilibrium between them. Because of 
the low solubility of 3-hydroxypyridine in water, the Raman spectrum obtained is weak 
and shows no evidence of the presence of two tautomers. 

On the other hand, in the Raman spectra of 2-hydroxypyridine, and 2- and 4-hydroxy- 
pyrimidine, which bear a fair resemblance to one another, only weak bands appear near 
1000 cm.", the strongest bands being in the vicinities of 860 and 1200 cm.. The major 
species present in aqueous solution can therefore not be pyridinoid, as in (I), in any of 
these substances. In the Raman spectrum of 4-hydroxypyridine the two strongest bands, 
at 1035 and 848 cm.+, are about equally intense. This spectrum is inconclusive, being 
compatible with structure (V) as a major species, without proving this to be the case. 

Infrared Spectra.—These provide more positive evidence. The spectrum of 3-hydroxy- 
pyridine is typical of a (3-substituted 1) pyridine; the others are not. The strongest band 
below 1800 cm.* in the infrared spectrum of 3-hydroxypyridine (in non-aqueous media) 
is at 1280 cm.+; the strong pyridine band near 1580 cm." is hardly changed in frequency. 
By contrast, in the infrared spectra of aqueous 2-hydroxypyridine, 2-hydroxypyrimidine, 
and 4-hydroxypyrimidine the bands at 1652, ~1644, and ~1687 cm.? appear clearly 
above the strong water band as the most intense bands in their respective spectra. They 
are undoubtedly carbonyl stretching bands; the 2-hydroxyaza-derivatives must therefore 
be lactams [such as (II) and (VIII)}. These spectra differ markedly from the infrared 
spectra of norma! 2-substituted pyridines, a large number of which have now been 
determined." 

The case of 4-hydroxypyridine is more complicated. The strongest band in the 
infrared spectrum is located at 1521 cm.*, and there is another strong band at 1637 cm.+. 
This spectrum resembles that of 1,4-dihydro-l1-methyl-4-oxopyridine (VI; NMe in place 
of NH), where a band at 1548 cm.* (in the solid state) is stronger * than that at 1641 cm.*. 
If 4-hydroxypyridine had structure (V), the strong band in this region would be located 
very close to 1600 cm.-!, not at 1637 cm., and two more bands would be seen in the range 
1400—1600 cm. (for a comprehensive collection of data for 4-substituted pyridines, see 
Katritzky and Gardner ¥). 

Possible Structures—The vibration spectra show that these 2- and 4-hydroxyaza- 
compounds are not truly aromatic hydroxy-compounds. However, as it is known that 

* It is possible that both these bands are due to composite vibrations each of which entails some 
carbonyl bond stretching. 


1° Katritzky, Jones, and Hands, J., 1958, 3168. 
1 Cook and Church, J. Phys. Chem., 1957, 61, 458; Katritzky and Hands, J., 1958, 2202. 
42 Katritzky and Gardner, J., 1958, 2198. 
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aqueous 3-hydroxypyridine contains about 50% of the zwitterion form (IV), one would, 
on purely chemical grounds, expect that the a- and y-hydroxy-derivatives of aza-aromatic 
substances in aqueous solution would be predominantly zwitterions, ¢.g., (VII), rather 
than uncharged molecules, e.g., (V); the electron-withdrawing effect of the nitrogen atom 
would be transmitted more strongly to the a- and y- than to the 6-positions, making the 
a- and y-hydroxy-groups more acidic; similarly, the electron-donating effect of O- would 
be transmitted more strongly to the a- and y-positions, making the nitrogen atoms there 
more basic than that in the 3-hydroxypyridine anion. Thus 2- and 4-hydroxypyridine 
and 2- and 4-hydroxypyrimidine could exist as zwitterions, which would be truly aromatic 
provided that the amide forms do not contribute greatly (+20%) towards the resonance 
hybrids. 

“ For the «-hydroxyaza-derivatives the presence of appreciable amounts of these truly 
aromatic structures is ruled out by the absence of strong Raman bands near 1000 cm.*, 
but for 4-hydroxypyridine this possibility has to be considered. The strong infrared band 
of 4-hydroxypyridine at 1637 cm. could be the equivalent of the fairly strong band at 
1630 cm. in the spectrum of the pyridine cation," 7.e., it could be due to a skeletal 
stretching vibration. However, the infrared spectrum of 4-hydroxypyridine does not 
show as many bands as one would expect for a substituted pyridinium ion. In particular, 
for a zwitterion (VII) the strongly Raman-active ring-breathing vibration would be 
accompanied by a large change in dipole moment and should give rise to a strong infrared 
band, whereas actually the infrared band at 1031 cm.*, which would have to be assigned 
to this vibration, is weak. Finally, on this basis, solid 4-hydroxypyridine and 1,4-di- 
hydro-1-methyl-4-oxopyridine, all of which have infrared spectra similar to that of aqueous 
4-hydroxypyridine, would all have to be zwitterionic like (VII); however, the dipole 
moments of both compounds‘ are far too low to be compatible with predominantly 
zwitterionic structures. 

These low dipole moments and the absence of a strong infrared band due to ring- 
breathing also represent evidence against a “‘ modified aromatic structure ” for 4-hydroxy- 
pyridine. As will appear from a discussion of the vibration spectra to be expected for 
such structures, the observed band frequencies do, in any case, not fit such structures, 
for any of the substances examined. It is therefore concluded that all these compounds 
are essentially carbonyl compounds, represented wholly, or, if resonance hybrids, largely, 
by structures (II), (VI), VIII), and (IX) or (X), respectively. If one accepts that bond 
stretching frequencies are related to bond orders, and takes the CO bond order in form- 
aldehyde to be 2-00, one will conclude that the CO bonds in 2-hydroxypyrimidine and 
2- and 4-hydroxypyridine have 15—20% single-bond character; the dipole moment of 
the last-named substance is also compatible with a contribution of about 15% from 
structure (VII). 

4-Hydroxypyrimidine is both an «- and a y-hydroxyaza-compound, and two tautomers 
containing a carbonyl group, (IX) and (X), are possible. Since the Raman spectrum of 
this substance is similar to those of the 2-hydroxy-compounds, which are certainly 
lactams (II) and (VIII), but quite different from that of 4-hydroxypyridine, whose 
structure (VI) is very like (X), it must be concluded that the main species present in aqueous 
solution (>80%) is the lactam tautomer (IX), in agreement with earlier conclusions 
[and in disagreement with some recent calculations that suggest the presence of 
30—40%, of (X)]. 

Band Assignments.—Most of these are quite uncertain. The strong bands in the 
Raman spectra of the «- and y-hydroxyaza-compounds at ~850 and ~1200 cm.* could 
be due to out-of-plane and in-plane C-H bending deformations, respectively (or, con- 
ceivably, to skeletal motions); the position of the former band is remarkably constant. 
The strong Raman band of 4-hydroxypyridine at 1035 cm. is tentatively assigned to 


13 See following paper. 
Mason, J., 1958, 674. 
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the simultaneous stretching of the four skeletal single bonds in (VI), a “ pseudo-ring- 
breathing ” vibration. The bands at 1610 + 10 cm.* in the a-lactams are due to in-plane 
N-H bending, which is probably mixed somewhat with C=O stretching here. The N-H 
stretching bands (in the solids) occur at 3200 + 60 cm., the C-H stretching bands from 
2700 to 3130 cm.1. 


The authors are greatly indebted to Dr. D. J. Brown for samples of 2- and 4-hydroxy- 
pyrimidine. Mr. D. T. Light is thanked for technical assistance. 


DEPARTMENT OF MEDICAL CHEMISTRY, THE AUSTRALIAN NATIONAL UNIVERSITY, 
CANBERRA, AUSTRALIA. [Received, June 15th, 1959.) 


248. The Vibration Spectra and Structures of the Hydrochlorides 
of Hydroxypyridines and Hydroxypyrimidines. 
By E. SPINNER. 


The infrared spectra of the hydrochlorides of the hydroxypyridines and 
hydroxypyrimidines in aqueous solution and in the solid state, and the 
Raman spectra of the aqueous solutions, have been determined. The 
spectrum of the cation of 3-hydroxypyridine is that of a truly aromatic com- 
pound. The cations preferentially formed by 2- and 4-hydroxypyrimidine 
are (VII) and (IX), those formed by 2- and 4-hydroxypyridine seem to be, 
not the ions of aromatic type (III) and (V), but the ions incapable of any 
major resonance, (IV) and (VI). The vibration spectra to be expected for 
truly intermediate mesomeric structures (III) and (V), in which the (a) and 
the (6) forms contribute equally, are discussed. 


ADDITION of a proton to 3-hydroxypyridine can give only one cation (I), but addition to 
an a- or y-hydroxyaza-aromatic compound, present mainly as a lactam or amide,’ ¢.g., 
(II), may occur at either the nitrogen or the oxygen atom. On the basis of the theory of 
n-electron delocalization one would expect the highly resonant cations (III) and (V) to be 
much more stable than (IV) and (VI), and up to the present the cations of 2- and 4-hydroxy- 
pyridine have generally +3 been taken to have the structures (III) and (V), respectively, 
ultraviolet spectral data * being interpreted as evidence therefor (but see p. 1237). Sensi 


° OH +OH ce) 
_ OH + S 
p O~O-0-0 
N7 N N N N’ 


H 
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and Gallo,“ however, who previously examined the infrared spectra of the solid hydro- 
chlorides of the hydroxypyridines, concluded that the cations formed were (VI), (I), and 
(IV); the present work fully confirms their findings. 


1 Albert and Phillips, J., 1956, 1294. 
* Mason, J., 1957, 5010. 

* Mason, J., 1958, 674. 

* Sensi and Gallo, Ann. Chim. Appl. (Italy), 1954, 44, 232. 
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If (like the author) one rejects the view that the x-electrons in conjugated systems are 
delocalized,* one would expect forms (IV) and (VI) to be more stable than (III) and (V), 
the equilibrium between, e.g., (IIIa) and (IV) being exactly analogous to that between the 
two possible tautomers for the neutral molecule [(V) and (VI) on p. 1222]. Further, it has 
been found that proton addition to acetamide,® N-ethylacetamide,’ and urea ®® gives, not 
the highly resonant cations X-C(=*OH)-NHR «—+» X°C(=*NHR)-OH, but the (poorly 
resonant) ions X°-CO-*NH,R, 7.e., there is proton addition to the nitrogen atom. The 
non-equivalence of different methyl-hydrogen atoms found in some protonated N-methyl- 
amides by proton magnetic resonance has been regarded ® as evidence for O-protonation, 
but is also explicable for the N-protonated ions.! 

Previous ultraviolet-spectral work ™ has shown that 2- and 4-hydroxypyrimidine are 
preferentially protonated at a nitrogen atom; the cation of the latter was proved to have 
structure (IX). This has been explained? by the resonance in (VII) and (IX) which 
spreads the positive charge between the two nitrogen atoms. 

The criteria used for structure diagnosis are essentially those used for the neutral 
molecules,! together with comparison with the spectrum of the corresponding neutral mole- 
cule. Infrared and Raman spectra were determined on concentrated solutions of hydroxy- 
pyridines and hydroxypyrimidines in concentrated hydrochloric acid. Detailed infrared 
spectra were obtained for the solid hydrochlorides. In no instance is there an indication 
of the presence in aqueous solution of a major molecular species different from that found 
in the solid state. The vibration spectra of the hydrochlorides of pyridine and pyrimidine 
were determined for reference. 


EXPERIMENTAL 


Materials.—The solid hydrochlorides (obtained by crystallization from concentrated hydro- 
chloric acid) were dried and analysed to make certain of the absence of water of crystallization; 
where necessary the solids were ground and mixed with potassium bromide in a dry atmosphere 
(pyridine hydrochloride is very hygroscopic). 

Raman Spectva.—These were recorded photoelectrically with a Hilger Raman spectrograph 
operated at effective slit widths of 4—6 cm.1. The wave-numbers obtained here are often 
less accurate than those obtained photographically for the neutral molecules,’* because the 
dispersion of the double-pass system of two glass prisms used with photoelectric recording 
is quite sensitive to temperature; no constant-temperature room being available, rough 
empirical corrections for temperature changes had to be applied. On the other hand, the 
relative intensities of the various bands within a spectrum could be measured fairly accurately; 
the peak intensities read off the chart, and given in the Table, do not possess any absolute 
significance, i.e., band intensities are not comparable between different substances. 

There was no indication of photochemical decomposition of any of the substances, but 
fluorescence sometimes reduced the amount of detail obtainable in the Raman spectrum 
(especially for 2-hydroxypyrimidine hydrochloride). Concentrations used (weight of solute to 
weight of concentrated hydrochloric acid) were: pyridine, 1 : 3-5; pyrimidine, 1:6; 2-hydroxy- 
pyridine, 1: 4-5; 3-hydroxypyridine, 1:5; 4-hydroxypyridine, 1: 3-5; 2-hydroxypyrimidine, 
1:8; 4-hydroxypyrimidine, 1: 4. 

Infrared Spectra.—These were determined as for the neutral molecules, except that the 
backgrounds for the solution spectra were obtained with concentrated hydrochloric acid; 


* For criticism of the concept of a-electron delocalization, see Burawoy ® (further criticism will 
appear elsewhere). 


5 Burawoy, in ‘‘ Contribution a l’Etude de la Structure Moleculaire (V. Henri Mem. Vol.),’’ Desoer, 
Liége, 1948, p. 73; Trans. Faraday Soc., 1944, 40, 537; Chem. and Ind., 1944, 434. 

* Spinner, Spectrochim. Acta, 1959, 95. 

? Cannon, Mikrochim. Acta, 1955, 563. 

® Davies and Hopkins, Trans. Faraflay Soc., 1957, 58, 1563. 

_* Fraenkel and Nieniann, Proc. Nat. Acad. Sci., U.S.A., 1958, 44, 688; Berger, Loewenstein, and 

Meiboom, J. Amer. Chem. Soc., 1959, 81, 62. 
2° Spinner, J. Phys. Chem., 1960, 64; in the press. 
1 Brown, Hoerger, and Mason, J., 1955, 211. 
™ Albert and Spinner, preceding paper. 





1228 Spinner: The Vibration Spectra and 


concentrations of solutions (weight of solute to weight of concentrated hydrochloric acid) were: 
pyridine, 1:1-5; pyrimidine, 1:1-5; 2-hydroxypyridine, 1: 3-5; 3-hydroxypyridine, 1; 9. 
4-hydroxypyridine, 1: 1-5; 2-hydroxypyrimidine, 1: 2-5; 4-hydroxypyrimidine, 1:3-5. The 
concentrations of the potassium bromide discs were 1 in 200, except for the hydrochlorides of 
pyridine and pyrimidine (handled in a dry box) where they were unknown. 


RESULTS AND DISCUSSION 
The spectral results are collected in the Table. 


Pyridine and Pyrimidine Hydrochloride—The Raman spectra of the hydrochlorides 
bear a fair resemblance to those of the neutral molecules; 1* they show the very strong 
band expected near 1020 cm. and a fairly strong one above 1600 cm.*; the frequency of 
the skeletal stretching band at 1585 cm.* in pyridine is shifted to 1635 cm. in the hydro- 
chloride. In the infrared spectra of the hydrochlorides the band near 1630 cm.+, while 
quite prominent, is not the strongest one. Presumably the two very intense Raman bands 
of pyrimidine hydrochloride at 1001 and 1058 cm. are a resonance doublet. Their 
relative intensities are unaffected by dilution with water, and there is no evidence of the 
presence of the dication C,N,H,** in ~8n-hydrochloric acid (of the three benzodiazines 
pyrimidine should form the dication most readily). 

Hydrochlorides of ‘‘ Hydroxy ’’-compounds.—T he high-frequency region. This region does 
not yield any information about the structures of the compounds. Since no O-H stretch- 
ing band can be identified in the infrared spectrum of 3-hydroxypyridine hydrochloride 
the absence in the spectra of the other four “ hydroxy ”’-cations of a band clearly 
attributable to O-H stretching does not represent evidence for the absence of a hydroxyl 
group there. There is much overlap between the C-H and O-H or N-H stretching bands. 
The bands at 2680 and 2663 cm.* for the pyrimidine and 4-hydroxypyrimidine cations, 
respectively, are assigned to *N-H stretching, strong hydrogen bonding between the *NH 
group and a nitrogen atom in a neighbouring molecule being postulated. 

The region 1800—700 cm.+. The vibration spectrum of the cation of 3-hydroxy- 
pyridine shows all the features expected of a truly pyridinoid compound: a strong Raman 
band at 1042 cm.+, a reasonably strong one at 1625 cm.", a prominent infrared band near 
1490 cm.*1, and one of only moderate intensity at 1625 cm.1. 

The most intense bands in the Raman spectra of the cations of 2-hydroxypyridine and 
4-hydroxypyrimidine are at 852 and 1552 cm.*, respectively; only much weaker bands 
occur near 1000 cm.*!; it seems that the predominant cations are not truly pyridinoid here. 
The cation of 2-hydroxypyrimidine shows a strong Raman band at 1063 cm.-1, but none 
near 1600 cm.", and is thus unlikely to be pyridinoid. The Raman spectrum of the 
cation of 4-hydroxypyridine, like that of the neutral molecule, is compatible with a 
pyridinoid structure. 

The strong infrared bands above 1700 cm. shown by the cations of 2- and 4-hydroxy- 
pyrimidine are undoubtedly C=O stretching bands, those near 1640 cm. shown by the 
cations of 2- and 4-hydroxypyridine are very likely to be due to C=O stretching in the ions 
(IV) and (VI),* though a priori they could also, conceivably, be skeletal stretching bands in 
(III) and (V) analogous to the band at 1630 cm."! for the pyridinium cation. However, 
quite apart from the Raman spectral evidence to the contrary for the 2-isomer, these ions 
show fewer strong infrared bands in the range 1400—1600 cm. than does the pyridinium 
ion (the strong band near 1490 cm. seems to be missing), which would seem to show that 
they are not simply pyridinium ions with a 2- or 4-hydroxy-substituent. Moreover, the 
close resemblance between the vibration spectrum of the 4-hydroxypyridine cation and 
that of the neutral molecule, unless a coincidence, is evidence that proton addition produces 


* Long, Murfin, Hales, and Kynaston, Trans. Faraday Soc., 1957, 68, 1171; Lord, Marston, and 
Miller, Spectrochim. Acta, 1957, 9, 113. 
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no drastic change in the structure of the molecule, or in the orders of the bonds in it; this 
























































Te: 
2; would agree with structure (IV) for the cation. 
The 
S of 
Band peaks * in the vibration spectra of the hydrochlorides (range 1800—680 cm."). 
Pyridine Pyrimidine 2-Hydroxypyridine 
LR. LR. Raman LR. LR. Raman LR. LR. Raman 
Solid Ag. soln. Aq. soln. Solid Aq. soln. Aq. soln. Solid Aq. soln. Aq. soln. 
1630 s 1629 ms 1635(12) 1792 vw 1632 s 1635 ms 1638 (2) 
1604 s 1615 (4) 1744 w 1599 w 
1527 vs 1538 m 1677 (5) 1544s 1541 s 
des 1479s 1489s 1620ms 1618m 1617(11) 1481w 1500 vw? 1505 (2) 
ng 1428 w 1600ms 1601m 1597(11) 1426w 
of 1369 mw 1549 (6b) 1398 m 
1332m 1339w 1334 (2) 1530m 1532 mw 1369 m 
TO- 1245 MS} jos) w 1945 (3) 1453 ms 1458 ms 1344s 1347 ms 1356 (3) 
ile 1238 ms 1410 (2b) 1267 (2) 
ds 1189m 1200w 1201(10) 1373mw 1373w 1242 m 1224 (1)? 
< 1155m 1166w 1162 (2) 1327 m 1345 (3b) 1165m  116lw 
eir 1053 s 1057 w ‘1060 (5) 1296 my 1913 yw? 1125 vw 
he 1027w 1031 vw 1027(22) 1290ms ; 1099 w 1099 (1)? 
1es ao 1228 1232 1236 tay 1004 1008 ta 
997 ms . w vw w 
994 ms 1000w §=1010(75)) )77m = 1182 mw 1179(11) 910m 903 (1)? 
“ 952 (4) llllw 1111 (6b) 869 w 
: 910mw 924w 1082 vw 851 m 853 w 8652 (10) 
h =F 880 w 866 (2)? 1058ms 1061 mw 1058 (40) 780 s 778 ms 
de 812 (3) 1022 mw 731 w 
1 749 sb 753 ms 1000 ms 997m 1001 (37) 
oy 682sb 684m 978 vw 
cyl 926 w 942 vw 
ds. f 870 vw 
843 w 
1S, 8llm 810 m 
[H 693 ms 690 ms 
673 m 
. 663 m 667 (13) 
an 3-Hydroxypyridine 4-Hydroxypyridine 2-Hydroxypyrimidine 
ar LR. I.R. Raman LR. LR. Raman LR. LR. Raman 
Solid Aq. soln. Aq. soln. Solid Aq. soln. Aq, soln. Solid Aq. soln. Aq. soln. 
nd 1627m  1627mw 1625 (8) 1637 s 1641s 1639 (6) 1781s 1754 s 
1554s  1564ms 1553 (3) 1611 m 1610 (1) 1590 s 1601 s 
ds 1492m 1487 mw 1551 m 1505 w 
re. 1398 ms 1332 (4) 1510 s 1516 s 1475 w 
me 1515 m 1310 w 1305 (4b) sens vw? 1385 w ‘ 
1268ms 1279 vw 1388 m 1246ms 1277 mw 
he 1240m 1240w 1240(2b) 1373mS [4!5w 1393(3) — jiggms = 1215 mw 
1176 w 1174 (4) 1330 s 1153 m 
° 1109w Illlw 1107(4) 132085 «13843. ms_ 1836(2)yigim = 1140 w 
1073 (2) 1280w 1279w 1093 w 110lw 1103 (2) 
y- 1042 w 1042 (21) 1228 mw) j 907 w 1084 (1) 
a 1014 w 1014 (8) 1218 ms 1057 vw = 1061 vw 1068 (9) 
988 w 1192m 1196m_ 1192 (2) 1004mw 1009 w 
ns 922 vw 1130 vw =s-1150 vw 990 vw 
in 839 m 840 mw 838 (18) 1088 m 1090 mw 864 mb 
. 06 ms 802m ea 1046 (6) 849 m 855 (4) 
“= vw 1005 mw 783 ms 793 mw 
ns 759 vw 1000 w § 1006vw 1006(13) 9 a47m = 760 w 
™ 690 w 977 vw 
677 m 912 vw 
at 848m 848m 849 (10) 
1€ 817s 825 ms 
‘ 793 (1) 
id 760 w ( 
es 741m 
709 (1) 
ad 


* For explanation of abbreviations, see p. 1223. 
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TABLE. (Continued.) 


. . <a . 
4-Hydroxypyrimidine Infrared absorption peaks in the range 3800—1800 cm.- (solid states) 





LR. LR. Raman ~ 2- 3- 2- >; £9 

Solid Aq. soln. Aq. soln. Pyridine Pyrimidine Hydroxypyridine Hydroxypyrimidine 
1704vs 1726s 1722(16) 3418svb 3407 mwvb 3253 mb 3241 mw 3322m 3272w 
1656 ms 1663w 1660(7) 3222mb 3195 w 3169 mb 3180m 3210m 3156w 3212m 
1564s 1584w 1585(3) 3095w 3130w 3103 w 3114m 3159w 3105ms 3153s 


1552 (20) 3065m 3105mw 3082m 3089m 3108w 3012ms 3100 
1501 (1)? 3022w 3057m 3014m 3071w 3077m 2918ms 3075 


1448 ms 1468 (2) 2956w 3033 m 2997 vw 3008s 3017m 2835s 3049 [§ 
1381 m 1398 (3) 2925w 3019 w 2960 vw 2846m 2954w 2727m 3020 
1328 w 2852w 2976w 2935 vw 2807ms 2876s 2444vw 2952w 
1304 w 1310 (1) 2807 mb 2902 m 2827 sb 2725m 2807 vw 2172 vw? a 
1261s 1243m 2262 vw 2835 ms 2702 vw 2657 w 2722m 2878 5™ 
1246 w 2189 vw 2679svb 2682 vw 1995w 2695 w 2835 m 
1216 w 1209 (9) 2128 vw 2583 wb 2633 w 1904w 2638 w 2758 w 
1181 m 2045 mwb 2403 w 2561w 1834vw 2609 vw 2725 s 
1147 vw 1946wb 2277 vw 2529 w 2577 m 2663 s 
1127 mw 1140 w_ 1138 (3) 2214 vw 2492 w 2490 wb 2623 s 
1105 vw 1101 w 2068 w 2459 w 2435 w 2558 m 
1025 w 2009 w 1872 vw 2004 vw 2128 vw 
1016 m 1019 (4) 1953 mw =s-:1813 vw 1887 vw 2023 vw 
1003 m 1858 w 1818 vw 1970 vw 

994 ms 1000 vw 

880 m Band peaks * in the Raman spectra of the hydrochlorides in the 

oo ar range 680—200 cm.~". 

829ms 837m _ 831 (6) Pyridine: 639 (11), 611 (7), 393 (2) 

757 vw Pyrimidine: 623 (5), 401 (3), 345 (2) 

746 vw 2-Hydroxypyridine: 627 (1), 555 (2) 

738 w 3-Hydroxypyridine: 624 (4), 543 (4), 435 (2), 236 (4) 


4-Hydroxypyridine: 646 (4), 615 (1), 529 (3), 223 (1)? 
2-Hydroxypyrimidine: 573 (3), 472 (1) 
4-Hydroxypyrimidine: 637 (4), 548 (4), 490 (1b), 389 (1)? 


“ Modified aromatic structures.” The presence of a carbonyl group in the cations of 2- 
and 4-hydroxypyridine has not been proved beyond doubt; they could possess structures 
truly intermediate between (Va) and (Vb), and (IIIa) and (IIIb), respectively. 

Any removal of x-electron density from the ring to the nitrogen atom reduces the bond 
orders in the ring, relatively to those obtaining in the truly aromatic ions, and so lowers 
the skeletal stretching frequencies: e.g., a reduction in the CC bond order from 1-5 to 1-42 
should lower the CC stretching frequency by ~50 cm. (from ~1350 to ~1300 cm.1, 
according to a logarithmic plot). Conversely, the raising of the CO bond order (from 1 to, 
say, 1-42) correspondingly raises the CO stretching frequency. By reference to the 
pyridinium ion spectrum one can roughly predict the vibration spectra of the ‘‘ modified 
aromatic ’’ ions, in which the CO bond has roughly the same bond order as the average 
bond in the ring (~1-42), and in which all these bonds vibrate in unison. 

The modes of skeletal vibration of interest here are depicted in (XI) to (XIII). Beneath 
each diagram is the frequency of the corresponding vibration in (a) benzene," (b) the 
pyridinium ion; (c) gives the lowering of the frequency due to the removal of x-electrons 
from the ring, (d) the (very roughly) estimated effect of the vibration of the CO side chain 
in assisting or hindering the ring vibration concerned, (e) the estimated vibration frequency 
in the “‘ modified aromatic ”’ cation. 

In (V) the spreading of the positive charge is limited, and band intensities not very 
different from those observed for the pyridinium ion and for (I) are to be expected. In 
(III), however, charge spreading increases the electrical symmetry; this will reduce the 
intensities of the infrared bands due to vibrations (XI) and (XII) (but not those of the 
Raman bands). 


1* Broderson and Langseth, Mat. fys. Skrifter, Kgl. danske Videnskab. Selskab., 1956, 1, 1. 
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Most of the above predictions are not realized (or approached) in the observed vibration 
spectra of the cations of 2- and 4-hydroxypyridine. Thus (VI) and (IV) appear to be the 








s) only satisfactory structures for these ions. 

ak 

4 

ine > > 

V K A > { > 

" “ “ “ ~ CO 

* a *% a . a 

ze = 
- v = v —- 
(XI) (XIIA) (X11B) (XIITA) (XI1IB) 
(a) 992 cm. 1585 cm.~} 1585 cm.** 1485 cm." 1485 cm.-? 
m 1606 __,, 1606 ,, 
. (b) 1010 _,, 1630 ,, 1530 ,, 1485* ,, 1428* ,, 
" (c) —50 ,, ae —35t ,, on wit. « 
(d) —20 ,, om OS w 7 ww 8 ee 
’ (e) 940 ,, 1580 __s—, 1495 _,, 1450 __,, 1380 __,, 
4 * It is possible that these two assignments should be reversed. 
- ¢ Only four of six ring bonds change in length here. 
vw 
vw Cations of 2- and 4-Hydroxypyrimidine.—While protonation has little effect on the 
vibration spectra of 2- and 4-hydroxypyridine, it changes both the Raman and the infra- 
red spectra of 2- and 4-hydroxypyrimidine quite markedly (e.g., it raises the respective 
C=O stretching frequencies by 100 and 40 cm.). Clearly, proton addition follows a 
different course in the two series; the cations formed preferentially here must be (VII) and 
(IX), not (VIII) and (X). 
According to the theory of x-electron delocalization, (VII) is actually a resonance 
hybrid of the two equivalent canonical forms. In the “ partial breathing ”’ vibration of 
such an ion the four bonds of bond order 1-5 stretch and contract in unison, with a frequency 
roughly given by formula (XIV): 
ee ‘ 
res >= YvoV 1 —A cos r/(n + 1) a & 6a (XIV) 
nd where v, is here the average intrinsic stretching frequency of the CC and CN bonds of bond 
ors order 1-5, taken as 1380 cm."!, and A is a constant for a given system (here a planar six- 
42 membered ring with bond angles of 120°) containing bonds stretching in unison with a 
A frequency v. If v= 1010 cm. when m = 6 (pyridinium ion), (XIV) yields v = 1055 cm. 
Pay for n= 4. The frequency of the strongest Raman band of the 2-hydroxypyrimidine 
he cation, 1063 cm.-!, agrees well with this calculated value. (This does, however, not prove 
od that the cation is such a resonance hybrid.) 
ee The author thanks Professor A. Albert for helpful discussion, Dr. D. J. Brown for samples of 

2- and 4-hydroxpyrimidine, Mr. D. T. Light for technical assistance, and Dr. J. E. Fildes for 
mi microanalyses. 

e 
ns DEPARTMENT OF MEDICAL CHEMISTRY, THE AUSTRALIAN NATIONAL UNIVERSITY, 
CANBERRA, AUSTRALIA. (Received, June 15th, 1959.) 


8 Bartholome and Teller, Z. phys. Chem., 1932, B, 19, 366. 
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249. The Vibration Spectra and Structures of the Sodium 
Derivatives of Hydroxypyridines and Hydroxypyrimidines. 
By E. SPINNER. 


Infrared and Raman spectra of the sodium salts of the hydroxypyridines 
and hydroxypyrimidines, in the solid state and in aqueous solution, re- 
spectively, have been determined. The anions of 3- and 4-hydroxypyridine 
possess the truly aromatic structures (I) and (IIIa); those of 2-hydroxy- 
pyridine and 4- and 2-hydroxypyrimidine are not truly aromatic, but seem 
to have structures (IIb), (Vb) and (IVb), which have the same arrangements 
of skeletal bonds as the neutral molecules. From the Raman spectrum it is, 
further, concluded that the last-named anion is not a resonance hybrid of the 
two equivalent canonical forms (IVb) and (IVc), but that its structure is 
correctly represented by one canonical form (IVb). 


THE only possible structure for the anion of 3-hydroxypyridine is (I). The anions of the 
2- and 4-hydroxyaza-compounds should, according to the theories generally accepted at 
present, be resonance hybrids (II), (III), (IV), and (V). The electron affinity of oxygen 
being higher than that of nitrogen,* the (two possible) (a) forms should make a greater 
contribution to the overall structures than forms (b) and (c), but more detailed predictions 
are hard to make. 

If one rejects the idea that x-electrons and the unshared electrons on oxygen and 
nitrogen atoms are delocalised, these anions are not expected to be resonance hybrids, but 
should have structures (a) or (b) [or (c)].f Structures (b) contain the skeletal bond 
arrangements found to be energetically preferred in the neutral molecules? and the 
cations? but electron-affinity considerations, which, a priori, seem likely to be more 
important, favour structures (a). 


a 1°) 
yo" S S S 
(y Cle (j- f 
N N* Oo" N7~O N N 
(I) 


(Ila) (IIb) (IIIa) (IIIb) 


Oo 12) .@) 
SN NN 7 =-N SN =N N 
(2. ao syto 7 2 a? 
(1Va) (IVb) (1Vc) (Va) (Vb) (Vc) 


Solubilities in water being far too low, infrared spectra were obtained for the solids 
only; these showed bands corresponding to most of the Raman bands observed, and there 
is no indication of the presence in aqueous solution of a major ionic species different from 
that present in the solid state (according to the theory of resonance only one ionic species 
is possible in all these cases). 

The criteria used for structure diagnosis were the presence or absence of a strong Raman 
band attributable to aromatic ring-breathing; resemblance, or otherwise, to the vibration 
spectra of the neutral molecules,? or of comparable pyridine derivatives; resemblance, or 


* The actual electron affinity of nitrogen is unknown, but should be at least 20 kcal./mole less than 
that of oxygen (cf. Johnson and Rohrlich ! for atomic nitrogen and oxygen). 

+ To be more precise, in solution both (or all three) possible anions should always be present in 
equilibrium with one another, but normally one form would be expected to be much more stable than 
the others. 


1 Johnson and Rohrlich, Nature, 1959, 188, 244. 
* Albert and Spinner, J., 1221. 
* Spinner, J., preceding paper. 
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otherwise, to the vibration spectra expected of “ modified aromatic” ions,’ where the 
truly. aromatic (a) forms, and the non-aromatic forms (b) and (c), each contribute about 
50% to overall structures. One cannot hope to identify carbonyl stretching bands 
unambiguously in these salts (see below). 


TABLE 1. Band peaks * in the vibration spectra of the sodium salts (range 1800—680 cm.*). 


to 


LR. 

Solid 
1650 m 
1603 s 
1548 ms 
1471s 
1430 s 


1337ms 
1326 
1288 m 
1237 w 
1194 w 
1147 m 
1100 w 
1075 vw 
1037 w 
991 ms 
881 ms 
861 ms 


787s 
740s 


Raman 
Aq. soln. 


1592 (3) 
1643 (5) 


1374 (1) 
1336 (4) 


1280 (4) 
1285 (10) 
1196 (2) 


1100 (2) 
1040 (5) 
858 (9) 
839 (2) 


823 (2) 
792 (2) 


Hydroxypyridine 
3- 
LR. Raman 
Solid Aq. soln. 
1684 mwvb 
1581s 1570 (9) 
1554 (4) 
1479 s 1476 (2) 
1408 s 1403 (4) 
1301s 1294 (3) 
1240 m 1233 (2) 
1212 vw 
1183 vw 1185 (2) 
1126 w 
1105 m 1101 (2) 
1045 w 1043 (13) 
1009 m 1012 (10) 
948 (1)? 
896 m 
881 w 899 (1) 
852 m 850 (5) 
834 (3) 
800 s 
706 m 


* For explanation of abbreviations, see p. 1223. 


Peaks of Raman bands of sodium salts in aqueous solution in the range 680—200 cm."!: 
2-Hydroxypyridine: 583 (1)?, 501 (1)? 
3-Hydroxypyridine: 562 (1), 501 (1) 
4-Hydroxypyridine: 660 (2), 503 (2), 464 
2-Hydroxypyrimidine: 603 (2) 


4-Hydroxypyrimidine: — 


9. 


2- 

LR. Raman IR. 
Solid Aq. soln. Solid 
1758 w 1083 vw 
1600 msb 1580 (5) 1070 vw 
1535 s 1004 w 

1523 s 959 w 
1457s 880 m 
1433 vw? 865 vw 
1368 m 1361 (3) 819 ms 
1261 ms 1259 (1) 789 mb 
1189 vw 747 ms 
1134 w 


Infrared absorption peaks of the solid sodium salts in the range 3800—1800 cm.~: 


Hydroxypyrimidine 
Raman LR. 
Aq. soln, Solid 
1087 (5) 1604 s 

1535 ms 
1005 (1) 
1488 s 
879 (7) 1432 ms 
1358 m 
1337 m 
1326 w 
1206 vw 
1190 w 


LR. 
Solid 
1675 mw 
1637 mw 

1601s 


Raman 
Aq. soln. 


1591 (5) 


1379 (3) 
1324 (4) 
1214 (3) 


1114 (1) 
1075 (1) 
1043 (3) 
995 (7) 
853 (6) 


814 (1) 
800 (1) 


4- 4- 
Raman LR. Raman 
Aq. soln. Solid Aq. soln. 
1595 (2) 1158 w 
1055 vw 1059 (1) 
1515 (2) 1000 ms 
991 mat 2002 (1) 
879 m 
1361 (2) 875 vwS 880. (5) 
1320 (3) =p 
819 (1) 
1198 (3) 796 w 
782 w 


2-Hydroxypyridine: 3404 msb, 3305 + 3258 mb, 3110 svb, 2523 vw?, 2478 w, 2316 mwb, 
97 vw 
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3-Hydroxypyridine: 3382 myb, 3320 mb, 3256 mb, 3110 mvb, 2299 mwb, 1911 vw?, 1844 w, 


4-Hydroxypyridine: 3280 svb, 3068 w, 2663 w, 2644 w, 2476 vw, 2223 vw, 1925 


vw 


2-Hydroxypyrimidine: 3478 w, 3264 mb, 3063 sb, 3006 w, 2972 w, 2876 vw, 2778 vw, 2615 vw, 
2518 wb, 2240 vw, 2173 vw 


4-Hydrox 
1974 vw 


— 3372 msvb, 3258 sb, 3162 m, 3110 sb, 3042 + 3010 m, 2947 mvb, 
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EXPERIMENTAL 


Materials.—The solid sodium salts were crystallised from solutions of the hydroxy-com- 
pounds in aqueous sodium hydroxide, dried in vacuo at 80° or 110°, analysed to make certain 
of the absence of water of crystallisation, and ground with potassium bromide in a dry 
atmosphere. 

Raman Spectra.—These were determined as before.* There was no evidence of photo- 
chemical change with the hydroxypyridine and hydroxypyrimidine anions; there was a 
significant amount of fluorescence, especially with the two anions named. The solutions of 
sodium phenoxides examined became visibly brown as a result of irradiation, but this did not 
affect the reproducibility of the spectra; * for sodium p-chlorophenoxide, however, the effective 
slit width of the spectrograph had to be raised to 5 cm... Concentrations of solutions (g. of 
solute to ml. of solvent; the latter contained sufficient sodium hydroxide to leave the final 
solution at least n/4 with respect to excess of alkali) were: 2-hydroxypyridine 1:9; 3-hydroxy- 
pyridine 1:4-5; 4-hydroxypyridine 1:9; 2-hydroxypyrimidine 1:7; 4-hydroxypyrimidine 
1:5; phenols 1: 2. 

The relative peak intensities of the various bands within each spectrum (bracketed figures 
in Tables 1 and 2) are roughly intercomparable as between the phenoxide ion spectra, after 
allowance has been made for differences in molecular weight. This does, however, not apply 
to the spectra of the hydroxyaza-anions (even if allowance is made for differences in concen- 
tration): the background scatter (significantly increased by fluorescence) was high, and 
different for each solution. Low amplification of the signal had to be used, which is reflected 
in the low intensity values in Table 1; this did, however, ensure that the relative band intensities 
within each spectrum are correct to the nearest unit. 

Infrared Spectra.—These — were determined as for the neutral molecules; the concen- 
trations of the potassium bromide discs were not known. 


RESULTS AND DISCUSSION 


The results are given in Tables 1 and 2. 

Infrared Spectra.—These are less informative than for the neutral molecules and 
cations. The carbonyl stretching frequency is, in general, raised by electron-withdrawing 
groups, and vice versa; a conjugated carbonyl group adjacent to a negatively charged 
nitrogen atom is expected to have a stretching frequency near 1600 cm.*, which makes it 
indistinguishable from an aromatic skeletal stretching frequency. (In conventional terms, 
a CO bond of bond order 1-8 would have a stretching frequency near 1600 cm.*.) 

The resemblance between the infrared spectrum of the hydroxypyridine anion and that 
of the corresponding methoxy- or ethoxy-pyridine 567 is quite close for the 3-substituted, 
and passably close for the 2- and 4-substituted derivatives, which would be in agreement 
with anion structures represented wholly or largely by (I), (IIa), and (IIIa), respectively. 
The 4-hydroxypyridine anion shows two more bands of fair intensity in the range 1400— 
1600 cm.* than do the neutral molecule ? and the cation,’ and is unlikely to have the same 
general structure as the neutral molecule and the cation [#.e., (IIIb)]. However, the 
spectrum of the 2-hydroxypyridine anion does not differ sufficiently from that of the 
neutral molecule ? to represent evidence against a structure represented wholly or largely 
by (IIb), #.e., this infrared spectrum is inconclusive. 

The spectra of the anions of 2- and sho agpes Sperm! lack the band at 1400 cm- 
which is very strong in the infrared spectra of pyrimidine * and 2- scaneypeelaedl 


* All spectra were run at least in duplicate. 
+ The infrared spectrum of sodium 2-pyridyl oxide below 1700 cm. has been recorded by Gibson, 
Kynaston, and Lindsey.* 


* Gibson, Kynaston, and Lindsey, J., 1955, 4340. 

5 Katritzky and Hands, /., 1958, 2202. 

* Katritzky, Jones, and Hands, J., 1958, 3165. 

7 Katritzky and Gardner, J., 1958, 2198. 

* Lord, Marston, and Miller, Spectrochim. Acta, 1957, 9, 113. 
* Brown and Short, J., 1953, 331. 
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and structures represented essentially by (IVa) and (Va) seem quite unlikely for these 
anions, especially for the former. , 

Raman Spectra.—These furnish more decisive evidence. As one expects for a truly 
aromatic substance, the strongest Raman band of the 3-hydroxypyridine anion is found 
near 1000 cm.* (the bands at 1043 and 1012 cm. presumably being a resonance doublet), 
and there is quite an intense band near 1600 cm.!. Similar features are shown by the 
Raman spectrum of the anion of 4-hydroxypyridine, which is compatible with, though 
not conclusive evidence for (cf. the neutral molecule ? and the cation 8), the truly aromatic 
structure (IIIa) for this anion. 

However, structures represented essentially by (IIa), (IVa), and (Va), respectively, 
seem to be incompatible with the observed Raman spectra of the «-hydroxyaza-anions, 
the strongest bands in which are not found near 1000 cm.!. In fact, the strongest band 
in each anion spectrum lies very close to the strongest Raman band observed for the 
corresponding neutral molecule, namely: 2-hydroxypyridine, anion 1235 (10) and 858 
cm. (9), neutral 1260 (s) and 850 cm. (ms); 2-hydroxypyrimidine, anion 879 cm."}, 
neutral 869 cm.+; 4-hydroxypyrimidine, anion 880 cm.-, neutral 858 cm.*!. There is, 
thus, a strong prima facie case for assigning to these anions structures represented 
essentially by (IIb), (IVb), and (Vb), respectively, which would mean that each anion 
possesses the same bond skeleton as the corresponding neutral molecule. 

Structure (Vc) possesses the same bond skeleton as occurs in neutral (and cationic) 
4-hydroxypyridine; the vibration spectrum of this bears no resemblance to that of the 
4-hydroxypyrimidine anion, which is thus very unlikely have a structure given essentially 
by (Vc). The absence of appreciably intense Raman bands near 1600 cm. is further 
evidence against truly aromatic structures for both 4-hydroxypyrimidine and 2-hydroxy- 
pyridine. 

The conclusion that the «-hydroxyaza-anions possess structures (b), in which the 
negative charge resides largely or wholly on a nitrogen atom, is sufficiently unexpected 
to arouse doubts about the validity of the criteria used for structure diagnosis. The 


TABLE 2. Band peaks * in the Raman spectra of the sodium phenoxides in aqueous 
solution (range 1700—200 cm."). 





Unsubst. 2-Chloro- 4-Chloro- Unsubst. 2-Chloro- 4-Chloro- 
1667 (1) 
1624 (2) 
1586 (32) 1571 (29) 1579 (38) 965 (2) 973 (3) 
1528 (4) 1515 (3) 1525 (3) 936 (2) 931 (2) 
1479 (3) 1465 (5) 1477 (3) 891 (1)? 
1443 (3) 1433 (2) 847 (9) 
1382 (2) 824 (16) 849 (12) 830 (23) 
1322 (2) 1304 (15) 825 (4) 
1276 (11) 1274 (5) 1288 (13) 770 (4) 761 (2) 776 (1) 
1237 (2) 709 (3) 
1164 (6) 674 (13) 654 (7) 
1150 (9) 1152 (9) 1164 (8) 615 (5b) 639 (8) 
1121 (9) 543 (2) 569 (5) 557 (2) 
1068 (3) 528 (4) 
1023 (23) 1038 (2) 400 (1)? 386 (10) 391 (4) 
993 (48) 1031 (50) 1091 (36) 318 (1) 
991 (4) 999 (6) 


* Wave numbers in cm.-!, peak intensities (in parentheses) in arbitrary units (see exptl. section). 
Inflexion in italics; b = broad. 


Raman spectra of three phenoxidé ions were therefore examined. The replacement of a 
ring CH group by a nitrogen atom has no major mechanical effect on the skeletal vibrations, 
i.e., the skeletal motions of the phenoxide ion and of a truly aromatic hydroxypyridine 
anion are practically identical. However, the electron-withdrawing effect of ring-nitrogen 
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produces an electric distortion which could conceivably upset the expected intensity 
relations. 

ortho- and para-Chlorophenol (pK, ! 9-0 and 9-9, respectively) are stronger acids than 
phenol (pK, 10-5); in the chlorophenoxide ions the chlorine atom is unquestionably 
electron-withdrawing, and the electric distortions obtaining in truly aromatic 2- and 4 
hydroxyaza-aromatic anions are simulated there.* The results in Table 2 show clearly 
that in these compounds the ring-breathing vibration (located in the range 990—1090 
cm.“) and the skeletal stretching vibration near 1580 cm. give rise to by far the strongest 
Raman bands; the criteria used for diagnosing true aromaticity are thus valid for sub- 
stances of this type, and the above conclusions are firmly based. 

“* Modified Aromatic” Structures.—The possibility that these anions have structures 
to which the forms (b) [and (c)] contribute as much, or nearly as much, as the forms (a), 
has yet to be considered. The ring-breathing and skeletal stretching frequencies in such 
ions are lower than those in comparable truly aromatic compounds, by amounts previously 
estimated. The observed frequency shifts for the strongest Raman band (expected, 
~—70 cm.*), and for the four infrared bands in the region 1400—1600 cm. (average 
value; expected ~—40 cm.) obtained by such comparisons are: anion of 2-hydroxy- 
pyridine, compared to 2-methylpyridine,>™ +255 and —5; anion of 3-hydroxypyridine, 
compared to 3-methylpyridine,* +2 and —6; anion of 4-hydroxypyridine, compared 
to 4methylpyridine,’*" +1 and —1; anion of 2-hydroxypyrimidine, compared to 
pyrimidine? —112 and +3 (or, conceivably, —14); anion of 4-hydroxypyrimidine, 
compared to pyrimidine,’ —111 and +12 cm.7. 

None of the observed anion spectra fits a “‘ modified aromatic” structure even 
remotely. There is no evidence of a contribution from form (IIIb) to the structure of the 
4-hydroxypyridine anion; though too much quantitative significance must not be attached 
to the above negligible frequency shifts, this contribution must be less than 15% at the 
very most. RE 

The 2-hydroxypyrimidine anion could simply be a resonance hybrid of (IVb) and (IVc). 
The strongest Raman band of such an ion would be given by the “ partial ring-breathing ” 
motion of the four bonds of bond order 1-5; its frequency should be somewhat higher than 
990 cm. (the ring-breathing frequency in pyridine), about 1040 cm. according to a 
rough calculation analogous to that performed for the corresponding cation (see p. 1231). 
Actually the strongest Raman band is found at 879 cm.*. 

It is concluded that the only satisfactory structures for the «-hydroxyaza-anions are, 
in essence, (IIb), (IVb) (one canonical form), and (Vb); the contributions from the forms 
(IIa), (IVa), and (Va) could, however, conceivably be as high as 25% (a CO stretching 
frequency of 1590 cm. corresponds to a CO bond order of ~1-75). 

Evidence from Electronic Spectra.—The electronic spectra of 2-hydroxypyridine ” 
and 2- and 4-hydroxypyrimidine ™ are not drastically changed on either cation- or anion- 
formation; they are certainly compatible with the above conclusion that in each case 
the same skeleton of bonds is present in all three ionic species. The spectral sequences 
are usually continuous: cation, neutral molecule, anion. 

For 4-hydroxypyridine,” on the other hand, the sequence is discontinuous, the Amx 
values being: cation, 2340 A; anion, 2390 A; neutral molecule, 2530 A. This rules out 
structure (IIIb) for the anion. The electronic spectrum of the cation closely resembles 


{yo * The form (A) for the o-chlorophenoxide ion is exactly analogous to (IIb) for the 2- 
+Ci  hydroxypyridine anion. 


(A) 


%” Bennett, Brooks, and Glasstone, J., 1935, 1821. 

™ Long, Murfin, Hales, and Kynaston, Trans. Faraday Soc., 1957, 68, 1171. 
12 Mason, J., 1959, 1253. 

4 Brown, Hoerger, and Mason, J., 1955, 211. 
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that of hexa-1,4-dien-3-one * (2280 A + 2360 A),'4 as required for structure (IV) on p. 1226, 
since the effect of the *NH, group should be very small. The spectrum of the anion 
(which also shows a second band, of lower intensity) resembles that of the phenoxide ion 
(2345 A), as expected for structure (IIIa). The replacement of the 4-CH group in the 
phenoxide ion by a nitrogen atom displaces the high-intensity band to longer wavelengths, 
as expected [the same change in the 3-position produces a smaller effect (+15 A) in the 
same direction]. By contrast, it should be noted that the replacement of 4-CH in the 
2-hydroxypyridine anion by nitrogen displaces the band to shorter wavelengths (from 
2300 to 2270 A), which confirms the view that the «-hydroxyaza-anions are different. 

Relative Stabilities of the Possible Ionic Species.—For neutral «- and y-hydroxyaza- 
compounds and their cations the tautomers containing carbonyl groups are always more 
stable than the (truly aromatic) hydroxy-tautomers; the higher aggregate bond energies 
in the former outweigh the stabilisation associated with the aromatic ring f¢ in the latter. 
For the anions, however, this seems to be true only if there is a nitrogen atom « to the CO 
bond, i.¢., if the effective electron affinity of the nitrogen atom is raised sufficiently by the 
electron-withdrawing inductive effect of an adjacent carbonyl group. It is hoped that 
work on substituted compounds will shed further light on this matter. 


Professor A. Albert is thanked for helpful discussion, Dr. D. J. Brown for 2- and 4-hydroxy- 
pyrimidine, Mr. D. T. Light for technical assistance, and Dr. J. E. Fildes for microanalyses. 


DEPARTMENT OF MEDICAL CHEMISTRY, THE AUSTRALIAN NATIONAL UNIVERSITY, : 
CANBERRA, AUSTRALIA. [Received, June 15th, 1959.) 


* The cation of 4-methoxypyridine also has a similar spectrum,™ but this does not prove that all 
three substances (or any two of them) possess identical chromophoric groupings. 
+ Such a stabilisation must be present even if the z-electrons are localised.'* 


14 Bowden, Heilbron, Jones, and Weedon, J., 1946, 39. 
18 Spinner, J. Amer. Chem. Soc., 1957, 79, 504. 


250. The Infrared Spectra of Some N-Heteroaromatic Mercapto- 
compounds and of Their N-Methyl and S-Methyl Derivatives. 


By E. SPINNER. 


The infrared spectra of 2- and 4-mercapto-pyridine, -pyrimidine, and 
-quinoline, of 2-mercapto-pyrazine and -quinoxaline, of 1-mercaptoiso- 
quinoline, of their N-methyl and S-methyl derivatives, of 3-mercapto- 
pyridine and 8-mercaptoquinoline, and their S-methyl derivatives, have 
been determined. All the a- and y-mercapto-aza-compounds are thio- 
carbonyl compounds. A strong band in the vicinity of 1140 cm.? can 
normally be assigned to the thiocarbonyl stretching vibration. 


THE «- and y-mercapto-derivatives of N-heteroaromatic compounds («- and y-mercapto- 
aza-aromatic compounds) are capable of tautomerism, as exemplified by structures (I) 
and (II) for 2-mercaptopyridine. From an 
S er e ultraviolet spectral study’ it was concluded 
| . = | | ,-L.. some time ago that 2- and 4-mercapto- 
N* SH nN* S$ NS pyrimidine (in solution) are present mainly in 
(I) " (Ila) . (IIb) the thiolactam forms analogous to (II). More 
recently, 2- and 4-mercaptopyridine,®? and 
many more complicated «- and y-mercaptoaza-aromatic compounds,** have been found 
1 Boarland and McOmie, J., 1951,°1218. 

r Albert and Barlin, ‘‘ Current Trends in Heterocyclic Chemistry,’’ Butterworths, London, 1958, 

Por RA. Jones and Katritzky, J., 1958, 3610. 
« Albert and Barlin, J., 1959, 2384. 
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to be present in water principally as thioamides, by a comparison of their ultraviolet 
spectra and ionization constants with those of their N-methyl and S-methyl derivatives, 
Indeed, in aqueous solution, the preponderance of the thioamide form over the mercapto- 
form * is always even greater ** than is the preponderance of the amide over the hydroxy- 
form for the corresponding hydroxyaza-compound.® 
In systems of this type it is not common for a change of medium to change the tauto- 
meric equilibrium position drastically (cf., however, some hydroxyacridines ® and hydroxy- 
phenazines ®). A study of some a- and y-mercaptoaza-aromatic compounds in less polar 
media, by an independent method such as infrared spectroscopy, nevertheless seemed 
desirable. The infrared spectra obtained do, in fact, show that all the «- and y-mercapto- 
aza-derivatives examined in this work are in the thione form, both in the solid state and in 
solvents of low polarity. Since the infrared spectra of 2- and 4-mercaptopyridine, recently 
determined (but not described) by Jones and Katritzky,? are different from those of 2- and 
4-substituted pyridines, these authors concluded that these substances are thiones (cf, 
also Spinner ’). 
EXPERIMENTAL 


Materials.—Most of the substances examined had been prepared in this Department. 
2- and 4-Mercaptopyrimidine were kindly supplied by Dr. D. J. Brown; 3-mercaptopyridine 
was obtained from the S-benzoyl derivative,‘ and 2-methylthiopyrimidine from 2-mercapto- 
pyrimidine. In the measurement of the spectra of 3-mercaptopyridine and 8-mercapto- 
quinoline care was taken to avoid oxidation, to which these substances are prone. 

Infrared Spectra.—These + were determined as before.® 


RESULTS AND DISCUSSION 


The structures of the N-methyl and S-methyl derivatives examined in this work are 
all known a priori, but those of the «- and y-mercapto-compounds have been established 
only for aqueous solutions. Three features in the infrared spectrum enable one to 
differentiate between the mercapto-form and the thioamide form; these are the presence 
or absence of (1) strong absorption in the range 1600—1630 cm.+, due to a skeletal 
stretching vibration, (2) a strong thiocarbonyl stretching band near 1140 cm.+, and (3) 
an N-H stretching band. 

The High-frequency Skeletal Stretching Vibrations.—Neither of the two genuine mercapto- 
compounds examined (3-mercaptopyridine and 8-mercaptoquinoline), and none of the 
S-methyl derivatives examined, shows an intense band in the range 1600—1700 cm.7: 
for these substances the strongest band observed in this region is a medium-intensity band 
at 1614 cm.* in the spectrum of 2-methylthioquinoline. On the other hand, strong or 
medium-strong bands in the range 1600—1630 cm.* are shown by all N-methylthio- 
amides examined, and by all «- and y-mercaptoaza-compounds, except 4-mercapto- 
quinoline, the corresponding strong band for which is at 1578 cm." (1587 cm.* in solution) ; 
that for its N-methyl derivative is at 1596 cm.-1, i.e., at somewhat higher frequencies; 
however, in the spectrum of 4-methylthioquinoline there is no intense band with a 
frequency than 1500 cm.*. 

These strong bands listed in Tables 1 and 2, at frequencies that are higher than those 
observed for the aromatic skeletal stretching motions in the methylthio-compounds, are 
undoubtedly due to stretching vibrations of C=C and C=N bonds which do not form part 
of an aromatic skeleton. In the corresponding oxygen compounds these bands are usually 

* For convenience, these substances will nevertheless be referred to by their usual names, ‘‘ mercapto- 
pyridines,” etc. 

+ A complete list of band peaks for all the substances examined is obtainable from the author on 
request; these spectra are also being recorded in the D.M.S. scheme (Butterworths, London). 

Albert and Phillips, J., 1956, 1294. 


(a) Albert and Short, J., 1945, 760; (b) Badger, Pearce, and Pettit, J., 1951, 3204. 
Spinner, J. Org. Chem., 1958, 23, 2037. 
Albert and Spinner, J., 1960, 1221. 
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hidden below the more intense carbonyl stretching bands, or sometimes (e.g., in 4-hydroxy- 
pyridine 8) these vibrations may actually be coupled (mixed) with the carbonyl stretching 
motion, but in the sulphur compounds studied here these bands appear clearly. On this 
evidence, all the «- and y-mercaptoaza-compounds examined are thiones (thiopyridones, 
thioquinolones, etc.) like their N-methyl derivatives, 7.e., they are the analogues of (II). 


TABLE 1. 


The N-H stretching, in-plane N-H bending, C=C/C=N stretching, and C=S 


stretching frequencies in the infrared spectra of some a- and y-mercaptodza-aromatic 


compounds (in cm."). 

N-H stret. 
Solid Soln. 
3162 3356 


Solid 
1573 
1590 
1567 
1564 
1575 


2-SH-Pyridine 
4-SH-Pyridine 
2-SH-Pyrimidine 
4-SH-Pyrimidine 
2-SH-Pyrazine 
2-S 3362 
4-S 3414 
1-S 3376 1570 
2-S 3353 1578 


* Very weak band. 


H-Quinoline 
H-Quinoline 
H-Isoquinoline 
H-Quinoxaline 


1592 


N-H bend. 
Soln. 
1590 


1584 1581 


1570 
1567 


C=S stret. 


Solid 
1136 
1108 
1186 
1167 
1161 
1104 
1167 
1176 
1111 


C=C/CEN stret. 
Solid Soln. 
1611 1620 
1612 
1607 
1600 
1607 
1620 
1578 
1630 
1611 


Soln. 
1143 
1124 


TABLE 2. The C=S and C=C/C=N stretching frequencies in the infrared spectra of some 
N-methylated «- and Te -aromatic compounds (in cm.~). 


Cs stret. 


N-Methyl-2-thiopyridone 
N-Methyl-4-thiopyridone 
N-Methyl-2-thiopyrimidone 
1-N-Methyl-4-thiopyrimidone 
3-N-Methyl-4-thiopyrimidone 
N-Methyl-2-thiopyrazone 
N-Methyl-2-thioquinolone 
N-Methyl-4-thioquinolone 
N-Methyl-1-thioisoquinolone 
N-Methyl-2-thioquinoxalone 


* Medium-weak band. 


Soln. 
1114 
1119 


C=C/C=N stret. 
Solid Soln. 
1623 
1612 1620 
1610 
1619 
1604 
(1600) * 


1596 


TABLE 3. Strongest bands in the infrared spectra of some methylthio- and genuine 
mercapto-aza-aromatic compounds (frequencies in cm.~). 


1415s 
1438ms 
1205s 
1377s 
1393ms 
1135ms 
822s 
1298s 
756s 
1471ms 
1468ms 
785s 
785s 


1456s 
148lms 
1381s 
1448s 
1472ms 
1497ms 
1377ms 
1308ms 
1086s 


2-MeS-Pyridine 
4-MeS-Pyridine 
2-MeS-Pyrimidine 
4-MeS-Pyrimidine 
2-MeS-Pyrazine 
2-MeS-Quinoline 
4-MeS-Quinoline 
1-MeS-Isoquinoline ... 
2-MeS-Quinoxaline ... 
3-MeS-Pyridine 
3-SH-Pyridine 
8-MeS-Quinoline 
8-SH-Quinoline 


1584ms 
1581s 

1561 + 
1567s 

1506ms 
1595ms 
1500ms 
1551s 

1147ms 
1570ms 
1564ms 
1494ms 
1492ms 


1545s 


1515ms 
988ms 
995ms 


1126s 
1410ms 
1185s 
1284ms 
1145ms 
1087s 
754s 
992ms 


1405ms 

141lms 
745ms 
750m 


For abbreviations, see p. 1223. 


753s 
797s 
767ms 
1139ms 
1130s 
815s 


814s 


1108ms 
1110ms 


The Thiocarbonyl Stretching Frequency.—Until recently the position of this frequency 


was uncertain 29 or controversial; 
® Sheppard, Trans. Faraday Soc., ‘1950, 46, 429. 


earlier investigators 1118 assigned to it a high 


1 Bellamy, ‘“‘ The Infrared Spectra of Complex Molecules,’ Methuen, London, 1954, p. 293. 


™ Colthup, J. Opt. Soc. Amer., 1950, 40, 397. 
** Thompson, Nicholson, and Short, Discuss. Faraday Soc., 


1950, 9, 222. 


#8 Miller, in Gilman “ Organic Chemistry,” J. Wiley & Sons, 1953, Vol. III, chapter 2. 
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frequency range (1300—1400 cm.* or higher), later workers a lower (1170—1265 cm.*1) 4 
or a wider * one (1050—1400 cm.“). Recently, systematic correlation }*’ of all the data 
that have become available led to the following conclusions: (1) when unambiguously 
identifiable [e.g., in (ACH=CH-),C=S and -CS:SR ” derivatives] the thiocarbony]l stretching 
frequency is at 1150 + 70 cm.*; (2) this frequency is hardly susceptible to polar effects; 
e.g., according to three methods of calculation * the C=S stretching frequency in thio- 
formaldehyde should be 1120 + 40 cm.+, while in thiocarbonyl chloride ™ it is at 1140 
cm. (by contrast, the carbonyl stretching frequency in carbonyl chloride, 1827 cm.", is 
considerably higher than that in formaldehyde, 1744 cm.); (3) in some molecules, 
notably primary thioamides and thioureides, there is complete “ mixing ” ™*! between 
the C=S stretching motion and other vibrations of very similar frequencies; in these cases 
no thiocarbonyl stretching band is observed. Precisely which vibrations will mix with 
thiocarbonyl stretching is not always certain. 

With the exception of N-methyl-2-thiopyrimidone, which contains the N-CS:N 
skeleton, all the N-methyl-thiones examined in this work show a strong band in the 
frequency range 1090—1180 cm. (see Table 2); except in N-methyl-2-thioisoquinolone, 
this band is the most intense in the whole spectrum, and it is undoubtedly due to thio- 
carbonyl stretching (for N-methyl-2-thiopyridone and N-methyl-4-thiopyridone this was 
proved by comparison with the infrared spectra of the corresponding oxo-derivatives ”), 

An intense band in the range 1100—1190 cm.* is observed in the infrared spectra of 
all the a- and y-mercaptoaza-compounds studied here (see Table 1); it is the strongest 
band in the spectrum, except for 2- and 4-mercaptopyrimidine and 1-mercaptoisoquinoline. 
This is direct evidence for the presence of thiocarbonyl groups in these “ mercapto ”- 
compounds. In certain cases this evidence is not absolutely conclusive, because the 
strongest bands in the spectra of 2-methylthiopyridine (1126 cm."), 2-methylthiopyrazine 
(1130 cm.~1), and 2-methylthioquinoxaline (1086 cm.~) also fall in this region (neverthe- 
less, the intensity of the 2-methylthiopyridine band at 1126 cm.", for which emsx. is 220, 
is still considerably lower than that of the 2-mercaptopyridine band at 1144 cm.:, for 
which egsx is 525). 

The N-H and S-H Stretching Bands.—None of the S-methyl or N-methyl derivatives 
examined here shows appreciable absorption in the range 3150—3200 cm.+. In the solid 
state all the a- and y-mercaptoaza-compounds examined show a weak band in the range 
3160—3190 cm.*. In solution (where solution spectra can be obtained) a weak broad 
band is shown in the range 3350—3420 cm.+, due, no doubt, to N-H stretching in 
unassociated molecules (weaker bands also appear at lower frequencies, due to associated 
molecules). The bands in the range 3160—3190 cm. can thus be regarded as evidence 
for the presence of N-H groups (see Table 1). The two broad and fairly strong bands 
in the spectrum of 2-mercaptopyrimidine at 2621 and 2526 cm. could be due to strongly 
hydrogen-bonded N-H groups (though they could also be interpreted as S-H stretching 
bands). The band at 1578 + 14 cm." in the spectra of the «- and y-mercaptoaza-com- 
pounds (see Table 1) is attributed to the in-plane N-H bending vibrations (in the hydroxy- 
pyridines and hydroxypyrimidines these vibrations have similar frequencies °). 

No thioamide form is possible for either 3-mercaptopyridine or 8-mercaptoquinoline; 
in aqueous solution these are present mostly as zwitterions,‘ but in media of low dielectric 
constant one would expect them to be present mostly as uncharged molecules, i.¢., as 


1“ Marvel, Radzitzky, and Brader, J. Amer. Chem. Soc., 1955, '77, 5997. 

18 Mecke, Mecke, and Liittringhaus, Z. Naturforsch., 1955, 10b, 367; Mecke and Mecke, Chem. Ber., 
1956, 88, 343; Mecke, Mecke, and Liittringhaus, ibid., 1957, 90, 975. 
is 1: I, Jones, Kynaston, and Hales, J., 1957, 614. 
17 Bak, Hansen-Nygaard, and Pedersen, Acta Chem. Scand., 1958, 12, 1451. 


1s — ar me Spectrochem. Acta, 1959, 95. 


4 Thompson, Trans. Faraday Soc., 1941, 37, 251. 
*” Yamaguchi, Penland, Mizushima, Lane, Curran, and Quagliano, J. Amer. Chem. Soc., 1958, 80, 


Davies and W. J. Jones, J., 1958, 955. 
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genuine S-H compounds. The S-H stretching frequency (2575 cm.“ in thiophenol) gives 
rise to only weak infrared bands. The broad medium-weak band at 2520 cm.* im the . 

trum of 8-mercaptoquinoline (for which there is no counterpart in the spectrum of 
§-methylthioquinoline) is attributed to S-H stretching; there is probably some intra- 
molecular hydrogen-bonding between the S-H group and the vicinal nitrogen atom. 

3-Mercaptopyridine in solution in carbon tetrachloride shows only a very weak band 
at 2563 cm.*!, which is not necessarily due to S-H stretching; in the solid state there is a 
broad medium-intensity band at 2400 cm. which is presumably an S-H stretching band, 
the S-H group being hydrogen-bonded (fairly strongly) to a nitrogen atom in a neigh- 
bouring molecule.* This band could also, conceivably, be the *N-H stretching band of 
the zwitterion, if there is very strong hydrogen-bonding between the *NH group and an 
S- atom in a neighbouring molecule. However, the infrared spectrum of 3-mercapto- 

yridine is almost the same in the solid state and in solution (in carbon tetrachloride and 

carbon disulphide); also, it bears a close resemblance to that of 3-methylthiopyridine; 
which is expected for uncharged, but not for zwitterionic 3-mercaptopyridine. 

N-Methyl and S-Methyl Bands.—None of these is clearly identifiable, owing to masking 
by stronger bands. 

Resonance with Zwitterion Structures.—For all the thioamides studied here (i.e., the 
a- and y-mercaptoaza-compounds and their N-methyl derivatives) one can postulate 
resonance with (fully aromatic) zwitterion structures [like (ITb)], which would confer some 
single-bond character upon the CS bond and thereby reduce the CS stretching frequency. 
By comparison, the location of the CO stretching frequencies in 2- and 4-pyridone may be 
taken to indicate that the CO bond in these substances has about 15% single-bond 
character. According to the theory of mesomeric effects ** the C=S bond has a greater 
tendency to acquire a partial single-bond character than the C=O group (as third-period 
elements form double bonds less readily than do second-period elements). This should 
be reflected in correspondingly low C=S stretching frequencies in the thiolactams and 
thioamides examined in this work. 

No experimental infrared spectrum of thioformaldehyde being available, the only 
standard of comparison is provided by thiocarbonyl chloride, with a C=S stretching 
frequency of 1140 cm.. The CS bond order in thiocarbonyl chloride must be at least 2; 
it could be greater (a partial triple bond character has been postulated for the CO bond in 
carbonyl chloride, on account of the resonance Cl,CO «——» C1-CI-C=0' ; similar resonance 
can be postulated for thiocarbonyl chloride), but it can hardly be less than 2.¢ A reduction 
in the CS bond order from 2-0 to 1-9 must lower the CS stretching frequency by at least 
40 cm.. (The C-S stretching frequency ® is about 695 cm."4.) 

The C=S stretching frequency in 2-mercaptopyridine, 1140 cm.*, is no lower than that 
in thiocarbonyl chloride; that in 4-mercaptopyridine is lowered by 20—30 cm.*. The 
contributions from the zwitterion structures are certainly no greater in the «- and y-mer- 
captoaza-compounds than they are in the a- and y-hydroxyaza-compounds. In fact, the 
C=S stretching frequencies listed in Tables 1 and 2 do not suggest that these C=S bonds 
have any partial single-bond character, i.¢., there is no evidence that zwitterion structures, 
like (IIb), contribute at all in these thiolactams and thioamides. (This, of course, is 


* There is very strong hydrogen bonding in solid 3-hydroxypyridine, the O-H stretching frequency 
there being 1800 cm.~! +1860 cm. doublet. 

+ The lowness of the CCl stretching frequencies in thiocarbonyl chloride,’* 650 cm.~! and 500 cm,~', 
compared with 845 cm.~! and 750 cm.~! in carbonyl chloride,’ and 736 cm.~' and 702 cm.~! in methylene 
dichloride, virtually rules out any partial double-bond character for the CCl bonds in thiocarbonyl 
chloride, i.e., one can reasonably postulate appreciable contributions from the forms Cl~ Cl-C=S*, but 
not from *+Cl=CCI-S~, z 


*2 Ingold, “‘ Structure and Mechanism in Organic Chemistry,” Cornell Univ, Press, Ithaca, New 
York, 1953, p. 77. 

** Herzberg, ‘“‘ Molecular Spectra and Molecular Structure. Vol. II, Infrared and Raman Spectra 
of Polyatomic Molecules,” Van Nostrand, New York, 1945, p. 317. 
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implicit in the statement that the thiocarbonyl stretching frequency is insensitive to polar 
effects.*) 


The author is greatly indebted to Professor A. Albert and Dr. G. B. Barlin for providing 
most of the compounds studied. Dr. D. J. Brown is thanked for two specimens, and Mr. D. T, 
Light for technical assistance. 


DEPARTMENT OF MEDICAL CHEMISTRY, THE AUSTRALIAN NATIONAL UNIVERSITY, 
CANBERRA, AUSTRALIA. [Received, June 15th, 1959.] 


* In the author’s view the bond order of a CO, CS (or any other) double bond is always 2; the C=O 
stretching frequency, however, is very sensitive to polar effects (inductive, inductomeric, and direct 
field) while the C=S stretching frequency is not. 





251. The Infrared Absorption of 1*O-Labelled Salts. Part I. 
Silver Nitrite and Potassium Nitrate. 


By M. AnBaR, M. HALMANN, and S. PINcHAs. 


The infrared absorption of normal and O#*-labelled silver nitrite and 
potassium nitrate was measured in the solid phase. The v,, v,, and v, fre- 
quencies of the labelled nitrite ion appear at about 1365, 817, and 1227 
cm.~}, respectively. These values are only partly in agreement with the 
isotopic relations. In the case of the nitrate, only the v, frequency was 
found to be practically unaffected by lattice forces. 


THE infrared spectra of various compounds labelled with 180 have recently been reported. 
Except for a brief report '/ on the absorption of the partially labelled BaSO,}80, the effect 
of such a substitution on the infrared absorption bands of an ionic crystal, where the 
lattice forces are quite strong, has not yet been investigated. The similar effect of 
substituting 5N for 4N in sodium and silver nitrites has, however, been studied,? and in 
the former case the isotopic product rule was found to hold in respect to the v,(b,) frequencies 
(of potassium bromide pellets). 

This paper describes the infrared absorption of mulls of normal and O"-labelled silver 
nitrite in Nujol and in perfluorokerosene (Fluorolube), and Nujol mulls of normal and labelled 
potassium nitrate. The infrared spectrum of normal silver nitrite has already been 
reported several times.?-3-4 


EXPERIMENTAL 


The normal silver nitrite and potassium nitrate used were C.P. commercial products. 

18Q-Labelled silver nitrite was prepared by dissolving sodium nitrite (6-9 g.) in D,%*0 
(25 ml., 90 atom % of %O) and acidifying it with 70% perchloric acid (0-5 ml.) with 
vigorous stirring. The solution (pH 4-9) was kept overnight,® and a neutralised solution of 
anhydrous silver perchlorate (18-5 g.) in D,!*O (15 ml.) was added to it slowly (stirring), the 
resulting precipitate being centrifuged off after each portion. The silver nitrite (10-5 g.) was 
washed with normal distilled water, centrifuged, and dried at 70° ina vacuum. Its #0 content 
was estimated to be well over 60% on the basis of the #*O content of the nitromethane prepared 
from it (58%; see following paper). 

1*Q)-Labelled Potassium Nitrate-—A mixture of nitric acid (5 ml.; d 1-48) and D,!8O (15 ml.; 
90 atom %, of *O) was kept in a glass-stoppered flask at room temperature for four days, then 
neutralised with potassium hydroxide in D,4*O. The bulk of the enriched water was recovered 
by distillation at normal pressure. The potassium nitrate crystallised on cooling, and was 


? (a) Braude and Turner, Chem. and Ind., 1955, 1223; (b) Halmann and Pinchas, J., 1958, 1703; 
(c) Idem, J., 1958, 3264; (d) Pinchas and Halmann, Bull. Res. Counc. Israel, 1958,7, A, 231; (e) Eggers 
and Arends, J. Chem. Phys., 1957, 27, 1405; (f) Spencer, Biochem. J., 1959, 71, 19p. 
Weston and Brodansky, J. Chem. Phys., 1957, 27, 683. 
Miller and Wilkins, Analyt. Chem., 1952, 24, 1253. 
Newman, ]. Chem. Phys., 1952, 20, 444. 
Anbar and Taube, J. Amer. Chem. Soc., 1954, 76, 6243. 





















































> = ee; coy 


ete Qe pete oe 








Polar 


viding 


59.] 


e C=0 
direct 


ted.) 
>ffect 
> the 
ct of 
nd in 
ncies 


silver 
elled 
been 


),18O 
with 
on of 
, the 
| was 
ntent 
yared 


ml.; 
then 
vered 
was 


1703; 
ggers 










wR 


Uma 








(1960) The Infrared Absorption of **O-Labelled Salis. Part I. 1243 


filtered off by suction and dried in a vacuum (yield, 8-0g.). Its %O content was determined by 
introducing a few crystals of it into an ampoule with a break-seal, evacuating to less than 1 
micron, and sealing off. The crystals were decomposed by gentle heating, producing oxygen. 
This was analysed mass-spectrometrically (Found: 1*O, 42-6; 170, 0-56%). 

Further enrichment in ?*O was achieved by sealing in an ampoule 1 g. of the above potassium 
nitrate, 4 ml. of D,'*O (90% of ?8O), and 0-1 ml. of fuming nitric acid. The ampoule was kept 
in an oven at 70° for 38 hr. The tube was then opened, and the water recovered by distillation 
into a cold trap in a vacuum-system. The remaining potassium nitrate was analysed as above; 
it contained 84-2 atom % of 18O and 1-1% of #70. 

The instrument used was a Perkin-Elmer spectrophotometer Model 12C, equipped with a 
sodium chloride prism. Capillary layers of the mulls were measured and the spectrum of the 
mulling agent was recorded immediately before each measurement. Each measurement was 
carried out at least twice. 


RESULTS AND DISCUSSION 


Normal silver nitrite mulled in Nujol showed an absorption band at 1374 cm.* (on top 
of the 1380 cm. Nujol band), a strong and diffuse absorption with a peak at 1251 cm.", 
and two bands at 846 and 829 cm.", the former being appreciably stronger. In order to 
check the reality of the band at 1374 cm.+, a mull of the nitrite in perfluorokerosene 
(which is transparent in the 1390—1360 cm. region) was also examined. This showed a 
weak yet definite band at 1363 cm. together with a strong broad band centred at about 
1243cm.+. The lower bands appeared in this case at about 844 and 828 cm.-!, respectively. 

According to Weston and Brodansky * a usual silver nitrite mull shows only a broad 
absorption at about 1250 cm. and a sharp band at 846 cm... They state that after the 
mull had been rubbed with sodium chloride plates the spectrum obtained was identical with 
that of sodium nitrite (bands at 1328, 1261, and 828 cm.). 

Miller and Wilkins * report, however, for a Nujol mull of silver nitrite, the following 
bands: 1380 (very strong), 1250 848 (weak), 833 cm.1. It is true that Weston and 
Brodansky ? assumed that these results had been obtained after the cell plates had been 
rubbed with the nitrite but our results were definitely obtained with a usual mull and still 
showed an appreciable absorption band at 829 cm.“ and a definite band at about 1374 cm.*. 
It seems therefore that the bands at about 1374 and 829 cm. appear as weak peaks even in 
the spectrum of the usual mull of silver nitrite, being however sometimes obliterated because 
of the high light-scattering of ionic crystals. The high intensity of the 1380 cm. band 
reported by Miller and Wilkins * seems to be due to a too low correction for the absorption 
of the methyl groups present in the mulling agent (Nujol). These bands must be assigned 
as follows: * the 1374 cm. band to the v, frequency (symmetrical stretching) of the nitrite 
ion, that centred at 1251 cm." to its v, (antisymmetrical stretching) frequency, and the two 
bands at 846 and 829 cm. to the v, bending frequency, split and modified by lattice 
forces, as in the case of crystalline potassium nitrite ? (836, 804). The corresponding bands 
in the spectrum of aqueous solutions of sodium nitrite were found ? at 1345 + 20, 1236 + 
15, and 816 + 2cm.. The somewhat higher mean bending frequency in the case of the 
silver salt than of sodium and potassium salts may be the result of the tendency of the 
silver cation to form bonds of a partial covalent character with anionic oxygen atoms.® 

A Nujol mull of silver [%O)nitrite showed a shoulder at about 1365 cm.", a broad band 
centred at 1227 cm." (s), and bands at 847, 827, and 807 cm.", the intensity of the last 
being highest. It was also observed that the relative intensity of the 847 cm.! band 
increased with the 1®O content of the measured sample. When the labelled nitrite was 
measured as a mul] in Fluorolube, fully developed bands appeared at about 1367, 1225, 
848, 827, and 806 cm.*, the last being the strongest of the triplet. The 827 cm.“ band is 
also quite strong. 


* Pauling, ‘‘ The Nature of the Chemical Bond,” Cornell Univ. Press, Ithaca, 1940, 243; Berg- 
mann, Littauer, and Pinchas, J., 1952, 847. 
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It is clear that the v, and v, frequencies of crystalline AgN™O,, which was probably 
the main constituent of the labelled sample measured, are at about 1365 and 1227 cm, 
respectively. It seems also that the band which appears in the normal spectrum at about 
846 cm.” is shifted in the case of AgN180, to about 827 cm., while the normal band at 
about 829 cm. moved to 807 cm.+. If the mean value of the doublet frequencies is taken 
as the value of the v, frequency, this is thus shifted from about 838 cm.* in the normal 
nitrite to about 817 cm.+ in AgN%8O,. According to this interpretation the relative 
absorption intensity of the two v, branches is inverted on substituting 480 for 160, and 
although the higher band (846 cm.*) is stronger in the normal spectrum, the lower 
(807 cm.) branch is stronger in that of AgN#80,. 

If the symmetry of the nitrite ion in crystalline silver nitrite * is indeed taken as C,,, 
the following ratios are obtained for the isotopic zero-frequencies by using the appropriate 
equations? and taking ® 2« = 126°: 


@,'/@, = 0-9801 oe Te &, #eo te ee 
and @,'a,'/a,0, = 0-9267 D itnea te eitecZA: 8< Seen aie ee 


When the actual vibration frequencies are substituted for the ,’s, the values obtained 
must be close to these ratios if the effect of the lattice forces can be neglected. After this 


is done one obtains: 
v3'/v3 = 0-9808 re shad whe att * 2 <r 


and v,'vg'/v,¥o = 0-9685 as oe oe Se 


It is evident that, while (3) is in an excellent agreement with (1), the agreement between 
(4) and (2) is very poor. It is possible that this is so because the value of 1365 cm.* for 
v,' is in error owing to the near broad band of v,' and the-difficult experimental conditions 
(a mull of ionic crystals). It seems, however, more reasonable to assume that the lattice 
forces in this case are too strong to be neglected in calculating the isotopic frequencies. 

In any case the characteristic absorption band of AgN'8O, at about 807 cm. can be 
used for its easy identification in mixtures. 

The absorption bands of the two modifications of potassium nitrate mulled in Nujol 
are given in the Table. 


Infrared absorption bands (cm.*) of *O-labelled and normal potassium nitrate 


Labelled compound ...... 2010m 1755w 1073w 1028vw 969w 817m 705w* 
Normal compound _...... 2460s* 2060m 1768w 1072vw 1049w 974w 828m 71l6w* 


m = medium, w = weak, v = very. 
* Measured on a mull in decalin; 705 is only an approximate value. * The corresponding band 
in the case of the labelled nitrate is possibly obscured by the absorption of atmospheric carbon dioxide. 


For the normal potassium nitrate Nujol mull Miller and Wilkins * report an absorption 
near 2400 cm. and bands at 1380, 1767, and 824 cm. (m; sharp). It seems, however, 
that the band observed by them at 1380 cm." was due to the mulling agent (Nujol), since 
no such absorption could be observed when the mulling agent was decalin or hexachloro- 
butadiene. 

The four fundamental frequencies of the planar XY, nitrate ion are located ® at 1050 
(v4), 831 (vg), 1390 (vg), and 720 (v,)cm.. It seems therefore that the 1049 cm. frequency 
of the normal crystalline potassium nitrate corresponds to v, (symmetrical stretching) of 


7 Herzberg, ‘‘ Infrared and Raman Spectra of Polyatomic Molecules,’”” Van Nostrand, Princeton, 
1945, pp. 228, 229. 
* Ketelaar, Z. Krist., 1936, 95, A, 383. 
* Ref. 6, p. 178. 
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the free ion, that of 828 cm. to its v, (out-of-plane bending), while the 716 cm. band 
parallels the v, band (in-plane-bending) of the ion. It seems, further, that its degenerate 
vg frequency at 1390 cm.* is split in the potassium nitrate crystal, under the effect of the 
lattice forces, into two branches, at 974 and 1768 cm. (the sum of which, 2742, is very 
nearly equal to 2 x 1390 = 2780). 

It is similarly very reasonable to assume that the closely related frequencies of the 
labelled potassium nitrate, at 1028, 817, and 705 cm.*, also belong to vibrations similar 
to the v,, v2, and v, vibrations of the free nitrate ion, respectively, while the two bands at 
1755 and 969 cm. are again connected with its v, frequency. 

Valency forces being assumed, the ratios of the NO,~ isotopic frequencies must be: ® 


4" = ./ 78 18(1 + 48/14) 


1 + 54/14)16? 
V'vq'/Va¥4 = Ns —— 0-931 


16 — 0-043; vyiyg= [TAOS _ 0.987; 





The v, frequency being taken as the mean value of the two frequencies at about 1760 and 
970 cm.7, the observed ratios are: 


v;!/v, = 1028/1049 = 0-980; v4!/v, = 817/828 = 0-987 
va'v4!/vg¥q = 1862 x 705/1371 x 716 = 0-977 


It is seen again that, while the agreement for one ratio (v,'/v,) is excellent, yet that for 
other ratios is very poor. It seems thus that, although the lattice forces (including the 
electrostatic forces between the cations and the anions) can be neglected in respect to some 
modes of vibration of certain ionic groups in crystals, this is generally not the case. It is 
noteworthy that the vibration (v,) which is not much affected by lattice forces in the case 
of the nitrate ion, is the one which changes practically only the z (perpendicular to the 
nitrate ion plane) co-ordinates. This is remarkable, since it has been shown that in the 
case of the potassium salt the nitrate ions of different layers are coupled in this vibration. 

That this coupled vibration is not split in this case in analogy to the case of 50%, and 
even 20%, of potassium [!5N]nitrate 1° is probably the result of the much smaller difference 
between the frequencies of the isotopic modifications in this instance (of mainly KN1*0180, 
and KN180,) than in that of the K44NO,-K®NO, mixture. With the silver nitrite such 
a vibration is the one (vg) in which the stretching of one N-O bond is compensated by an 
equal and simultaneous shrinking of the other N-O bond, so that the mean N-O bond 
length remains constant during the whole of its period. 


The assistance of Mr. J. Goldberg (infrared measurements) and Mr. S. Gutmann (isotopic 
analysis) is acknowledged. 


THE WEIZMANN INSTITUTE OF SCIENCE, 
REnHOVOTH, ISRAEL. (Received, July 2nd, 1959.) 


%” Decius, J. Chem. Phys., 1955, 28, 1290. 
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252. The Infrared Absorption of *O-Labelled Nitromethane. 
By M. HALMANN and S. PINCHAs. 


The infrared absorption of normal and 180(58 atoms %)-labelled nitro- 
methane was measured both in the vapour phase and in a carbon tetra- 
chloride solution. The labelled nitromethane showed its bands in solution 
at 3040, 2890, 2700, 2430, 1563, 1545, 1526, 1432, 1396, 1357, 1089, 914, 900, 
and 884cm.. The ultraviolet spectrum of this compound was also measured 
‘and found to be appreciably different from that of normal nitromethane. 


THE effect of substituting #80 for 46O in various compounds on their infrared spectra has 
been studied in several cases.1_ As a continuation of this work the infrared absorption of 
nitromethane containing 58 atoms °% of 48O was measured both in the vapour phase and in 
solution in carbon tetrachloride. For comparison, normal nitromethane was measured 
under the same conditions although its infrared spectrum has already been reported 
several times.?* 

The Table gives the frequencies of the observed bands. The vapour spectra were 
measured at the vapour pressure of the isotopic nitromethane samples at room temperature 
and unless otherwise stated are for a 100 mm. path length. The main frequencies reported 
by Smith, Pan, and Nielsen,*? who worked with the higher resolution obtained by a big 
prism and a low vapour pressure (2 mm.), are added for comparison. 


Infrared absorption frequencies of normal and 80-labelled nitromethane (cm.*). 





Vapour 
MeN*40, * 2960b ¢ 1591s* 1567b, vs* 1392¢ 1378¢ 1099* 1093w,sh* 931 917 
1075w ¢ 912vw 
MeN**O,* 2990sh 2972 1592vs 1580vs 1397s 1377s 1100 1087b 931 918 
2955sh 1390sh 914 
**MeN"™O,” 2920b 1570—1550b, vs 1366b, s 1082b 899b, w 
Solution in CCl, 
MeN**0,* 2930 2770vw 1564b, vs¢ 1428s 1396s 1095 1077vw,sh 9144 
2475vw 1375s 
““MeN"*O,”’ * 3040w! 2890b 1563sh 1548vs? 1432 1396 1089b 914w* 900w™ 
2700w! 2430w/ 1525sh ? 1357b, s 884w ™ 


b = Broad; s = strong; v = very; w = weak; sh = shoulder. 

* Present work. * Measured ina20mm.cell. ° Concentration: 0-05 g. + 1 ml.; cell thickness: 
0-2mm. ¢ A solution of 0-03 g. + 1 ml. also showed the absorption maximum here. ¢ A capillary 
liquid layer of nitromethane did not show any band in the 910—675 cm.“ region. ¢* Unless stated to 
the contrary: a 0-04 g. + 1 ml. of solvent; cell thickness 0-2 mm. / Observed only with a 0-10 
g. + 1 ml. of solvent. * When measured precisely in a 0-02 g. + 1 ml. solution these bands were 
found at 1545 and 1526 cm.-1, respectively. * These bands merge together into a weak and 
obliterated band at 897 cm. in the 0-04 g. + 1 ml. solution. 


The agreement between the various results for the normal compound is thus in general 
very good, the only rea] discrepancy being in the location of the 1567 cm. band (1580 
according to Smith e¢ al.3). Haszeldine,* however, also reports the same value, and it can 
further be seen from the absorption curve of Smith e¢ al. that the band is really at about 
1570 cm.*! and not 1580 cm.“ as published. The last number seems thus to be a misprint. 
The medium band, observed by Haszeldine at 1422 cm.-, could not be detected by us in 
the vapour spectrum. 


1 Braude and Turner, Chem. and Ind., 1955, 1223; Halmann and Pinchas, /., 1958, 1703, 3264; 
Pinchas, Halmann, and Stoicheff, J. Chem. Phys., in the press; Anbar, Halmann, and Pinchas, preceding 
paper. 
* Wells and Wilson, J. Chem. Phys., 1941, 314. 
3 Smith, Pan, and Nielsen, ibid., 1950, 18, 706. 
* Haszeldine, J., 1953, 2525. 
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DISCUSSION 


It can be calculated from the 40 content of the labelled sample (58%) that (the 
equilibrium constant of the reaction: RN"*O, + RN'0, == 2RN*0180 being assumed 
to be 1/4) it is composed of RN'*0"8O 48-8%, RN180, 33-6%, and RN10O, 17-6%. It 
could be expected therefore to produce three series of bands which would probably be 
merged together in many cases, and form split bands in others. The Table shows that this 
is really the case. 

The broad band which appeared in the vapour spectrum of the normal molecule at 
about 2960 cm. appears in the spectrum of the labelled nitromethane at about 40 cm. 
lower, 1.¢., approximately at 2920cm.+. Similarly, the solution frequency of this band also 
decreases by 40 cm.+, 1.¢., from 2930 cm. in the normal nitromethane to 2890 cm. in 
the labelled compound. This frequency shift, because of the isotopic substitution of the 
oxygen atoms, is much bigger than would be expected if this band is really due to the 
symmetrical stretching of the methyl group.’ Wilson, however, observed a strong 
CD,*NO, band at 2940 cm. and attributed it to the combination of the symmetrical and 
antisymmetrical NO, stretching frequencies. This band is considerably stronger than the 
C-D bands. If * the 2960 cm.* band is analogously mainly due to such a combination of 
the 1579 + 1385 cm. frequencies (= 2964; these correspond to the centres of the PR- 
split NO, bands, see below), then its expected frequency in the labelled compound will be 
(according to the Table) near 1560 + 1366 = 2926 cm., in good agreement with the 
observed value of 2920 cm.*. 

The two bands which appear in the vapour spectrum of the normal nitromethane at 
1591 and 1567 cm.+, respectively, being the R and the P branch, correspondingly, of the 
antisymmetrical stretching vibration of the nitro-group, appear in its solution spectrum 
merged together at 1564 cm.1. In the labelled compound these bands formed a very 
broad band at 1570—1550 cm. in the case of the vapour spectrum; in the solution 
spectrum, however, one can detect a shoulder at about 1563 cm. (for the normal mole- 
cule), a very strong band at 1545 cm. (for RN 16918), and a shoulder at about 1526 cm.* 
(for RN80,). The RN16O18O frequency is thus half-way between those of RN1®O, and 
RN180,, as could be expected. 

Since the precise symmetry of the pleieeiiinias molecule is not known, and also some 
of the lower frequencies (below 675 cm.~) of its labelled species have not been measured, 
it is impossible to apply here the Teller-Redlich product rule. One can, however, try to 
get an approximation of the ratio of the RNO, antisymmetrical stretching frequencies 
vRN480,/vRN#80, by considering the NO, group as an independent oscillator. The 
symmetry of the isolated NO, group being very probably that of the C2, point group, and 
the ONO angle equal ® to 127°, one gets here ® w,'/w, = 0-981, in satisfactory agreement 
with the observed value of vRN18O,/vRN'®O, = 1526/1564 = 0-976. This agreement 
further supports the above assignments. 

The solution spectrum band which appears at about 1428 cm.“ (in the vapour spectrum 
it is much weaker) is due to the methyl group antisymmetrical bending vibration.t It is 
therefore practically unaffected by the 18O substitution, appearing in the solution spectrum 
of the labelled compound at 1432 cm.+. The methyl-group symmetrical bending frequency 
of 1396 cm. (in solution) is, as expected, also not affected by the isotopic change. The 
symmetrical stretching band of the nitro-group, at 1375 cm. (in solution), however, is 
shifted in the spectrum of the 180 sample to 1357 cm."1, no other band being observed in 
its vicinity. This peak seems to be due to that isotopic species the concentration of which 


* This point was kindly suggestel by a Referee. 
+ In the spectrum of pure liquid nitromethane it is located * at 1429 cm.-. 


5 Wilson, J. Chem. Phys., 1943, 11, 361. 


a . Herzberg, ‘ ‘Infrared and Raman Spectra of Polyatomic Molecules,” Van Nostrand, Princeton, 
5, p. 228. 
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is highest, #.¢., to RN**O¥#"O. The corresponding bands due to the minor isotopic con- 
stituents are thus overlapped by its strong absorption. 

That this band realy belongs to RN1*O180 can be verified by estimating the expected 
ratio of the symmetric isotopic frequencies VRN%*O*O/vRNO, in this case and comparing 
it with the experimental result, 1357/1375 = 0-987. This can be done by assuming this 
ratio to be very near to the ratio of the isotopic frequencies of an oscillator A~B when 
A = 60, = 32 or 4080 = 34 and B = MeN = 29 atomic mass units. According to 
Hooke’s law, this ratio is v;/v = 0-986, in very good agreement with the observed value. 

The bands observed with the normal nitromethane at 1095 and 1077 cm.* (in solution) 
are rocking bands of the methyl group * and are therefore practically unaffected by the 
180 substitution. 

The normal band at 914 cm.* (in solution; in the vapour spectrum it is split into PQR 
branches) is due to a C-NO, stretching * and is accordingly shifted to lower frequencies 
in the spectrum of RN#*0#80 and RN#80,. Thus the labelled sample showed (in solution) 
bands at 914, 900, and 884 cm.+, with the middle one being, as expected, the strongest 
of the triplet. When the ratio v/v is calculated also in this case, by using again the A-B 
oscillator approximation where A = Me = 15 and B = N80, = 46 or N#8O0, = 50, the 
value obtained is v,/v = 0-99. This ratio is in poor agreement with the observed one equal 

_ to 884/914 = 0-967. This seems to suggest a weaker force constant for the 

HAN! N C-N bond in the case of the labelled molecule than in the normal one. Such 

H/ ~ a weakening might be the result of a somewhat higher electronegativity * 

() of #80 which would probably increase a contribution from a resonating 

structure such as (I) to the actual state of the molecule, thereby making the C-N bond 
weaker. 

The Ultraviolet Spectrum.—The ultraviolet absorption of the labelled nitromethane was 
also found to be appreciably different from that of the normal compound; for, while the 
latter showed absorption maximum only at 2180 A {e 1500) the former showed in this 
region a very weak band at 2330 A (e 17), the spectrum of the normal species at this point 
showing only e = 151. mole* cm.. The second absorption maximum of normal nitro- 
methane which was found at 2780 A (e 17) was, however, shared also by the labelled 
sample which showed it, albeit somewhat weaker, at the same place (¢ 14). Haszeldine * 
reports only the second maximum of the normal compound (2780 A) and gives a little 
higher molecular extinction coefficient (20). A similar decrease in the intensity of an 
ultraviolet absorption band because of an 1O substitution was also observed for 180- 
labelled benzophenone which absorbs at 2530 A with a molecular extinction coefficient of 
17,500 as compared with 18,400 (at 2530 A) for the normal compound.’ 


EXPERIMENTAL 


Normal Nitromethane.—A chemically pure commercial product was used. 

18Q)-Nitromethane.—In a flask fitted with a magnetic stirrer and a reflux condenser, 1O- 
labelled silver nitrite * (6-59 g.) was treated gradually with methyl iodide® (10 ml.). The 
reaction was exothermic and cooling was at first required. The mixture was then heated on 
the water-bath for 3 hr. The excess of methyl iodide was recovered by distillation at 42—55°, 
and the nitromethane was collected at 98-0—98-3° (yield 0-917 g.). In accord with Meyer’s 
observation,® this material contained impurities. It was purified by vapour-phase chromato- 
graphy, through a 110 cm. column of tritolyl phosphate on crushed firebrick, with a thermal 
conductivity detector and a recorder. Aliquot parts (0-02—0-1 ml.) were introduced for each 
run. Atacolumn temperature of 118° and a helium flow-rate of 22 ml./min., the material was 


* The electrical moment of ["*O)benzophenone was found to be 3-04 +- 0-02 p, that of the normal 
being 2-96 p (Fischer, Halmann, and Pinchas, unpublished work). 

7 Fischer and Halmann, personal communication. 

* See preceding paper. 
* Meyer, Annalen, 1873, 171, 32. 
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easily resolved into three fractions appearing at 8 min. (methyl iodide, identified by a separate 
run of pure material), 12 min. (possibly water), and (the major peak: 13 times larger than the 
others) 26 min. (nitromethane, identified by a run of Merck’s reagent-grade material). The 
pure nitromethane fraction from several runs was collected together in a trap cooled with 
liquid air. Its %*O content was determined by introducing a vapour sample into a mass- 
spectrometer, and scanning masses 59—66. With normal nitromethane the main (parent) 
peak occurred at mass number 61, while with the labelled compound the peaks at masses 63 
and 65 were more intense. 

The atom % of 180 was calculated from the peak heights p* of the masses +: #O% = 
100(p**/2 + p%/2 + p® + p%)/(p + p* + p® + p™ + p* + p%). The sample contained 
58 atoms % of #80. 

The infrared measurements were carried out with a Perkin-Elmer Model 12C spectrophoto- 
meter equipped with a sodium chloride prism. 

Measurements of ultraviolet absorption were made on iso-octane solutions with a Beckman 
DU spectrophotometer. 


The authors are indebted to Dr. M. Anbar for a sample of 1*O-enriched silver nitrite, to Dr. 
J. Manassen for advice on vapour-phase chromatography, and to Mrs. P. Geron for the mass- 


spectra. 
THE WEIZMANN INSTITUTE OF SCIENCE, REHOVOTH, ISRAEL. [Received, July 2nd, 1959.) 


10 American Petroleum Institute, Catalog of Mass Spectral Data, 1953, Serial No. 836. 


253. Reactions of Carboxylic Acid—Phosphorus T'rihalide Systems. 
Part II. Salicylic Acid. 


By J. A. CapE and W. GERRARD. 





In the presence of tertiary base, the bicyclic phosphorochloridite (I; 
R = Cl), formed by interaction of salicylic acid and phosphorus trichloride, 
gives with acids, such as acetic, anhydride and the hydrogen phosphite (IT), 
but with benzoic acid a benzoyloxy-derivative is obtained. 

With hydrogen chloride, the chloridite (I; R == Cl) gives salicylic acid 
and phosphorus trichloride; the hydrogen phosphite (II) behaves similarly. 
The butoxy-compound (I; R = OBu) gives, remarkably, the acid and 
butyl phosphorodichloridite. 

Interaction of salicylic acid and a tervalent phosphorus halide appears 
to involve preliminary attack on the phenolic hydroxyl group, even in the 
presence of base. 


WITH a tervalent phosphorus compound containing one or more P-C] links, aliphatic acids 
such as acetic acid in the presence of pyridine gave acyl chloride (subsequently rapidly 
converted into anhydride) in the primary step, whereas aromatic acids such as benzoic 
acid gave compounds containing one or more aroyloxy-groups attached to phosphorus.! 
Hence, the structure of the bicyclic phosphorochloridite (I; R = Cl) formed by interaction 
of salicylic acid and phosphorus trichloride in the absence or presence of pyridine was 
elucidated, and likewise that of its butoxy-derivative ? (I; R = OBu®). Similarities with 
the bromides have also been observed. 

On account of its ease of preparation and high stability [compared with that of dibutyl 
phosphorochloridite (BuO),PCI], we investigated the use of the chloridite (I; R = Cl) 
as a general reagent to extend our studies on the behaviour of carboxylic acids towards 
a single active chlorine atom attached to tervalent phosphorus. This substance behaves 

1 The paper entitled ‘“ Interaction of Carboxylic Acids with Phosphorus Trichloride, or Butyl 
Phosphorodichloridite, or the Chloridite in the Absence and in the Presence of Pyridine,” J., 1954, 2030, 


is regarded as Part I. 
* Cade and Gerrard, Chem. and Ind., 1954, 402. 
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superficially like a dialkyl phosphorochloridite, but is not such a good substitute as haq 
been hoped, chiefly because of the nature of the cyclic hydrogen phosphite (II) formed in 
reactions with acids of normal reactivity, but partly also because of the intractability ang 


co 
$8: OL Fe 
PR 
oO Sy (II) 


een of the aroyloxy-derivatives (mixed anhydrides) formed with acids such as 
nzoic. 

With acetic acid (1 mol.) in the absence of base, the chloridite (I; R = Cl) gave hydrogen 
chloride as well as the phosphite (II) and acetyl chloride. With pyridine (1 mol.) and the 
acid (2 mols.) it gave pyridinium chloride, the hydrogen phosphite (II), and acetic anhydride, 
but not cleanly as in the corresponding experiment with dialkyl phosphorochloridites, 
for some acid was recovered. Other aliphatic acids of ordinary reactivity behaved 
similarly, yields of alkanoic anhydride decreasing with increase in molecular weight. 

Probably on account of ease of dehydration, the cyclic compound (II) was not obtained 
pure despite many attempts at recrystallisation from a variety of solvents; ultimately 
salicylic acid was always formed. It was evident that the anhydride bridge was retained, 
since a freshly prepared sample reacted readily with one equivalent of aniline, to give a 
compound which on treatment with cold water gave salicylanilide in high yield. 

Equimolar quantities of benzoic acid, base, and chloridite (I; R = Cl) in a solvent 
gave the hydrochloride of the base and the benzoyloxy-derivative (I; R = OBz). 

Like trialkyl phosphites, acyl alkyl phosphites 1 react rapidly with anhydrous hydrogen 
chloride, deacylation giving acyl halide and preceding dealkylation in mixed acyl alkyl 
phosphites.2 However, the chloridite (I; R= Cl) with hydrogen chloride gave un- 
expectedly salicylic acid and phosphorus trichloride. Similarly, the phosphite (II) gave 
the same acid and a substance, presumably initially Cl,P(O)H, which quickly degraded. 
More remarkably, the butoxy-derivative (I; R = OBu") with hydrogen chloride gave 
salicylic acid and butyl phosphorodichloridite with no indication of butyl chloride. This 
observation, together with the discrepancy between the observed and the calculated 
values of the molar refraction, indicates considerable delocalisation of the electron pair 
on the phosphorus, favouring preferential-protonation of the oxygen atom of the anhydride 
bridge, the further decrease in electron density on the phosphorus then hindering dealkyl- 
ation, just as it does in a dialkyl phosphorochloridite * (cf. A). 


° 
Ci 
a) OH 
we os 
Oo” ~OBu OBu 


Tribenzoyl phosphite with hydrogen chloride gives phosphorus trichloride, benzoic 
acid, and a small amount of benzoyl chloride, but we believe the latter to be produced 
indirectly by back-reaction of trichloride and acid produced in the primary process, the 
latter behaving in the absence of base as an acid of “ ordinary ” reactivity. 

Without base, reactions of carboxylic acids with phosphorus halides are slower than 
those of alcohols and phosphorus halides. Even without base, salicylic acid forms aroyl 
phosphite whereas benzoic acid does not, so from these two facts we believe that initial 
attack on salicylic acid by phosphorus trichloride occurs at the phenolic hydroxy-group. 


* Cade, Thesis, London, 1955. 
* Gerrard, Isaacs, Machell, Smith, and Wyvill, J., 1953, 1920. 
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Then, in terms of the “ four-centre ” transition state which we envisage for the systems, 
the proximity of the resulting aroyl phosphorodichloridite group to the carboxyl group 
must constrain the system into an orientation of the reactive centres favouring ring 
closure (cf. B). In the presence of base, reactions in both alcohol and acid are very rapid, 
and stronger bonding of the base with the carboxyl group than with the hydroxyl group is 
likely. Therefore, with base, the carboxyl group could be the site of initial attack by the 
trichloride. 

We tested this by interaction of the chloridite (I; R = Cl) with salicylic acid and 
pyridine in ether, using two equivalents of the base so that competition for it by the 
carboxyl group would not be the decisive factor. The product was expected to be either 
the salicyloyloxy-derivative (I; R = o-HO*C,H,°CO) or the o-carboxyphenoxy-derivative 
(I; R = 0-HO,C-C,H,‘O). Methylation of the product, followed by mild hydrolysis, gave 
methyl salicylate with no indication of o-methoxybenzoic acid, showing that the latter 
product had been formed. Thus even in the presence of base, the hydroxyl group appears 
to undergo initial attack. 


EXPERIMENTAL 


After completion of the initial reactions, all operations were conducted at a temperature 
and in a manner designed to minimise subsequent secondary reactions. 

Materials —Solvents were dried over P,O; and distilled, and reagents were purified. 

Analysis Chlorine was determined by the Volhard method which was complicated by 
formation of a violet colour from salicylic acid with the ferric alum indicator. This could be 
suppressed without affecting the titre either by saturating the solution to be titrated with 
sulphur dioxide or by conducting titrations in concentrated nitric acid. 

Interaction of Salicylic Acid and Phosphorus Trihalides.—(a) ® The acid (13-8 g.), toluene 
(15 c.c.), and phosphorus trichloride (15-0 g., 1-1 mol.) were heated under reflux until evolution 
of hydrogen chloride practically ceased (3 hr.). Distillation gave a forerun and 2-chloro-4- 
oxo-1,3-dioxa-2-phosphanaphthalene (I; R= Cl) (14:0 g., 69%), b. p. 129—132°/14 mm. 
(Found: Cl, 17-5; P, 15-7. Cale. for C,H,O,CIP: Cl, 17-55; P,15-4%), which formed large 
yellow rhombohedra. 

Similarly from the acid (13-8 g.) and phosphorus tribromide (30 g., 1-1 mol.) in toluene 
(15 c.c.), 2-bromo-4-ox0-1,3-dioxa-2-phosphanaphthalene (I; R= Br) (8-45 g., 34:2%), b. p. 
143°/9 mm. (Found: P, 12-95; Br, 33-6. C,H,O,PBr requires P, 12-55; Br, 32-4%), was 
obtained. 

(6) The acid (13-8 g.) and pyridine (15-8 g., 2 mols.) in ether (50 c.c.) were added to the 
trichloride (13-8 g., 1 mol.) in ether (100 c.c.) at —10°. Precipitated pyridine hydrochloride 
(23-5 g.) was separated, washed with ether, and dried (Found: Cl, 0-194 g.-ion; C;H;N, 0-198 
g.-mol.). The filtrate gave, on removal of solvent at 20°/15 mm., a residue (19-0 g.) from which 
the chloridite (I; R = Cl) (11-5 g. from 13-5 g., 85%) was obtained by distillation (Found: 
Cl, 17-4; P, 156%). 

Preparation of 2-Butoxy-4-0x0-1,3-dioxa-2-phosphanaphthalene (I; R = BuO).—(a) Butan- 
1-ol (3-7 g.) and pyridine (3-95 g.) in ether (50 c.c.) were added to the chloridite (10-1 g.) in ether 
(50 c.c.) at —10° with stirring, and left for l hr. The product (11-1 g., 93%), b. p. 99—100°/0-03 
mm., #,*° 15250, d,?° 1-191 (Found: [R,],, 61-80; C, 55-0; H, 5-9; P, 13-15%. C,,H,,0,P 
requires [Ry], 60-52; C, 55-0; H, 5-4; P, 129%), and base hydrochloride (5-65 g., 98%) 
(Found: Cl, 30-35; C;H,;N, 67-8%) were obtained as in the preparation of the chloridite. 
Reversing the order of addition did not significantly affect the yield. 

The same ester was obtained when an equivalent amount of the bromidite was used in place 
of the chloridite. 

(6) n-Butyl phosphorodichloridite (8-8 g., 1 mol.), added in ether (50 c.c.) to salicylic acid 
(6-9 g., 1 mol.) and pyridine (7-9 g., 2 mol.) in ether (100 c.c.) at —10°, gave the ester (I; R = 
OBu"*) (86%), b. p. 97—99°/0-02—0-03 mm., n,,”° 1-5250 (Found: C, 55-15; H, 5-75; P, 12-95%), 
and base hydrochloride. 

This substance (2-5 g.) with ice-cold water afforded white crystals after 30 min. The mixture 


5 Cf. Young, J. Amer. Chem. Soc., 1952, 74, 1672. 
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was treated with sodium hydrogen carbonate solution and ether (25 c.c.) at 0°. Acidification 
of the aqueous layer gave salicylic acid (1-2 g., 84%), m. p. 158—159°. The dried ether 
solution gave an oil (0-6 g.) on evaporation at 10 mm. (Found: P, 11-9%). 

Interaction of the Chloridite (I; R = Cl) and Acetic Acid.—The acid (7-25 g., 1 mol.) was added 
rapidly to the molten (50°) chloridite (24-9 g., 1 mol.) and the whole was shaken. No heat 
was developed. The outlet of the vessel was connected through a cold trap (— 80°) to absorption 
tubes containing potassium hydroxide. White crystals separated (20 min.) and the mixture 
eventually solidified. Volatile matter was removed at 20°/15 mm., then at 20°/0-1 mm, 
through the cold trap and absorption tubes. Distillation (with a following absorption tube) . 
of the contents of the trap gave acetyl chloride (5-5 g., 58%), b. p. 50—52° (Found: Cl, 46-1, 
Cale. for C,H,OCI: Cl 45-2%), impure acetic acid (1-0 g., 13-8%), b. p. 112—117° (Found: 
equiv., 59-1; Cl, 1-2%), and a residue (0-3 g.). The absorption tubes contained together 
0-0062 g.-ion of Cl~ (5-1% of total). The primary residue (24-0 g.) was an off-white solid, m. p, 
92—124°, smelling of acetic acid (Found: P, 16-2; Cl, 1-1%). A portion (10 g.) was dissolved 
in chloroform (20 c.c.), and heptane (20 c.c.) was added. Crystals of salicylic acid (2-2 g.), m. p, 
158—159°, separated overnight. 

(6) The acid (6-0 g.) and the chloridite (20-25 g.) in benzene (100 c.c.) gave during 3 days 
large white crystals (8-5 g.) which were separated, washed by decantation, and dried at 20°/0-1 
mm.; they had m. p. 120—135° (Found: P, 17-6%). This solid (1-85 g.) in ether (30 c.c.) was 
treated with aniline (0-9 g.) and after 2 hr. ether was removed and cold dilute sodium carbonate 
solution was added. Salicylanilide (1-5 g., 70%) was filtered off, washed with water, and dried 
(m. p. and mixed m. p. 135°). Another sample of the solid (1-8 g.) gave, with cold water, 
salicylic acid (1-2 g., 88%), m. p. 159°. Volatile products of the primary reaction included 
hydrogen chloride, acetyl chloride, and acetic acid. 

Interaction of the Chloridite (I; R = Cl) with Carboxylic Acids and Pyridine.—The chloridite 
(20-25 g., 1 mol.) in ether (50 c.c.), added dropwise to propionic acid (14:8 g., 2 mol.) and 
pyridine (7-9 g., 1 mol.) in ether (100 c.c.) at —10°, gave pyridinium chloride (9-8 g,, 
85%) (Found: Cl, 30-5; C,;H,N, 67-4%). The filtrates, after evaporation of solvent at 20°/15 
mm. and separation of volatile matter at 30°/0-05 mm., gave.a residue (18 g.). Attempted 
distillation gave a fraction (0-9 g.), b. p. 120°/0-05 mm., and an undistillable viscous residue 
which crystallised (12-8 g., 85%). This was 4-ox0-1,3-dioxa-2-phosphanaphthalene 2-oxide (I) 
(Found: P, 16-1. C,H,O,P requires P, 16-85%). A portion recrystallised from benzene had 
m. p. 97—100° (Found: P, 17:5%). The contents of the cold trap afforded, on repeated 
distillation, propionic anhydride (10-7 g., 81%), b. p. 62—65°/15 mm. (Found: equiv., 65:2. 
Calc.: equiv., 65-0), and a mixture of acid and anhydride. 

Acetic, butyric, and trimethylacetic acid gave by the same procedure the respective 
anhydrides (71, 60, and 40-4% yields) and recovered acid, together with the hydrogen phosphite 
(II) of variable purity. Attempts, including low-temperature recrystallisation, failed to 
provide the pure compound. 

The products obtained in the same way from crotonic acid (8-6 g.), pyridine (3-95 g.), and 
the chloridite (10-13 g.) were base hydrochloride (5-55 g., 96%), recovered acid (1-15 g., 13-4%), 
m. p. 70—72° (Found: equiv., 85-7. Calc.: equiv., 86-0), impure anhydride (3-15 g., 41%), 
b. p. 50—72°/0-005 mm. (Found: equiv., 78-2. Calc.: equiv., 77-1‘, and an unidentified 
compound [not (II)] (4-4 g.), m. p. 154—157° (Found: P, 13-95%). In another experiment 
this compound (3-3 g.) had m. p. 157—158° (Found: P, 14-5%); on recrystallisation from 
acetic anhydride (1-1 g. from 1-7 g.) it had m. p. 158—159° (Found: P, 14-6%). 

Benzoic acid (6-1 g., 1 mol.), pyridine (3-95 g.), and the chloridite (10-15 g., 1 mol.) gave bya 
similar procedure 2-benzoyloxy-4-ox0-1,3-dioxa-2-phosphanaphthalene (I; R= OBz), m. p. 
107—110° (Found: P, 10-85. C,,H,O,P requires P, 10-8%), but the yield (6-8 g., 47-2%) was 
reduced by co-precipitation with the base hydrochloride from ether. With benzene as solvent, 
a nearly quantitative yield of this compound was obtained, but of inferior quality. The product 
was very sensitive to heat and moisture, and was not improved by recrystallisation. Sublim- 
ation at 120°/0-02 mm. gave phenyl salicylate, contaminated with a phosphorus compound. 

Interaction of Hydrogen Chloride and Phosphorus Esters.—(a) The dried gas was passed into 
the chloridite (I; R = Cl) (20-25 g.) in ether (50 c.c.) at 0° in a flask, the outlet of which was 
connected to a cold trap (—80°). Crystals separated (10 min.) and after 1 hr. the trap contained 
a few droplets. Volatile matter from the trap and from the reaction mixture was removed 
at 20°/15 mm. via an absorption tower containing moist glass rods and potassium hydroxide 
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pellets (Found: P, 0-0205 g.-atom). Salicylic acid (6-1 g., 44-2%) was filtered off (m. p. and 
mixed m. p. 157—159°) (Found: equiv., 136-9). On attempted distillation the filtrate decom- 
posed with evolution of hydrogen chloride. 

In another experiment, after hydrogen chloride had been passed, volatile products were 
removed at 25°/0-01 mm.) into a trap (90° k) from which phosphorus trichloride (2-2 g., 16%) 
was obtained by distillation. 

(6) The solid (3-7 g., 0-02 mol.) obtained by interaction of acetic acid (2-4 g.), pyridine 
(1-6 g.), and the chloridite (4-04 g.), as described above, was degassed at 50°/0-005 mm. for 2 hr. 
and dissolved in ether (20 c.c.). Hydrogen chloride was passed into the solution. White 
needles were precipitated. After 30 min. volatile matter was removed at 20°/10 mm. Treat- 
ment of the residue with warm benzene (20 c.c.) dissolved the crystals, leaving a water-soluble, 
unstable syrup (1 g. after washing with benzene and degassing at 20°/0-1 mm.) (Found: 
P, 0-0078 mole; Cl, 0-011 g.-ion). The benzene solutions yielded, on evaporation, salicylic 
acid (2-6 g., 93%), m. p. 158—160° (Found: equiv., 137-0). In absence of a solvent reaction 
was slower. 

(c) Hydrogen chloride was passed into the butyl ester (I; R = OBu") (26-2 g.) in ether 
(100 c.c.) at 0° and after 2 hr. volatile matter was removed at 15 mm. and then at ca. 50°/0-005 
mm. and trapped (90° k) in two lots. The less volatile portion (9-2 g.) gave, on distillation, 
butyl phosphorodichloridite (ca. 5 g., 26%), b. p. 52—54°/16 mm. (Found: Cl, 39-04. Calc. 
for C,H,OCI,P: Cl, 40-55%). This (3-85 g.) was identified by conversion with butanol (3-26 g.) 
and pyridine (3-48 g.) in ether into tributyl phosphite (5 g., 91%), b. p. 125—127°/14 mm., 
n,* 1-432 (Found: P, 12-4. Calc. for C,,.H,,0,P: P, 12-4%), which with acetyl chloride 
(2 g.) gave, on distillation, dibutyl acetylphosphonate (3-2 g.), b. p. 78—80°/0-08 mm., m,,* 
1-435 [2,4-dinitrophenylhydrazone, pale yellow, m. p. 80° (Found: P, 10-1; N, 14-0. 
CygH,;0,N,P requires P, 7-5; N, 13-5%)]. Examination, by vapour-phase chromatography 
and spectrophotometry, of the more volatile products, freed from hydrogen chloride by low- 
temperature distillation from calcium oxide, failed to reveal butyl chloride. The primary 
residue, when recrystallised from benzene, gave salicylic acid (3-75 g., 25%) and an orange 
product (0-6 g.) (Found: P, 29%). 

Similar results were obtained when no solvent was used. 

Interaction of the Chloridite (I; R = Cl) with Salicylic Acid and Pyridine, and Methylation of 
the Product.—The chloridite (10-15 g.) in ether (20 c.c.) was added to the acid (6-9 g., 1 mol.) 
and pyridine (7-9 g., 2 mol.) in ether (80 c.c.) at —10°. After filtration from the hydrochloride 
(6-1 g.) which retained some of the other products (Found: Cl, 0-0482 g.-ion; C;H,N, 0-0505 
g.-mol.), diazomethane in ether was added in a slow stream to the filtrate at 0°. When the initial 
instantaneous decolorisation ceased, a 10% excess was added. After being kept at room 
temperature overnight, the bulk of the ether was removed at 20°/15 mm. and the solution 
was extracted several times with aqueous sodium carbonate, dried, evaporated, and distilled, 
giving a forerun (3-1 g.), b. p. 35—50°/17 mm. (Found: C;H,N, 0-0361 mole), a mixed fraction 
(0-8 g.), b. p. 50—103°/17 mm., methyl salicylate (6-55 g., 86%), 103—104°/17 mm. (Found: 
sap. equiv., 150-5. Calc.: sap. equiv., 152-0), and a brown residue (2-35 g.). Acidification 
of the aqueous extracts gave a precipitate (0-3 g.) from which o-methoxybenzoic acid was not 
obtained. 
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254. Syntheses of Some Monoalkylbenzenes. 
By E. R. Lyncu and E. B. McCAaLt. 


Syntheses of twelve monoalkylbenzenes, mostly containing branched C,, 
and C,, chains, are described. Ziegler’s method was used to prepare 
2-methyl-2-phenylalkanes via aa«-dimethylbenzylpotassium. Phillips and 
Rabjohn’s route gave alkylbenzenes containing a quaternary carbon atom 
via tri-B-substituted propionitriles. By hydrogenation of the alkylbenzenes 
three new alkylcyclohexanes were obtained. 


RECENTLY there has been interest in the microbiological degradation of the monoalkyl- 
benzenesulphonates used in commercial detergents.1_ The alkylbenzene precursors are 
complex mixtures of hydrocarbons with an average side-chain length of about twelve 
carbon atoms and are largely manufactured by alkylation of benzene with an olefin mixture 
known as “ propylene tetramer.” Pure hydrocarbons of this type were required to 
determine the effect of side-chain branching on the ease of microbiological degradation of 
the sodium sulphonates and to facilitate vapour-phase chromatographic and infrared 
analyses * of the commercial product. Not many such hydrocarbons have previously been 
synthesised (for reviews see Francis* and Petrow‘*). In the present work syntheses 
involving alkylation of benzene were avoided, except for 2-methvl-2-phenyldecane which 
was also made by another method. 

Five known alkylbenzenes have been prepared again: 1-phenyldodecane, from 
dodecanoylbenzene by the Huang-Minlon variation® of the Wolff—Kishner reduction; 
2-phenyl-decane and -dodecane, by treating acetophenone with the appropriate alkyl- 
magnesium bromides, dehydrating the resulting alcohols, and hydrogenating the olefins 
(cf. Gilman and Meals *); and 2-methyl-2-phenyl-pentane atid -decane, by treating ««-di- 
methylbenzylpotassium with the appropriate alkyl bromides. Ziegler’ used the last 
method for 2-methyl-2-phenyldecane, preparing the ««-dimethylbenzylpotassium in ether 
solution; Ziegler and Dislich* later prepared ««-dimethylbenzylpotassium conveniently 
in iso-octane suspension, which, although mixed with an equivalent quantity of sodium 
methoxide, is suitable for reaction with alkyl bromides. Similarly hexyl and 3,5,5-tri- 
methylhexyl bromide gave respectively 2-methyl-2- and 2,2,4,7-tetramethyl-7-phenyl- 
octane, which are new compounds. 

Acetophenone and 3,5,5-trimethylhexylmagnesium bromide gave the tertiary alcohol, Hl 
dehydrated by hot 90% formic acid to the olefin. That the olefin had the required 
skeleton was shown by ozonolysis and identification of acetophenone and 2,2,4-trimethyl- 
hexanal as the 2,4-dinitrophenylhydrazones. Hydrogenation of the olefin gave 2,2,4-tri- 
methyl-7-phenyloctane containing an impurity (8%), shown in the gas chromatogram. 
The impurity had the same retention time as that of 2,2,4,9,11,11-hexamethyldodecane 
which was prepared from 3,5,5-trimethylhexylmagnesium bromide and silver bromide. 
In a second synthesis of 2,2,4-trimethyl-7-phenyloctane, acetic anhydride and 3,5,5-tri- 
methylhexylmagnesium bromide gave 5,7,7-trimethyloctan-2-one which on treatment with 
phenylmagnesium bromide, dehydration, and hydrogenation afforded the alkylbenzene, 
judged to be pure by gas chromatography. 





1 Hammerton, J. Appl. Chem., 1955, 5, 517; Proc. Soc. Water Treatment and Examination, 1956, 5, 


145. 

Hawkes and Neale, unpublished work. 
Francis, Chem. Rev., 1948, 42, 107. 
Petrow, Erdél u. Kohle, 1958, 11, 855. 
Huang-Minlon, J. Amer. Chem. Soc., 1946, 68, 2487. 
Gilman and Meals, J. Org. Chem., 1943, 8, 126. 
Ziegler, Annalen, 1940, 542, 90. 

8 Ziegler and Dislich, Chem. Ber., 1957, 90, 1113. 
* Gutman and Hickinbottom, J., 1951, 2064. 
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A general preparative scheme for synthesising alkanes containing a quaternary carbon 
atom, described by Phillips and Rabjohn,” is based on the 1,4-addition of Grignard reagents 
to «$-unsaturated cyano-esters, a reaction discovered by Kohler™ and extended by 
others.22, The addition products are hydrolysed and decarboxylated to tri-8-substituted 
propionitriles. By this method there were prepared: 2-benzyl-2-methylpropyl cyanide, 
from benzylmagnesium chloride and ethyl 2-cyano-3-methylbut-2-enoate; 2-methyl-2- 
phenylpentyl cyanide, from phenylmagnesium bromide and ethyl 2-cyano-3-methylhex-2- 
enoate; and neopentyl cyanide, from methylmagnesium iodide and ethyl 2-cyano-3- 
methylbut-2-enoate. Treatment of these nitriles with hexyl-, pentyl-, and 5-phenylpentyl- 
magnesium bromide gave the ketimines which were hydrolysed to the ketones. These 
long-chain ketones failed to give semicarbazones or 2,4-dinitrophenylhydrazones and, in 
the one case tried the Huang-Minlon variation of the Wolff-Kishner reduction gave a low 
yield of the alkylbenzene. Reduction of the ketones with lithium aluminium hydride to 
the secondary alcohols, then dehydration to the olefins, and hydrogenation over 
palladium-carbon gave the alkylbenzenes. The 2,2-dimethyl-9-phenylnonane obtained 
was contaminated with a large amount of alkylcyclohexane when too high a hydrogenation 
temperature was used. A pure sample of this alkylbenzene was obtained by another 
synthetic route: Gutman and Hickinbottom’s preparation ™ of 6,6-dimethylheptanoic acid 
was repeated, and its acid chloride with diphenethylcadmium afforded 2,2-dimethyl-9- 
phenylnonan-7-one which was reduced to the alkylbenzene by the Huang-Minlon method. 
A second synthetic route was also used to prepare 2,2-dimethyl-l-phenyldecane. In this 
sodioisobutyrophenonew as alkylated with octyl bromide, to yield 2,2-dimethyldecanoyl- 
benzene #4 which was reduced to the alkylbenzene by heating the semicarbazone with 
fused potassium hydroxide (cf. Cook and Linstead). Unlike dodecanoylbenzene this 
ketone could not be reduced by the Huang-Minlon method. Although 4-methyl-4- 
phenylundecane has been reported?® no physical properties are recorded, so that 
comparison with that product, made by the aluminium chloride-catalysed alkyl- 
ation of benzene with the olefin obtained by dehydration of 4-methylundecan-4-ol, is 
impossible. 

In the synthesis of 10-methyl-l-phenylundecane 7-phenylheptanoyl chloride and 
di-isopentylcadmium gave 10-methyl-1-phenylundecan-5-one which failed to give a semi- 
carbazone or a 2,4-dinitrophenylhydrazone. The ketone was converted into the hydro- 
carbon via the secondary alcohol and olefin as outlined above. 

Where ketonic derivatives could not be obtained the presence of the carbonyl group in 
the above ketones was shown by the infrared spectrum. Where two different syntheses 
of an alkylbenzene were carried out identity of the two products was established by means 
of infrared spectra and crystalline derivatives. These derivatives, prepared for all the 
alkylbenzenes described here, are the 2,4-dinitrophenylhydrazones of the acetylated 
alkylbenzenes (cf. Pines and Shaw 2’). Ss 

In connection with the infrared spectroscopic investigations 2,2,4-trimethyl-7-pheny]- 
octane, 2,2-dimethyl-1-phenyldecane, and 4-methyl-4-phenylundecane were hydrogenated 
over Raney nickel to the alkylcyclohexanes. These were needed to determine which 
absorption bands were associated with the aromatic ring where unusual features were 
noticed in the infrared spectra of the alkylbenzenes.? 


10 Phillips, Thesis, University of Missouri, 1957. University Microfilm No. 22,753, Ann Arbor, 
Michigan, U.S.A. 

1 Kohler and Reimer, Amer. Chem. J., 1905, 38, 333. 

12 Prout, Huang, Hartman, and Korpics, J. Amer. Chem. Soc., 1954, 76, 1911; Alexander, McCollum, 
and Paul, ibid., 1950, 72, 4791; Prout, :Bid., 1952, 74, 5915; Hook and Robinson, J., 1944, 152. 

18 Gutman and Hickinbottom, J., 1951, 3344. 

M4 Apolit, Ann. Chim. (France), 1924, 2, 83. 

48 Cook and Linstead, J., 1934, 949. 

16 Kooijman, Huijser, and Tjepkema, ‘‘ Congrés Mondial de la Detergence,” Paris, 1954, p. 130. 
1” Pines and Shaw, J. Org. Chem., 1955, 20, 373. 
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EXPERIMENTAL 


Boiling points for the hydrocarbons were determined at atmospheric pressure in an 
apparatus of ca. 2 ml. capacity as described by Willard and Crabtree. 

Most of the liquid starting materials were fractionally distilled through a column 
(115 x 2 cm.) packed with 4” glass rings. All other fractional distillations referred to were 
carried out with a spinning-band column which had an efficiency of thirty-five theoretical 
plates at atmospheric pressure under total reflux. Each alkylbenzene was distilled through 
this column and, unless otherwise stated, no impurities were detected by gas chromatography 
in the fractions for which the physical constants are given. Gas chromatograms were run 
mainly with a stationary phase of 20% silicone oil supported on 60/90 mesh kieselguhr (May and 
Baker, ‘‘ Embacel ’’) with a column length of 16 feet at 220°, a nitrogen flow rate of 20 ml./min., 
a sample size of ca. 0-5 mg., and a gas-density balance detector. Some gas chromatograms were 
also run at 150° with an ionisation detector. 

1-Phenyldodecane.—Dodecanoyl chloride with benzene and aluminium chloride gave 
dodecanoylbenzene in 60% yield, having b. p. 148—152°/0-6 mm., m. p. 42—44°; recrystallised 
from methanol, it had m. p. 43—45°. Gilman and Meals * record m. p. 42-5°. 

Dodecanoylbenzene (30 g.), 100% hydrazine hydrate (12-7 ml.), and diethylene glycol 
(130 ml.) were stirred at 80° under reflux during 1 hr. Powdered potassium hydroxide (17 g.) 
was added, and the temperature was raised to 200°, water and the excess of hydrazine hydrate 
being allowed to distil. After being stirred at 200° during a further 3 hr. the mixture was 
cooled and added to water, and the oil was isolated by means of ether. Distillation from a 
Claisen flask gave 1-phenyldodecane (20-1 g.), b. p. 140°/0-6 mm., m,,”° 1-4821. The nitrogenous 
residue from the distillation was heated on the steam-bath with 50% sulphuric acid during 1 hr. 
to give dodecanoylbenzene (5-8 g.), m. p. 40—42°. Fractionally distilled, 1-phenyldodecane 
had ,,* 1-4820 (Found: C, 87-6; H, 12-3. Calc. for C,gH,,: C, 87:7; H, 12-3%). Francis*® 
gives n,,* 1-4838 as an average value. Schmidt ™ records ,,” 14822. { 

2-Phenylalkanes.—(a) 2,2,4-Trimethyl-7-phenyloctane via acetophenone. 3,5,5-Trimethyl- 
hexyl bromide (b. p. 70-5°/11 mm., ,™ 1-4510) was prepared as described by Turner and F 
Turner * (cf. Gutman and Hickinbottom *). To the Grignard solution prepared from 3,5,5- 
trimethylhexyl bromide (156 g.), magnesium (18 g.), and ether (750 ml.) there was added } 
acetophenone (75 g.) in ether (90 ml.), dropwise. The mixture was heated under reflux during 
2 hr., cooled, and poured into ice and hydrochloric acid. The solution obtained by combination 
of the organic phase with the ethereal extract of the aqueous phase was washed with water and 
dried (MgSO,). Removal of the ether gave an oil which was heated under reflux with 90% 
formic acid (175 ml.) during 18 hr. After dilution of this mixture with water the oil 
was isolated by means of ether, and distillation from sodium (nitrogen leak) gave the olefin 
(95 g.), b. p. 102—107°/0-7 mm., n,* 1-4945—1-5039. Hydrogenation in ethanol over 5% 
palladium-carbon at ordinary pressure gave 2,2,4-trimethyl-T-phenyloctane, b. p. 81— 
82°/0-3 mm., 272°/752 mm., n,** 1-4763 (Found: C, 87-6; H, 12-2. C,,;H, requires C, 87-9; H, 
12-1%). The gas chromatogram showed the alkylbenzene to contain 8% of an impurity which 
was not separated on fractional distillation through the spinning-band column. The impurity 
had the same retention time as 2,2,4,9,11,11-hexamethyldodecane, prepared (in 32% yield) 
from 3,5,5-trimethylhexylmagnesium bromide and silver bromide,® b. p. 153°/19 mm., 
272°/752 mm., ,*** 1-4360 (Found: C, 85-1; H, 14-8. Calc. for C,,H,: C, 85-0; H, 15-0%). 

For ozonolysis the above olefin was fractionally distilled (b. p. 93°/0-5 mm., »,* 1-5065), 
then ozonised in acetic acid; the ozonide solution was added to water containing zinc dust and 
steam-distilled. A 2,4-dinitrophenylhydrazone mixture obtained from the distillate was 
chromatographed on a bentonite—kieselguhr (4: 1) columnin benzene. By elution with benzene 
and subsequent recrystallisation from ethanol there were obtained yellow crystals, m. p. 96° 
undepressed on admixture with the 2,4-dinitrophenylhydrazone (m. p. 96°) of 3,5,5-trimethyl- 1 
hexanal (Found: C, 56-2; H, 6-7; N, 17-2. Calc. for C,,H,,O,N,: C, 55-9; H, 6-9; N, 17-4%). 1 
Lieberman * records m. p. 92—93° for this hydrazone. Further elution of the chromatogram 
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18 Willard and Crabtree, Ind. Eng. Chem., Analyt., 1936, 8, 79. 
1” Schmidt, Ber., 1939, 72, 1893. 

% Turner and Turner, J., 1951, 2544. 

1 Lieberman, J. Amer. Chem. Soc., 1955, 77, 1116. 
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with chloroform afforded orange crystals, m. p. 247° alone or mixed with acetophenone 2,4-di- 
nitrophenylhydrazone, m. p. 250°. 

(b) 2,2,4-Trimethyl-7-phenyloctane via 5,7  7-trimethyloctan- 2-one. The general directions om 
Newman and Booth ** were followed for preparing methyl ketones from a Grignard reagent 
and acetic anhydride. The Grignard solution from 3,5,5-trimethylhexyl bromide (96 g.), 
magnesium (11-1 g.), and ether (ca. 250 ml.), cooled to ca. —60° under nitrogen, was added 
dropwise to a solution of acetic anhydride (81 ml.) in ether (80 ml.) at <—60°, with stirring 
during 1} hr. After being stirred overnight at <— 60° the mixture was allowed to reach room 
temperature and then added to ice and hydrochloric acid. The solution obtained by combin- 
ation of the organic phase with an ethereal extract of the aqueous phase was washed with 
water, the ether was distilled off, and the residual oil was boiled with water to hydrolyse 
unchanged acetic anhydride. The oil was isolated by means of ether and fractionally distilled, 
to give 5,7,7-trimethyloctan-2-one (32-8 g.), b. p. 108°/20 mm., ,,** 1-4263 [semicarbazone, m. p. 
147—147-5° (from ethanol)}. Gutman and Hickinbottom ® record b. p. 103°/28 mm., ,*° 
1-4309 (semicarbazone, m. p. 147-5—148-5°). 

§,7,7-Trimethyloctan-2-one (29-5 g.) was added to the Grignard solution prepared from 
bromobenzene (50 g.), magnesium (7-5 g.), and ether (320 ml.). After being heated under 
reflux during 5 hr. the mixture was poured into ice and hydrochloric acid, the organic phase 
was washed with water, and the ether removed. The residual oil was boiled with 90% formic 
acid (80 ml.) during 16 hr., then diluted with water, and the layers were separated. The 
aqueous phase was neutralised with sodium hydroxide and extracted with ether; the ether 
solution obtained by combining the extract with the organic phase was washed with water and 
dried (MgSO,). Removal of the ether gave the olefin (29-9 g.), ,** 1-5063, which was hydro- 
genated in ethanol over 5% palladium-carbon at atmospheric pressure. Fractional distillation 
yielded 2,2,4-trimethyl-7-phenyloctane, b. p. ca. 79°/0-4 mm., 276°/755 mm., ,,* 1-4800. 

(c) 2-Phenyldecane. By the procedure in (a) acetophenone and octyl bromide yielded 2- 
phenyldecane, b. p. 94°/0-5 mm., 278°/754 mm., n,** 1-4800 (Found: C, 87-6; H, 11-9. Calc. 
for C,,H,,: C, 88-0; H, 12-0%). Francis * gave m,,*° 1-4864. 

(d) 2-Phenyldodecane. As in (c), but by use of decyl bromide, there was obtained 2-phenyl- 
dodecane (overall yield 44% after fractional distillation), b. p. ca. 104°/0-5 mm., 310°/772 mm., 
n,* 1-4792 (Found: C, 87-9; H, 12-1%). Francis * gave m,* 1-4822. 

2-Methyl-2-phenylalkanes.—({a) 2,2,4,7-Tetramethyl-7-phenyloctane. By treating a stirred 
suspension of potassium (14 g.) in iso-octane (130 ml.) at 70° under nitrogen with 2-methoxy-2- 
phenylpropane ® (29 g.) there was obtained a violet suspension containing a«-dimethylbenzyl- 
potassium and potassium methoxide (Ziegler and Dislich *). To the stirred mixture, cooled by 
water, there was added 3,5,5-trimethylhexyl bromide * (45-4 g.) in iso-octane (30 ml.) at a rate 
such that the temperature did not rise above 35°. After a further 2 hours’ stirring at room 
temperature the violet colour disappeared. Water was added dropwise to dissolve the potass- 
ium salts, and the organic phase was washed with water and dried (CaCl,). Removal of the 
solvent gave the crude alkylbenzene (48 g.) which on fractional distillation yielded 2,2,4,7- 
tetramethyl-1-phenyloctane (23-4 g.), b. p. 77°/0-2 mm., 280°/756 mm., m,** 1-4821 (Found: C, 
87-7; H, 12-3. CygHgs9 requires C, 87°8; H, 12*2%). 

(b) 2-Methyl-2-phenyloctane. By a procedure as in (a), 2-methyl-2-phenyloctane, b. p. ca. 
102°/3 mm., 254°/748 mm., n,,* 1-4868, was obtained by using hexyl bromide (Found: C, 88-2; 
H, 11-8. C,,H,, requires C, 88-2; H, 11-8%). 

(c) 2-Methyl-2-phenylpentane. As in (b), but by use of propyl bromide, there was obtained 
2-methyl-2-phenylpentane, b. p. 82-5°/11 mm., ca. 204°/760 mm., m,* 1-4912. Hughes * 
records b. p. 206—208° and 196—197°, ,* 1-4935 and 1-4943. Pines, Huntsman, and 
Ipatieff * record b. p. 126-8—127°/66 mm., ,,*° 1-4929. 

(d) 2-Methyl-2-phenyldecane.—This hydrocarbon was prepared by two methods: 

(i) Via aa-dimethylbenzylpotassium. By the procedure in (a), 2-methyl-2-phenyldecane, 
b. p. 102-5°/0-9 mm., 286°/754 mm., ,,*° 1-4848, was obtained from octyl bromide (50% yield 
based on 2-methoxy-2-phenylpropane) (Found: C, 87-6; H, 12-4%). Ziegler’ records b. p. 
160°/20 mm., »,,*° 148594. Weinmayr-* records b. p. 140—145°/1 mm., 1, 1-4875. 


** Newman and Booth, J. Amer. Chem. Soc., 1945, 67, 154. 
*3 Hughes, J., 1958, 3704. 

™“ Pines, Huntsman, and Ipatieff, J. Amer. Chem. Soc., 1953, 75, 2314. 
% Weinmayr, USP. 2,467,170 (Chem. Abs., 1949, 43, 6232). 
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(ii) Via 2-chloro-2-methyldecane. 2-Methyldecan-2-ol (from acetone and octylmagnesium 
bromide) was treated in ether with hydrogen chloride, washed with water, and dried (MgSO,), 
The ether was distilled off and the chloride with benzene and ferric chloride gave 2-methy]l-2- 
phenyldecane, b. p. 123°/3-5 mm., m,* 1-4848. Although fractionally distilled this preparation 
contained 1% of a low-boiling impurity. 

Preparation of Tri-B-substituted Propionitriles.—af-Unsaturated cyano-esters were prepared 
as described by Cope e# al.*%* by condensing ethyl cyanoacetate with the appropriate ketone, 
Methyl propyl ketone (b. p. 101-8°, »,** 1-3885) gave ethyl 2-cyano-3-methylhex-2-enoate, b. p. 
116°/8 mm., ,* 1-4650; acetone gave ethyl 2-cyano-3-methylbut-2-enoate, b. p. 119— 
120°/18 mm., m. p. 26—27°. These were treated with Grignard reagents as described below 
and the addition products were hydrolysed and decarboxylated to the tri-8-substituted nitriles, 

(a) 2-Methyl-2-phenylpentyl cyanide. To the Grignard solution prepared from bromo- 
benzene (173 g.), magnesium (26 g.), and ether (ca. 1 1.) containing cuprous iodide (Hook e¢ al.12) 
(1 g.), there was added, dropwise, ethyl 2-cyano-3-methylhex-2-enoate (180 g.) in ether. The 
mixture was stirred and heated under reflux overnight, cooled, and added to ice and hydro- 
chloric acid. The ethereal phase was washed with dilute sodium hydrogen sulphite solution to 
remove unchanged unsaturated cyano-ester, washed with water, and dried (MgSO,). Distill- 
ation gave an oil, b. p. 125°/0-25 mm., m,**? 1-5018 (60% yield on unsaturated cyano-ester), 
which was hydrolysed by heating it in ethanol (180 ml.) and water (1400 ml.) with potassium 
hydroxide (240 g.) during 7 hr. The ethanol was distilled off and the residual aqueous solution 
was acidified with hydrochloric acid. The liberated oil was taken up in ether, washed with 
water, and dried (Na,SO,). Removal of the ether gave a viscous oil, decarboxylated by copper 
powder (0-5 g.) at 120—125° (bath) during 30 min. and then at 130° (bath) until carbon dioxide 
was no longer evolved. Distillation gave an oil, 2-methyl-2-phenylpentyl cyanide (104 g.), b. p. 
(mainly) 98°/0-25 mm., ,,?* 1-5109 (Found: C, 83-5; H, 9-2; N, 7-1. C,3H,,N requires C, 83-4; 
H, 9-1; N, 7-5%), and residual 3-methyl-3-phenylhexanamide (36 g.) which, recrystallised from 
light petroleum (b. p. 60—80°), had m. p. 61-5—62° (Found: C, 76-3; H, 9-3; N, 6-7. C,3H,,ON 
requires C, 76-1; H, 9:3; N, 6-8%). The amide was the major product on decarboxylation if 
the hydrolysis was conducted by heating the tri-8-substituted cyano-ester (29 g.) with potassium 
hydroxide (30 g.) in water (30 ml.) and ethanol (70 ml.) under reflux for 18 hr. 

(b) 2-Benzyl-2-methylpropyl cyanide. Ethyl 2-cyano-3-methylbut-2-enoate was treated 
with benzylmagnesium chloride as described by Prout e¢ al.,!2 to give ethyl B-benzyl-«-cyano-f- 
methylbutyrate, b. p. ca. 150°/1-5 mm., m,*° 1-5041—1-5045. When hydrolysis and simul- 
taneous decarboxylation of this cyano-ester was carried out in ethylene glycol by the method 
of Prout e¢ al. only a 35% yield of 2-benzyl-2-methylpropyl cyanide was obtained. Separate 
hydrolysis and decarboxylation as described below gave an 82% yield of nitrile. 

A solution of the cyano-ester (120 g.) in ethanol (480 ml.) and 2N-sodium hydroxide (600 ml.) 
was heated under reflux during 24 hr. The cyano-acid (110 g.) was obtained on working up as 
in (a) and was decarboxylated by copper powder at 140° (bath) for 30 min. and at 200° (bath) 
for 45 min. On distillation there was obtained 2-benzyl-2-methylpropyl cyanide (70 g.), b. p. 
145—150°/17 mm., »,** 1-5088 (Prout e¢ a/.!* give b. p. 148—149°/17 mm., »,*° 1-5078), and 
residual 8-benzyl-B-methylbutyramide which, recrystallised from light petroleum (b. p. 100—120°), 
had m. p. 118° (Found: C, 75-2; H, 8-6; N, 7-3. C,,.H,,ON requires C, 75-3; H, 9-0; N, 73%). 

(c) Neopentyl cyanide. Ethyl 2-cyano-3-methylbut-2-enoate and methylmagnesium iodide 
gave ethyl a-cyano-68-dimethylbutyrate, b. p. 102—104°/14 mm., »,?"* 1-4263, as described by 
Alexander e¢ al.42 Hydrolysis as under (b) gave the cyano-acid which was decarboxylated by 
heating it under reflux with a little copper powder during 26 hr. Distillation gave neopentyl 
cyanide (26%), b. p. 136—137°, m. p. 30-5°, and a residue containing the amide, m. p. 129-5— 
131° [from light petroleum (b. p. 60—80°)]. Homeyer e¢ al.2” record m. p. 132° for the amide, 
and b. p. 135—136-4°/737 mm., m. p. 32-5°, for the cyanide. 

4-Methyl-4-phenylundecane.—To the stirred Grignard solution prepared from pentyl bromide 
(108 ml.), magnesium (21 g.), and ether (800 ml.) there was added 2-methyl-2-phenylpentyl 
cyanide (98 g.) in ether (100 ml.) during 14 hr. at the b. p. The mixture was heated under 
reflux for a further 20 hr. then cooled and poured into ice and hydrochloric acid. The aqueous 
phase was extracted with ether and the extract combined with the ethereal phase; the ether 
was removed to leave the ketimine hydrochloride, an oil, which was hydrolysed under reflux in 


*6 Cope, Hofmann, Wyckoff, and Hardenburgh, J. Amer. Chem. Soc., 1941, 68, 3452. 
27 Homeyer, Whitmore, and Wallingford, J. Amer. Chem. Soc., 1933, 55, 4209. 
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2n-hydrochloric acid during 2hr. The oil, isolated by means of light petroleum (b. p. 40—60°), 
was fractionally distilled to give 4-methyl-4-phenylundecan-6-one (100 g.), b. p. 102°/0-2 mm., 
“9 1: -4939. Attempts to prepare the oxime and semicarbazone failed. 

The ketone (100 g.) in dry ether (150 ml.) was added during 1 hr. to a stirred solution of 
lithium aluminiym hydride (16-5 g.) in dry ether (350 ml.). The heat evolved caused the 
mixture to boil. After a further 20 hours’ heating, the excess of hydride was decomposed by 
ethyl acetate, followed by 2N-sulphuric acid, with cooling and stirring. The solution obtained 
by combining the ethereal phase with an ethereal extract of the aqueous phase was washed with 
water and dried (MgSO,). Removal of the ether gave 4-methyl-4-phenylundecan-6-ol (97-7 g.), 
n,** 1-4969. Dehydration of this alcohol (45 g.) over powdered potassium hydrogen sulphate 
(10 g.) at 180—190° (bath)/15 mm. during 28 hr. (until liberated water no longer distilled into 
a cold trap) gave an oil which was separated by means of ether and distilled from 
sodium in vacuo to give the olefin (37-3 g.), b. p. 889—100°/0-2 mm., ,,* 1-4961. 

The olefin was hydrogenated over 5% palladium-—carbon at 70—80°/80 atm. to 4-methyl-4- 
phenylundecane, b. p. 107-5°/0-7 mm., 301°/766 mm., m,* 1-4860 (Found: C, 87-7; H, 12-1. 
CygHg requires C, 87-8; H, 12-2%). The gaschromatogram showed the presence ofa little high- 
boiling impurity which was probably 4-cyclohexyl-4-methylundecane. 

The hydrocarbon was also obtained in low yield by reduction of 4-methyl-4-phenylundecan- 
6-one as described for the reduction of dodecanoylbenzene. The ketone (15 g.) yielded the 
alkylbenzene (4 g.), b. p. 98 —93-5°/0-3 mm., m,** 1-4862. 

2,2-Dimethyl-1-phenyldecane.—(a) Preparation via 2-benzyl-2-methylpropyl cyanide. This 
cyanide (70 g.) in ether was added during 1 hr. to the Grignard solution prepared from hexyl 
bromide (80 g.), magnesium (12 g.), and ether. The mixture was heated under reflux during ~ 
20 hr. and worked up as for the similar reaction described under 4-methyl-4-phenylundecane. 
There was obtained 2,2-dimethyl-1-phenyldecan-4-one (62-5 g.), b. p. 110—112°/0-1 mm., which 
failed to yield a 2,4-dinitrophenylhydrazone. 

The ketone (60 g.) was reduced to the secondary alcohol (57 g.) by lithium aluminium 
hydride (11 g.) in ether as described above. Dehydration was carried out at 190— 
200° (bath)/15 mm. over powdered potassium hydrogen sulphate (20 g.); during 7 hr. the 
theoretical quantity of water was collected in a cold trap. Working up as before gave the 
olefin (43-5 g.), b. p. 170—172°/17 mm., n,,** 1-4922. Hydrogenation to the alkylbenzene was 
probably complete at 65—80°/100 atm. over 5% palladium-carbon but was continued at 90° 
during a further 1 hr. 2,2-Dimethyl-l-phenyldecane (35-4 g.) had b. p. 107°/0-5 mm., m,,* 
1-4844, and the infrared spectrum and derivative were identical with those of the hydrocarbon 
synthesised by route (b). 

(b) Preparation via 2,2-dimethyldecanoylbenzene. Sodamide (23-8 g., 92% purity) was 
stirred in dry boiling toluene (450 ml.) whilst isobutyrophenone (83-5 g.; b. p. 108°/15 mm., 
n,* 1-5156) was added dropwise. The mixture was stirred and heated under reflux during 
24 hr., and whilst it still boiled octyl bromide (109 g.) was added during 24 hr. Heating and 
stirring were continued for a further 8} hr. Water was added to the cooled mixture, and the 
organic phase was washed with water. Distillation gave 2,2-dimethyldecanoylbenzene 
(117 g.), b. p. 125—127°/0-25 mm., n,** 1-4928. The oxime had m. p. 116-5—117° (from 
ethanol) (Found: C, 78-4; H, 10-3; N, 5-2. Calc. for C,sH,,ON: C, 78-5; H, 10-6; N, 5-1%). 
Apolit 1 gives b. p. 195—197°/16 mm., and oxime, m. p. 116—117°. 

The ketone (101 g.), semicarbazide hydrochloride (40 g.), and fused sodium acetate (32 g.) 
were boiled in ethanol (800 ml.) under reflux during 2 hr. Sodium chloride was filtered off and 
the filtrate was evaporated to a small volume on the steam-bath, dissolved in ether, washed with 
water, and dried (Na,SO,). Removal of the ether yielded an oily solid, m. p. 43—48°, which 
was recrystallised twice from ethereal solution at —50° giving the semicarbazone (60 g.), m. p. 
57—58-5°. By further recrystallisation in the same way a sample having m. p. 57-5—59° was 
obtained for analysis but no satisfactory value for carbon was obtained (Found: C, 70-1; H, 
9-9; N, 12-9. Calc. for C,H,,ON,: C, 71-9; H, 98; N, 132%). Apolit “ records m. p. 
49—50° for the semicarbazone. 

The semicarbazone (49 g.) and powdered potassium hydroxide (49 g.) were ground together, 
melted, and stirred whilst the temperature was raised to 200°. During 15 min. at 200—210° 
(bath) ammonia was evolved and stirring was continued at 210—220° (bath) for a further 
45 min. until gas evolution ceased. Whilst the mixture was still warm, water was added and, 
when cool, the oil was taken up in ether, and the ethereal solution was washed with water and 
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dried (CaCl,). Evaporation gave the oil (34-4 g.) which, together with the product (32 g.) ofa 
similar experiment, was distilled leaving a nitrogenous residue. Fractional distillation of the 
distillate gave 2,2-dimethyl-1-phenyldecane (41-2 g.), b. p. 93°/0-2 mm., 311°/756 mm., ns 
1-4847 (Found: C, 87-7; H, 12-1. C,H 9 requires C, 87-8; H, 12-2%). The infrared spectrum 
was identical with that for the hydrocarbon prepared as under (a) above and showed no carbony] 
absorption. 

5-Phenylpentyl Bromide.—Glutaric anhydride and benzene gave y-benzoylbutyric acid,% 
which by the Huang-Minlon modification § of the Wolff—Kishner reduction gave 8-phenylvaleric 
acid, m. p. 57°, in 88% yield. The acid chloride (67-7 g.), b. p. 151°/18 mm. (obtained by 
means of thionyl chloride), in dry ether (100 ml.) was added dropwise to a stirred solution of 
lithium aluminium hydride (8-3 g.) in dry ether (250 ml.) during 1 hr. and after several hours’ 
heating under reflux the excess of hydride was decomposed by ethyl acetate, and 2N-sulphuric 
acid was added with cooling. The ethereal phase and the ethereal washings of the aqueous 
phase were combined and washed with water and dried (MgSO,). Distillation gave 5-phenyl- 
pentyl alcohol (53-8 g.), b. p. 85°/0-2 mm., m,,** 1-5140, having the typical lemon-like odour, 

5-Phenylpentyl bromide (63-2 g.), b. p. 78—79°/0-3 mm., n,** 1-5313, was obtained from the 
alcohol (53-8 g.) by reaction with 48% hydrobromic acid (100 ml.) and concentrated sulphuric 
acid (20 ml.) during 4 hr. at 115°. 

8,8-Dimethyl-1-phenylnonane.—Preparation via mneopentyl cyanide. Neopentyl cyanide 
(20-5 g.) in ether (50 ml.) was added in 15 min. to a stirred Grignard solution prepared from 
5-phenylpentyl bromide (56 g.), magnesium (6 g.), and ether (250 ml.). The mixture was 
heated under reflux during 40 hr., then worked up as described for the ketonic intermediate 
under 4-methyl-4-phenylundecane. There was obtained 8,8-dimethyl-1-phenylnonan-4-one 
(28-1 g.), b. p. 108—112°/0-25 mm., ,,** 1-4881, and a fore-fraction containing 1-phenylpentane. 
The ketone (28-1 g.) was reduced to the secondary alcohol by lithium aluminium hydride as 
described for the similar reaction in the synthesis of 4-methyl-4-phenylundecane, and the 
alcohol (25-8 g.) was dehydrated over powdered potassium hydrogen sulphate (9 g.) at 160— 
170° (bath)/15 mm., until, after 27 hr., the theoretical amount of water had distilled into a cold 
trap. The olefin (21-3 g.), b. p. 84—86°/0-2 mm., »,,* 1-4880, was isolated by means of ether. 
Hydrogenation as described for the olefinic precursor of 4-methyl-4-phenylundecane (except 
that the temperature inadvertently rose to 184°) gave a product, b. p. 104—113°/0-4 mm., n,* 
1-4548—1-4530, containing a large proportion of alkylcyclohexane. The material was heated 
over 5% palladium-carbon at 295—300° (bath) during 24 hr. to yield a partly dehydrogenated 
product. This was fractionally distilled and the fraction of highest refractive index (n,* 
1-4694) was acetylated and the 2,4-dinitrophenylhydrazone of the acetyl compound was 
prepared; the m. p. (155—155-5°) was undepressed on admixture with the similar derivative 
made from 8,8-dimethyl-1-phenylnonane prepared in the other synthesis. 

6,6-Dimethylheptanoic Acid.—4,4-Dimethylpent-1-ene, b. p. 71-6°, n,** 1-3893, was obtained 
in 56% yield from allyl bromide and t-butylmagnesium chloride by the method of Whitmore 
and Homeyer * who record b. p. 72-35°/760 mm. and n,,* 1-3911 for the olefin. 

The olefin was treated with hydrogen bromide in the presence of t-butyl peroxide below 25°, 
to give 4,4-dimethylpentyl bromide, b. p. 63—63-8°/25 mm., m,* 1-4485 (Gutman and 
Hickinbottom * record b. p. 56—57°/19 mm., m,,*° 1-4485). 

The bromide (133 g.) with malonic ester yielded diethyl 4,4-dimethylpentylmalonate (140 
g.), b. p. 186—140°/9 mm., ,,** 1-4252, which on alkaline hydrolysis gave 4,4-dimethylpentyl- 
malonic acid, m. p. 98—102°, and decarboxylation of this at 160° (bath) gave 6,6-dimethyl- 
heptanoic acid (75-5 g.), b. p. 126—129°/11 mm., m,” 1-4296. Gutman and Hickinbottom ¥ 
record m,,**1 1-4298. The 4-phenylphenacyl ester had m. p. 89-5—90° (lit.,15 m. p. 89°); the 
anilide had m. p. 70-5° (Found: C, 77-1; H, 9-7; N, 6-1. C,sH,,ON requires C, 77-2; H, 9-9; 
N, 60%). 

The acid chloride, b. p. 79—80°/10 mm., was prepared by means of thionyl chloride. 

8,8-Dimethyl-1-phenyinonane.—6,6-Dimethylheptanoyl chloride (79-5 g.) treated in benzene 
with diphenethylcadmium, prepared by treating the Grignard solution from phenethyl bromide 
(185 g.), magnesium (24 g.), and ether (ca. 600 ml.) with anhydrous cadmium chloride (95 g.) 
and replacing the ether by benzene (Cason **). Working up in the usual manner gave the crude 

*8 Somerville and Allen, Org. Synth., 1943, Coll. Vol. II, p. 82 (note 9). 


*® Whitmore and Homeyer, J]. Amer. Chem. Soc., 1933, 55, 4555. 
%° Cason, Chem. Rev., 1947, 40, 15. 
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ketone (118 g.) and fractional distillation gave 8,8-dimethyl-l-phenylnonan-3-one, b. p. 
130°/1-5 mm., ”,** 1-4878, which yielded a semicarbazone, m. p. 86-5—87-5° (Found: C, 708; 
H, 9:5; N, 13-7. CysHggON, requires C, 71-2; H, 9-64; N, 13-8%). 

The ketone (44:6 g.) was stirred with 100% hydrazine hydrate (19-1 ml.) in diethylene 
glycol (195 ml.) at 80° during 1 hr. under a reflux condenser. Powdered potassium hydroxide 
(25-5 g.) was then added and the temperature was raised to 200°, water and the excess of 
hydrazine hydrate being allowed to distil off. After a further 3 hours’ stirring at 200° the 
two-phase mixture was cooled, then diluted with water, and the oil was isolated by means of 
ether. Fractional distillation gave 8,8-dimethyl-1-phenylnonane (26 g.), b. p. 111°/1-5 mm., 
293°/754 mm., n,*5 1-4773 (Found: C, 88-1; H, 12-0%). 

7-Phenylheptanoic Acid.—4-Cyclohex-l-enylmorpholine, b. p. 128—130°/18 mm., n,* 
15100 (prepared as described by Hiinig e¢ a/.**) was treated with benzoyl chloride and triethyl- 
amine in chloroform to yield 4-(2-benzoylcyclohex-1-enyl)morpholine which, hydrolysed by 20% 
hydrochloric acid (cf. ref. 31), gave 2-benzoylcyclohexanone, b. p. 184—200°/17 mm., m. p. 
g1—84°. Asample had m. p. 86—86-5° after recrystallisation from light petroleum. 

2-Benzoylcyclohexanone (43-7 g.) was hydrolysed by boiling 2N sodium hydroxide (200 ml.) 
during 1 hr. The cyclohexanone formed was removed by extraction with ether, and the 
aqueous solution, freed from ether, was poured into ice and hydrochloric acid to yield a white 
precipitate (39-2 g.), m. p. 63—64°. Recrystallisation twice from light petroleum (b. p. 80— 
100°) gave 6-benzoylhexanoic acid (21-6 g.), m. p. 82—83° (lit., m. p. 84—85°); a little benzoic 
acid separated from the mother-liquors. 

6-Benzoylhexanoic acid (66 g.) was reduced as described by Huang-Minlon ® to 7-phenyl- 
heptanoic acid (58-2 g.), b. p. 145—150°/0-7 mm. The amide had m. p. 89° (from ethanol) © 
(von Braun ** gives m. p. 89°). The acid chloride, b. p. 131—132°/0-9 mm., was obtained by 
reaction of the acid with thionyl chloride. 

10-Methyl-1-phenylundecan-5-one.—7-Phenylheptanoyl chloride (50-2 g.) reacted in benzene 
with di-isopentylcadmium, prepared by treating the Grignard solution from isopentyl bromide 
(75 g.), magnesium (12 g.), and ether (400 ml.) with anhydrous cadmium chloride (50 g.) and 
replacing the ether by benzene, to give the ketone (41 g.), b. p. 133—136°/0-3 mm., m,,*° 1-4885. 
This failed to give a 2,4-dinitrophenylhydrazone or a semicarbazone. 

10-Methyl-1-phenylundecane.—The foregoing ketone, undecan-5-one (40 g.), was reduced to 
the secondary alcohol (39 g.), ”,** 1-4928, by lithium aluminium hydride in ether (cf. prepar- 
ation of 4-methyl-4-phenylundecane), and this was heated over potassium hydrogen sulphate 
(14 g.) at 180—200° (bath)/16 mm. Dehydration was stopped after 12 hr. because the mixture 
had become dark and tar was formed. The oil was separated from the solid by using light 
petroleum (b. p. 40—60°) and distilled, giving the olefin (28-5 g.), b. p. 125—129°/1 mm., n,* 
14900. The olefin, hydrogenated at 1 atm. over 5% platinum-carbon, gave 10-methyl- 
1-phenylundecane, b. p. 114°/0-3 mm., ,,** 1-4795 (Found: C, 87-7; H, 12-5%). 

Hydrogenation of Alkylbenzenes.—(a) 7-Cyclohexyl-2,2,4-trimethyloctane. 2,2,4-Trimethyl-7- 
phenyloctane (containing 8% of 2,2,4,9,11,11-hexamethyldodecane) was hydrogenated in 
hexane over Raney nickel at 70—90°/90 atm. to 7-cyclohexyl-2,2,4-trimethyloctane, b. p. ca. 
86-5°/0-4 mm., ,,*5 1-4542 (Found: C, 85-8; H, 14-4. C,,H 3, requires C, 85-6; H, 14-4%). 
Gas chromatography showed the hydrocarbon to contain 2% of a low-boiling impurity, probably 
a hexamethyldodecane which had not been completely separated by fractional distillation. 

(b) 1-Cyclohexyl-2,2-dimethyldecane. 2,2-Dimethyl-l-phenyldecane was hydrogenated at 
95—112°/90 atm. during ca. 1 hr. to give 1-cyclohexyl-2,2-dimethyldecane, b. p. 111°/0-55 mm., 
n,** 1-4561 (Found: C, 85-6; H, 14-4. C,,H3, requires C, 85-6; H, 144%). Gas chroma- 
tography showed the hydrocarbon to be at least 99% pure. 

(c) 4-Cyclohexyl-4-methylundecane. 4-Methyl-4-phenylundecane was only partly hydro- 
genated under the conditions used in (a). Further hydrogenation at 100—110°/133 atm. 
gave 4-cyclohexyl-4-methylundecane, b. p. 116—116-5°/0-6 mm., n,,* 1-4630 (Found: C, 85-9; 
H, 143%). Gas chromatography showed the hydrocarbon to be at least 99% pure. 

Infrared data on the alkylcyclohexanes are to be published along with those for the alkyl- 
benzenes.? . 

Derivatives of Alkylbenzenes.—The alkylbenzene was acetylated on a small scale, giving an 


*t Hiinig, Benzing, and Liicke, Chem. Ber., 1957, 90, 2838. 
*? Hauser, Swamer, and Ringler, J. Amer. Chem. Soc., 1948, 70, 4024. 
%3 von Braun, Ber., 1911, 44, 2878. 
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2,4-Dinitrophenylhydrazones of alkylacetophenones. 

M. p. of Found (%) Required (% 
H N Formula Cc H "i 

CysHgpN,O, 64:8 

Cy,HygN,O, 65-4 

Cy,Hy,N,O, 66-0 


(o) 


Parent alkylbenzene 
2-Methyl-2-phenylpentane ¢ 
2-Methyl-2-phenyloctane ? 
2-Phenyldecane 
2-Methyl-2-phenyldecane 
8,8-Dimethyl-1-phenylnonane ¢ 
2,2,4-Trimethyl-7-phenyloctane 
1-Phenyldodecane / 
2,2-Dimethyl-1-phenyldecane ” 
2-Methyl-1l-phenylundecane?®? ... 
2-Phenyldodecane ®* 
4-Methyl-4-phenylundecane *” 
2,2,4,7-Tetramethyl-7-phenyl- 
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3-5 
3-4 

2-3 

2-1 

2-5 ” ” 
18 Cy.H,,N,O, 66-6 
2-3 

2-0 
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1-6 


1 
1 
1 
1 
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1 
1 
1 
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* Prisms; lit.,!7 m. p. 162—163°. ° Plates. * Needles. ¢ Mixed m. p. 112—113°. * Variable. 
J Orange-red. % Red. * Orange-yellow. 


alkylacetophenone which was converted into the 2,4-dinitrophenylhydrazone by the method of 
Pines and Shaw ?’ but with ethylene dichloride in place of carbon disulphide. The 2,4-dinitro- 
phenylhydrazone was chromatographed in benzene on a 20 x 1 cm. column of 4: 1 bentonite- 
kieselguhr before being recrystallised to constant m. p. from ethanol. All the derivatives (see 
Table), except that of 2-methyl-2-phenylpentane, are new. They are orange except as stated, 
Satisfactory analytical values, particularly for nitrogen, were difficult to obtain in some cases, 

Where the derivatives had close m. p.s, mixed m. p.s of any two compounds showed 
a depression of at least 15° (except as noted in footnote d). 


The authors are indebted to Mr. J. C. Hawkes, Mr. R. A. Lidgett, and Dr. A. J. Neale for 
gas-chromatographic and infrared determinations. The Directors of Monsanto Chemicals 
Limited are thanked for allowing this work to be published. 


NICKELL LABORATORIES, MONSANTO CHEMICALS LIMITED, 
RvuaBON, WREXHAM, N. WALES. [Received, September 8th, 1959.] 


255. Unsaturated Systems. Part III.* Synthesis of Some 
Substituted y-Methoxycrotonic Acids and Esters. 


By M. U. S. SULTANBAWA and P. VEERAVAGU with (in part) T. PADMANATHAN. 


Six substituted y-bromocrotonic esters afford y-methoxycrotonates when 
refluxed for several days with methanolic calcium carbonate. The effects 
of substituents on the reaction of the crotonic esters with N-bromo- 
succinimide are observed. 


y-METHOXYCROTONIC AcID (IIIb; Y = H) was first synthesised by the reaction of y- 
bromocrotonic acid with sodium methoxide, and in six steps from epichlorohydrin, but 
attempts to prepare y-methoxy-f$-methyl- and y-methoxy-$-methoxymethyl-crotonic acid 
(IIIa and f; Y = H) from the corresponding methoxyacetones by the Reformatsky pro- 
cedure failed.t_ The solvolysis of y-bromocrotonates has now been developed as a general 
method for the preparation of these acids. 

Reaction of methyl y-bromo-$-methylcrotonate with methanolic calcium carbonate in 
a sealed tube at 100° was 98% complete in about 5 days: it gave a 72% yield of methyl 
y-methoxy-8-methylcrotonate after 7 days’ refluxing. The ester was hydrolysed to the 
methoxy-acid with N-alkali at 94—95° in 3 minutes, the solid acid being accompanied by 
a liquid isomer. The structure of the solid acid was established as (IIIa; Y = H) by 
hydrogenation to y-methoxy-f-methylbutyric acid, ozonisation to methoxyacetone, and 


* Part II, J., 1958, 4113. 
1 Owen and Sultanbawa, /., 1949, 3098. 
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jsomerisation to the but-3-enoic acid (IVa) by alkali and characterisation of the §-formyl- 
butyric'acid. The liquid acid was the but-3-enoic acid (IVa), containing a small amount 
of the lactone (Va): it gave an immediate precipitate of the 2,4-dinitrophenylhydrazone 
of 8-formylbutyric acid and on hydrogenation in sodium carbonate solution over palladium- 
charcoal gave y-methoxy-f-methylbutyric acid. 


MeP=rcOyMe —> ied a hari —> Pensdeed 3: di 
(Il) R X (Il) RX 


90 Y 
oboe <_— eR 
(VY) R X 


(IV) RX 
c d e f g h 


Me H CH,Br ©H,°OMe Ph Me 
Br Br H H H CN (Et ester) 


The acid (IIIa; Y = H) was also obtained by hydrolysing y-dibromo-8-methylbutyro- 
nitrile with 95° sulphuric acid at room temperature for 7 days and treating the resulting 
dibromo-acid—amide mixture with sodium methoxide. A solution of the product in 
concentrated sulphuric acid was then treated with aqueous sodium nitrite; the acid’ 
(IIIa; Y = H) was obtained in poor yield. 

Attempts were then made to prepare a-bromo-y-methoxy-$-methylcrotonic acid 
(IIIc; Y = H) by adding bromine to the acid (IIIa; Y = H) and dehydrobrominating the 
product.2 «-Dibromo-y-methoxy-f-methylbutyric acid was obtained as an oil (not charac- 
terised) but attempts to dehydrobrominate it gave a mixture of the debrominated acid, 
dehydrobrominated acid, and bromo-olefin; the bromo-olefin and part of the y-methoxy- 
acid (IIIa; Y = H) could be separated, but the required (IIIc; Y = H) could not be ob- 
tained pure. On account of this difficulty the solvolysis of y-bromocrotonates was in- 
vestigated as a general method for the synthesis of y-methoxycrotonates. 

Methyl y-bromocrotonate (IIb) was refluxed with an excess of calcium carbonate 
in methanol, and methyl y-methoxycrotonate (IIIb; Y = Me) was obtained in 67% 
yield. It was hydrolysed to the acid (IIIb; Y = H), showing that reaction had again 
taken place without anionotropic change. Likewise methyl y-bromo-$-bromomethyl- 
crotonate (IIe) was prepared from methyl $-methylcrotonate (Ia) by reaction with two 
equivalents of bromosuccinimide in 65°% yield and converted into methyl y-methoxy-- 
methoxymethylcrotonate (IIIf; Y = Me) in 67% yield in a similar manner. The ester 
was hydrolysed in 3 minutes at 95° with N-alkali to the acid which was characterised as 
its 4-phenylphenacy] ester. 

Similarly methyl «-bromo-$-methylcrotonate (Ic) gave methyl «y-dibromo-$-methyl- 
crotonate (IIc) and «-bromo-y-methoxy-f-methylcrotonate (IIIc; Y = Me) in good yield. 
The structure of the last product was confirmed by ozonolysis to methoxyacetone and 
oxalic acid. In the residues from the distillation both of the bromo-esters (IIc) and 
(IIIc; Y = Me), a solid (m. p. 64—65°) was isolated which on the basis of its analysis, 
infrared absorption band at 1739 cm., and mode of formation is formulated as «-bromo- 
y-hydroxy-$-methylcrotonic acid lactone (VIc). 

Attempts were made to see whether methyl «y-dibromo-f$-methylcrotonate (IIc) could 
be lactonised by heating it in solvents as forerunner of a general method for synthesis of 
«$-unsaturated lactones,? but the highest yield (obtained in concentrated hydrochloric 
acid) was 20% (here reaction probably took place through the «y-dibromo-acid *), although 


* Cf. Owen and Sultanbawa, J. 1949, 3105. 
* Ruzicka, Plattner, and Pataki, Helv. Chim. Acta, 1945, 28, 1360. 
* Rubin, Paist, and Elderfield, J. Org. Chem., 1941, 6, 260. 
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under the same conditions methyl y-bromo-f-phenylcrotonate (IIg) was converted into g- 
phenylbutenolide (VIg) in 91% yield. The opportunity was taken to convert methyl » 
bromo-f-phenylcrotonate (IIg) into y-methoxy-f-phenylcrotonic acid (IIIg; Y = H) which 
was isolated as a solid along with a liquid acid which is probably a mixture of the ag- 
and the @y-unsaturated acid. 

Methyl «-bromocrotonate 5 (Id) and ethyl «-cyano-8-methylcrotonate ® (Ih) were both 
brominated in good yield with bromosuccinimide to give methyl «y-dibromocrotonate 
(IId) and ethyl y-bromo-a-cyano-f$-methylcrotonate (IIh) respectively, but only the former 
ester could be converted into the methoxy-compound. There was no evidence for lactone 
formation in this reaction although reaction with bromosuccimide required 22 hours. 

It is not possible to compare the behaviour of «$-unsaturated ketones,’ nitriles,® and 
esters ® towards bromosuccimide owing to the paucity of information, but it had been 
observed by Ziegler e¢ al.® that the time taken to brominate methyl crotonate in carbon 
tetrachloride was 13 hours whereas methyl $-methylcrotonate required only 4 hour. 
For the latter the time was increased to about 3 hours when ten times the amount of 
carbon tetrachloride was used. 

In the present investigation it has been observed that reaction of bromosuccinimide 
with methyl crotonate and «-substituted (e.g., Br, OMe”) or §-substituted (e.g., Ph, 
CO,ET™) methyl crotonates in carbon tetrachloride requires about 20 hours whereas 
with methyl $-methylcrotonate and «-substituted (e.g., Br, OMe,“ CN) methyl 6-methyl- 
crotonates it is complete in less than 2 hours. The evidence for 8-methoxy- and 6- 
ethoxy-crotonic esters is conflicting.4% «- and y-Methyl 5 groups also increase the 
reactivity of methyl crotonate. Therefore the main consideration for increased reactivity 
of the methyl crotonates seems to be the presence of an electron-repelling group at the «-, 
B-, or y-position. 

EXPERIMENTAL -- 

Light absorption was determined for ethanol solutions with a Unicam SP 500 spectro- 
photometer. 

Methyl 8-methylcrotonate with bromosuccimide gave methyl y-bromo-$-methylcrotonate,® 
b. p. 74—78°/6 mm., ,,%* 1-4990, Amex, 221 my (e 11,500). 

Reaction of Methyl y-Bromo-B-methylcrotonate with Calcium Carbonate in Methanol.—The 
bromo-ester (5-0 g.) was dissolved in methanol and the solution made up to 50 c.c. Portions 
(5 c.c.) of this solution were heated in sealed Pyrex tubes containing methanol (2 c.c.) and 
calcium carbonate (0-5 g.) in a boiling-water bath. At intervals the contents of a tube were 
poured into water and extracted with ether, and the bromide ion in the aqueous solution was 
determined by Volhard’s method. The results were: 

Time (hr.) 6 115 175 28 49 70 98-5 1225 150 
Reaction (%) 244 355 465 532 751 847 944 97-7 97-7 

Methyl y-Methoxy-B-methylcrotonate—Methyl y-bromo-f$-methylcrotonate (96 g.) was re- 
fluxed with calcium carbonate (50 gz 100% excess) in anhydrous methanol (200 c.c.) for 7 

5 von Auwers and Harres, Z. phys. Chem., 1929, A, 148, 1. 

* Cope, Hofmann, Wyckoff, and Hardenberg, J. Amer. Chem. Soc., 1941, 68, 3452. 

7 Buu-Hoi, Experientia, 1946, 8, 310; Southwick, Pursglove, and Numerof, J. Amer. Chem. Soc., 
1950, 72, 1600; Wassermann, Aubrey, and Zimmermann, ibid., 1953, 75, 96. 
omen: p yard and Bruylants, Bull. Soc. chim. belges, 1952, 61, 253; Bailey and Bello, J. Org. Chem., 

* Corey, J. Amer. Chem. Soc., 1953, 75, 2261; Ziegler, Spath, Schaaf, Schumann, and Winkelmann, 
Annalen, 1942, 551, 80. 

10 Sultanbawa, Proc. Ceylon Assoc. Adv. Sci., 1953, 9, Part I, 33. 

1. Idem, ibid., 1952, 8, Part I, 36; and unpublished results. 

12 Campbell and Hunt, J., 1947, 1176. 
oieh Kégl and Bruin, Rec. Trav. chim., 1950, 69, 729; Reid and Ruby, J. Amer. Chem. Soc., 1951, 7, 
4 Inhoffen, Bork, and Schwieter, Annalen, 1953, 580, 1; Inhoffen, Isler, von der Bey, Raspé, 
Zeller, and Ahrens, ibid., p. 7. 


18 Schmidt and Karrer, Helv. Chim. Acta, 1946, 29, 573; Buchta and Berger, Amnalen, 1952, 576, 
155. 
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days. The unchanged calcium carbonate was filtered off and washed with methanol, and 
most of the methanol was removed under reduced pressure through a Dufton column. The 
residue was poured into water and extracted with ether, and the ether extracts were dried 
(Na,SO,) and evaporated. The residue on fractionation gave methyl y-methoxy-B-methyl- 
crotonate (51-5 g., 72%), b. p. 64—65°/1 mm., »,* 1-4440 (Found: C, 58-5; H, 8-5. C,H,,0, 
requires C, 58-3; H, 84%), Amax. 214 my. (¢ 12,000). 

y-Methoxy-B-methylcrotonic Acid.—Methy] y-methoxy-$-methylcrotonate (20 g.) was added 
all at once to stirred aqueous N-sodium hydroxide (250 c.c.) at 94—95°. The mixture became 
homogeneous in 1 min. and after 3 minutes’ stirring it was rapidly cooled, acidified (Congo Red) 
with 4n-sulphuric acid, saturated with sodium chloride, and extracted with ether. The ether 
extract was dried (Na,SO,) and evaporated to give a semi-solid residue (17 g., 85%). By 
filtration a solid (10 g.) and a viscous pale yellow oil (6-5 g.) were obtained. The solid 
crystallised from water in colourless needles of y-methoxy-B-methylcrotonic acid, m. p. 84° (Found: 
C, 55-4; H, 7-8%; equiv., 131. C,H, O, requires C, 55-4; H, 7-75%; equiv., 130), Amax, 213 mp 
(e 11,100). The 4-phenylphenacyl ester crystallised from aqueous alcohol in flakes, m. p. 109— 
110° (Found: C, 73-8; H, 6-2. C, 9H, O, requires C, 74-1; H, 6-2%). 

The liquid portion was acidic and had an equivalent weight of 130-8. It was lactonic and 
unlike the solid acid gave an immediate precipitate with a solution of 2,4-dinitrophenylhydrazine 
sulphate in 4N-sulphuric acid. This indicated the presence of the By-form of the acid. No 
crystalline 4-phenylphenacyl ester could be obtained from it. 

Hydrogenation of y-Methoxy-B8-methylcrotonic Acid.—The methoxy-acid (1-3 g.) was dissolved 
in a solution of sodium carbonate (0-6 g.) in water (10 c.c.) and hydrogenated over palladium-— 
charcoal (30 mg. on 0-2 g.) at atmospheric pressure. The resulting y-methoxy-$-methylbutyric ~ 
acid (1-08 g.) had b. p. 125—126°/20.mm., ,* 1-4215 (lit.,1° b. p. 123—125°/20 mm., m,,*° 
1-4235). It was characterised as its 4-phenylphenacyl ester, m. p. 55—57° (Found: C, 73-95; 
H, 7:2. Cy gH,.O, requires C, 73-6; H, 6-8%). 

Hydrogenation of the Liquid Acid.—The liquid acid (1-3 g.), when hydrogenated as above, 
gave y-methoxy-$-methylbutyric acid, b. p. 125—126°/20 mm., ,”* 1-4225 (4-phenylphenacyl 
ester, m.' p. and mixed m. p. 55—57°). 

Base-catalysed Isomerisation of y-Methoxy-B-methylcrotonic Acid.—The acid (0-25 g.) was 
heated in 4N-sodium hydroxide (10 c.c.) and on a water-bath for 10 hr., then cooled, acidified 
(Congo Red) with 4n-sulphuric acid and treated with 1% 2,4-dinitrophenylhydrazine sulphate 
in 4n-sulphuric acid (500 c.c.). After 2 hr. the precipitate was collected and crystallised from 
benzene, giving yellow needles of §-formylbutyric acid 2,4-dinitrophenylhydrazone, m. p. 180° 
(lit..1 m. p. 174—175°,?” 136—138°) (Found: C, 45-0; H, 4-05; N, 18-7. Calc. for C,,H,,0,N,: 
C, 44-6; H, 4:1; N, 18-9%). 

Ozonisation of y-Methoxy-8-methylcrotonic Acid.—The acid (0-6 g.) was ozonised in carbon 
tetrachloride (10 c.c.) at 0°, the issuing gases being passed through a solution of dimedone reagent. 
No formaldehyde was formed (dimedone). The oily ozonide, obtained after the removal of 
carbon tetrachloride, was treated with zinc dust (1-3 g.) and acetic acid (5 c.c.) and steam- 
distilled. The distillate gave methoxyacetone 2,4-dinitrophenylhydrazone, m. p. and mixed 
m. p. 164—165° (from methanol). 

Hydrolysis of Sy-Dibromo-B-methylbutyronitrile and Conversion into y-Methoxy-B-methylcrotonic 
Acid.—1-Methylallyl cyanide # was converted into fy-dibromo-«-methylbutyronitrile, b. p. 
72°/0-2 mm., n,,* 1-5275, by addition of bromine.” 

The dibromo-nitrile (20 g.) was dissolved in 95% sulphuric acid (40 g.) and kept at ca. 30° 
for 7 days. Hydrogen bromide was liberated. The acid solution was poured on ice, and the 
aqueous solution extracted with ether. The ether extract was washed, dried (Na,SO,), and 
evaporated. The liquid residue (14 g.) was dissolved in dry methanol (35 c.c.), kept cooled 
in a freezing mixture, and treated dropwise a solution from sodium (3-6 g.) in methanol (80 c.c.). 
The mixture was stirred for 1 hr., then refluxed for $ hr., cooled, and made acid (Congo Red), 
and most of the solvent was removed under reduced pressure. The residue was dissolved in 
water and extracted with ether, and the extract was dried (Na,SO,) and evaporated. The 
residue (3-9 g.) was treated in concentrated sulphuric acid (25 c.c.) at 0° with sodium nitrite 


Wagner, J. Amer. Chem. Soc., 1949, 71, 3214. 

Pino and Piacenti, Rend. Ist. lombardo sci., Pt. I, Classe sci. mat. e nat., 1954, 87, 200. 
Tamele, Ott, Marple, and Hearne, Ind. Eng. Chem., 1941, 38, 115. 

Reynold, Fuson, Philip, and Southwick, J. Amer. Chem. Soc., 1944, 66, 670. 
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(2 g.) in water (5 c.c.). The mixture was then warmed on a water-bath for 10 min., cooled, 
and extracted with ether. On removal of the ether from the dried (Na,SO,) extract, a semi- 
solid product (0-8 g.) was obtained. The solid was separated, crystallised from light petroleum 
(b. p. 40—60°), and shown to be y-methoxy-$-methylcrotonic acid as its m. p. 83—-84° was un- 
depressed by an authentic sample. 

Addition of Bromine to y-Methoxy-B-methylcrotonic Acid.—Bromine (5-5 c.c.) in carbon 
tetrachloride (50 c.c.) was added during 30 min. to a stirred solution of the acid (13 g.) in carbon 
tetrachloride (50 c.c.) at 0°. After 3 hr. at 0° the solution became decolorised. On removal 
of the solvent the dibromo-acid was obtained as a light brown solid (27-8 g., 96%). Attempts 
to purify it failed. 

Attempts to Dehydrobrominate the Above Dibromo-acid.—Several attempts to dehydro- 
brominate ®° the acid failed. L£.g., the dibromo-acid (2-7 g.) in ethanol (10 c.c.) was treated 
at 0° with ethanolic sodium ethoxide [Na (0-46 g.) in ethanol (10 c.c.)] during 15 min. After 
reaction at 15—25° ethanol was removed under reduced pressure, the residue dissolved in 
water, and the neutral fraction extracted with ether. The aqueous solution was acidified 
(Congo Red) and extracted with ether. The dried ether extracts, on evaporation, gave (a) a 
neutral (0-33 g.) and (b) an acid fraction (0-47 g.). Fraction (a) on distillation, gave 1-bromo- 
3-methoxy-2-methylprop-l-ene, b. p. 125—126°/760 mm., m,°° 1-4510. Fraction (b) was 
distilled from a retort under a high vacuum: y-methoxy-f-methylcrotonic acid, m. p. and 
mixed m. p. 84°, crystallised on the sides; a clear viscous liquid was obtained as a main 
fraction (Found: equiv., 166-3; Br, 23-1%. Calc. for y-methoxy-$-methylcrotonic acid: 
equiv., 130. Calc. for a-bromo-y-methoxy-f-methylcrotonic acid: equiv., 209; Br, 38-3%). 

Methyl y-Bromo-8-bromomethylcrotonate.—Methyl B-methylcrotonate (11-4 g.) reacted with 
bromosuccinimide (38 g.) in carbon tetrachloride (80 c.c.) containing benzoyl peroxide (0-1 g.) 
in 2 hr. on a water-bath. The solution was cooled, filtered, and evaporated under reduced 
pressure. Fractionation gave methyl y-bromo-8-bromomethylcrotonate (18 g., 65%), b. p. 70— 
73°/8-2 x 10% mm., m,” 15460 (Found: C, 27-0; H, 3-1; Br, 58-7. C,H,O,Br, requires 
C, 26-5; H, 3-0; Br, 58-75%). 

Methyl y-Methoxy-B-methoxymethylcrotonate.—Methy1 y-bromo-8-bromomethylcrotonate (17 
g.) was refluxed on a water-bath with calcium carbonate (12-5 g.) in anhydrous methanol 
(50 c.c.) for 14 days and the product was worked up as usual, giving methyl y-methoxy-B-methoxy- 
methylcrotonate (6-8 g., 67%), b. p. 90°/7 mm., n,,*** 1-4520 (Found: C, 54-9; H, 8-1. C,H,,0, 
requires C, 55-2; H, 8-1%), Amex, 212 my (e 9700). 

y-Methoxy-B-methoxymethylcrotonic Acid.—To aqueous N-sodium hydroxide (70 c.c.) at 
ca. 95° methyl y-methoxy-$-methoxymethylcrotonate (6-5 g.) was added in one portion. The 
product was worked up as for y-methoxy-$-methylcrotonic acid. The solid residue of y- 
methoxy-B-methoxymethylcrotonic acid crystallised from water in needles, m. p. 83° (Found: 
C, 52-8; H, 7-3%; equiv., 161. C,H,,O, requires C, 52-5; H, 7-55%; equiv., 160), Amax 212 
my (¢ 8400) [4-phenylphenacyl ester (from aqueous ethanol), m. p. 110° (Found: C, 70:8; 
H, 6-2. C,,H,.O, requires C, 71-15; H, 6-25%)]. 

Methyl y-Methoxycrotonate.—Methy] y-bromocrotonate (18 g.) and calcium carbonate (10 g.) 
in methanol (50 c.c.), refluxed for 7 days, gave methyl y-methoxycrotonate (7-9 g., 67%), b. p. 
76—78°/12 mm., ,** 1-4380, hydrolysed to the acid, m. p. 66—67° (4-phenylphenacy] ester, 
m. p. 109°). 

Methyl «wy-Dibromo-B-methylcrotonate—Methyl «a-bromo-$-methylcrotonate (85 g.) and 
bromosuccinimide (82-5 g.) in carbon tetrachloride (250 c.c.) containing benzoyl peroxide (0-5 g.) 
on a water-bath for 14 hr. gave methyl wy-dibromo-8-methylcrotonate (102 g., 83%), b. p. 76— 
80°/3-2 x 10% mm., n,”* 1-5379—1-5415 (Found: C, 26-5; H, 2-85; Br, 58-0. C,H,O,Br, re- 
quires C, 26-5; H, 2-95; Br, 58-75%). After a few days the last ester fraction deposited 
needles (0-4 g.); these recrystallised in prisms, m. p. 64—65° (see below), from carbon tetra- 
chloride. 

Methyl «-Bromo-y-methoxy-B-methylcrotonate—Methy1 «y-dibromo-f8-methylcrotonate (64 g.) 
with calcium carbonate (23 g.) in methanol (400 c.c.) for 7 days gave methyl «-bromo-y-methoxy- 
8-methylcrotonate (35-4 g., 71%), b. p. 89—93°/7 mm., »,*? 1-4860—1-4875 (Found: C, 37-7; 
H, 48; Br, 35-5. C,H,,0,Br requires C, 37-7; H, 5-0; Br, 35-8%), Amax, 243 muy (ce 3650). 

The distillation residue (9 g.) solidified and crystallised from carbon tetrachloride in needles, 


20 Bachmann, J]. Amer. Chem. Soc., 1933, 55, 4279; Veeravagu, M.Sc. Thesis, University of Ceylon, 
1956. 
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m. p. 64—65°, identical (mixed m. p.) with the solid obtained as in the preceding paragraphs. 
It was lactonic and was formulated as a-bromo-y-hydroxy-B-methylcrotonic acid lactone (Found: 
C, 33-9; H, 2-85; Br, 45-15. C,;H,O,Br requires C, 33-9; H, 3-1; Br, 45-2%), Amex. 226 my 
(c 9400), Vmax. (in Nujol) 1739, 1770 (C=O), 1639 (C=C), 1376, 1456 (CH deformation, C-Me), 
2899 (CH stretching, C-Me) cm. (the authors thank Mr. R. L. Erskine, B.Sc., A.R.C.S., 
Imperial College, London, for these data). 

Ozonolysis of Methyl «-Bromo-y-methoxy-B-methylcrotonate——The bromo-ester (1-0 g.) in 
carbon tetrachloride (15 c.c.) was ozonised at 0°. The carbon tetrachloride was removed and 
the ozonide was mixed with glacial acetic acid (10 c.c.) and zinc dust (0-5 g.) and steam-distilled. 
The distillate gave an orange methoxyacetone 2,4-dinitrophenylhydrazone which, purified by 
chromatography on an alumina column with benzene-light petroleum (b. p. 60—80°) and 
crystallised from methanol, had m. p. and mixed m. p. 165°. The aqueous residue in the steam- 
distillation flask was acidified (Congo Red) and extracted with ether for 4 days. The dried 
extract on evaporation gave oxalic acid dihydrate, m. p. and mixed m. p. 100—101°. 

Methyl wy-Dibromocrotonate.—Methyl a-bromocrotonate (52 g.) and N-bromosuccinimide 
(55 g.) in carbon tetrachloride (150 c.c.) containing benzoyl peroxide (0-3 g.) on a water-bath 
gave, in 22 hr., methyl ay-dibromocrotonate (67 g., 90%), b. p. 81—86°/0-8 mm., m,°° 1-5402 
(Found: C, 23-3; H, 2-54; Br, 62-3. C,;H,O,Br, requires C, 23-3; H, 2-35; Br, 62-0%). 

Methyl «-Bromo-y-methoxycrotonate.—Methyl awy-dibromocrotonate (65 g.), when refluxed 
with calcium carbonate (25 g.) in methanol (400 c.c.) for 8 days, gave methyi «-bromo-y-methoxy- 
crotonate, b. p. 63—67°/10 mm., »,** 1-4830 (Found: C, 34-0; H, 4-2; O, 23-1; Br, 39-3. 
C,H,O,Br requires C, 34-45; H, 4-35; O, 23-0; Br, 382%. A second analysis also gave a 
high Br value), Amax, 233 my (e 6100). 

Attempts to lactonise Methyl ay-Dibromo-f-methylcrotonate.—The bromo-ester (1-0 g.), when 
heated in carbon tetrachloride, toluene (with or without benzoyl peroxide), xylene, anisole, 
dioxan, nitrobenzene, acetic acid, 50% sulphuric acid, or 48% hydrobromic acid (5 c.c.) at 
temperatures from 100° to 150° for 3—24 hr. gave 0—10% yields of lactone. When the ester 
(5 g.) had been refluxed with concentrated hydrochloric acid (20 c.c.) for 20 hr. and cooled, 
crystals (0-65 g.) of the lactone, m. p. 63°, were filtered off and the filtrate was continuously ex- 
tracted with ether. Evaporating the dried extracts gave a yellow oil (2-50 g.). 

Methyl y-Bromo-8-phenylcrotonate.—Methyl B-phenylcrotonate *4 (9-0 g.) and benzoyl peroxide 
(0-15 g.) in carbon tetrachloride (25 c.c.) were refluxed with N-bromosuccinimide (9-5 g.) in 
carbon tetrachloride (30 c.c.) for 18 hr. The product was isolated in the usual manner. Methyl 
y-bromo-8-phenylcrotonate (8-7 g., 67%) had b. p. 100—102°/10 mm., ,*4 1-5785 (Found: 
C, 51:35; H, 4-5; Br, 31-7. C,,H,,O,Br requires C, 51-8; H, 4:35; Br, 31-3%). 

8-Phenylbutenolide.—Methyl y-bromo-$-phenylcrotonate (1-0 g.) was refluxed with con- 
centrated hydrochloric acid (5 c.c.) for 24 hr. (bath temp. 160—180°). The whole was cooled 
and extracted with ether; the extracts were dried (Na,SO,) and evaporated, giving §-phenyl- 
butenolide (0-60 g., 91%), m. p. 94° (from water) (lit.,4 m. p. 94°) (Found: C, 75-0; H, 5-1. 
Calc. for C,jH,O,: C, 75-0; H, 5-0%). 

Methyl y-Methoxy-B-phenylcrotonate.—Methyl y-bromo-f-phenylcrotonate (3-2 g.), calcium 
carbonate (1-30 g.), and dry methanol (5 c.c.) were refluxed for 6 days and the product was 
worked up in the usual manner. Methyl y-methoxy-B-phenylcrotonate (2-0 g., 77%) distilled 
at 121—122°/7 mm. and had m,* 1-5410 (Found: C, 69-1; H, 6-8. C,,H,,O, requires C, 69-9; 
H, 68%), Amax, 206 (e 15,000), 264 (c 10,300), 268 (c 12,000), and 273 my (e 11,000). 

y-Methoxy-B-phenylerotonic Acid.—The ester (3-02 g.) was kept in aqueous N-sodium 
hydroxide (50 c.c.) and methanol (10 c.c.) at 95° for 8 min., then cooled, acidified, and extracted 
with ether. The extracts were dried (Na,SO,) and evaporated. The residue on distillation 
gave a liquid acid (2-85 g.), b. p. 150—151°/3 mm., m,,31 1-5660 (Found: C, 68-65; H, 6-5. 
Calc. for C,,H,,0,: C, 68-7; H, 6°3%), Amex. 205 (¢ 13,600), 214 (e 14,800), 261 (c 11,300), 265 
(e 14,800) and 267 my (e 11,300), giving a faint precipitate with Brady’s reagent and therefore 
containing a small amount (<10%) of the By-unsaturated acid (see below). 

This liquid acid, on storage, deposited y-methoxy-B-phenylcrotonic acid, m. p. 54° [colourless 
needles from light petroleum (b. p. 60+-80°)] (Found: C, 68-5; H, 6-35%), Amex. 206 (e 15,600), 
213 (infil. ¢ 11,900), 260 (ec 14,600), and 263 my (e 13,400) (cf. ref. 22). 

Ethyl y-Bromo-a-cyano-8-methylcrotonate.—Ethy] «-cyano-$-methylcrotonate (8 g.) in carbon 


*! Lipkin and Stewart, J. Amer. Chem. Soc., 1939, 61, 3295. 
*2 Braude, Ann. Reports, 1945, 42, 126. 
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tetrachloride (30 c.c.) was refluxed with N-bromosuccinimide (9-5 g.) and benzoyl peroxide 
(0-15 g.) for 2 hr. and the product worked up in the usual manner. Ethyl y-bromo-a-cyano-f- 
methylcrotonate had b. p. 69—70°/8 x 10 mm., ,*4 1-5100 (9-2 g., 75-8%) (Found: C, 41-15; 
H, 4-65; Br, 34-9. C,H,,O,NBr requires C, 41-40; H, 4-35; Br, 34-4%). 
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256. The Correlation of Separating Power and Efficiency of 
Gas-chromatographic Columns. 


By J. H. PuRNELL. 


A new measure of gas-chromatographic column efficiency, the separation 
factor S, is proposed and defined. Methods of calculating its value, both 
empirically from elution curves and from relative volatility data, are 
described. A general equation relating theoretical-plate requirements with 
relative volatility, retention volume, and free space in the column is derived. 
This equation is used to explain inconsistencies in the apparent separating 
power of different columns, in particular, for capillary and packed columns. 
Application of the equation to prediction of experimental efficiency require- 
ments, with consequent elimination of much experimental work, is discussed. 


THE theoretical-plate concept, introduced into chromatography by Martin and Synge! 
and later refined by Glueckauf,? has proved the most profitable approach to quantitative 
description of the efficiency of chromatographic columns. The theory is based on a model 
in which a single substance is eluted through a column by a carrier fluid; although 
Glueckauf discussed impurity ratios, the theory has never been explicitly applied to the 
problem of the separation of mixed solutes, except in a rudimentary fashion by 
van Deemter, Zuiderweg, and Klinkenberg.? The number (N) of theoretical plates in a 
column can be evaulated from experimental elution curves by use of the equation of 
van Deemter, Zuiderweg, and Klinkenberg: 


Nai Se 62 8 OO. 


Where V3’ is the retention volume (or time) measured from the moment of injection of the 
eluted substance into the column to the moment when its concentration maximum emerges 
at the column outlet, and w is the distance between the intercepts on the base line of the 
tangents to the inflexion points of the gaussian elution curve. 

Since this method of determining N is universally adopted it will be used here, although 
there is good reason to believe that the alternative method suggested by Glueckauf’s 
equations, identical in theory, yields more reproducible results. 

Apart from those interested in the theoretical aspects of chromatography few workers 
use theoretical plate numbers: analysts, for instance, are concerned more with the degree 
of separation attainable with a column than with its apparent efficiency. Besides, more 
satisfactory results have often been claimed for columns of low “ efficiency ”’ than for others 
of higher plate numbers. Experiment has shown too that N depends upon almost all 
the variables and is, therefore, so inconstant as to mean little except when it is stated 

1 Martin and Synge, Biochem. J., 1941, 35, 1358. 


* Glueckauf, Trans. Faraday Soc., 1955, §1, 34. 
* van Deemter, Zuiderweg, and Klinkenberg, Chem. Eng. Sci., 1956, §, 271. 
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that it is the best, or the worst, value attainable with a given column. Finally, the 
possible relation between the value of N necessary for the separation of two substances of 
relative volatility « does not seem to have been explored and so, since « is the function of 
practical importance, N seems to be of no use since its value cannot be determined before 
an experiment. 

On the other hand, measurements of N have provided the basis for the studies of 
column performance * which have recently much improved packed-column efficiency. 
The dependence of N upon many variables is now at least semiquantitatively known and 
the work has improved our understanding of the nature and kinetics of column processes. 
Further, it is now a relatively simple matter to construct and operate packed columns of 
as many as 50,000 theoretical plates. Simultaneously with the development of highly 
efficient packed columns, Golay® studied the theoretical and practical aspects of open 
capillary columns. His theoretical predictions of high efficiency, in terms of N, appear to 
be borne out by the finding of plate efficiencies as high as 750,000 in some cases. How- 
ever, where it has proved possible, comparison of chromatograms obtained with reasonably 
efficient packed columns and with capillaries reveals the disturbing fact that from the 
point of view of the actual separations achieved there is little to choose between them even 
when, as in some cases, plate efficiencies differ by as much as a factor of 100. 

It thus remains uncertain whether the apparently high efficiencies make for improved 
analysis, and there is a need for a measure of column performance accurately related to 
the degree of separation attainable, as well as for a direct link to the quantity familiar to © 
most analysts, the relative volatility and, possibly, to the theoretical-plate number. The 
work presented here attempts to achieve these aims. 


THEORETICAL 


The retention volume V;’ of equation 1 is really the sum of two retention volumes: 
the first is the volume (V4) of carrier fluid required to sweep a solute through the free space 
of the column and, in practice though not in theory, its ancillary apparatus; the second is 
the true retention volume (Vg) due only to the solvent or adsorbent present in the column. 
Thus, rewriting equation 1, we have 


N = 16[((Va+Va)iof®. . . . . wwe 


Here lies the clue to the apparent discrepancy between the plate efficiency N and the 
ability of a column to separate mixtures. For a given column, V4 is constant; hence, 
when Vx is reduced relatively to Vg (e.g., by reducing the weight of solvent in the column), 
then for a given value of N the ratio (Vp/w) decreases. For the separation of mixtures 
it is the latter ratio which is important. This is illustrated in Figs. 1 and2. Fig. 1 shows 
the imagined chromatograms (with peaks drawn as triangles for simplicity) for two 
substances of relative volatility 1-22 with each of four columns identical in all respects save 
that the weight of solvent is halved on passing from one to another. Since the columns 
are geometrically identical the dead space is the same in each case and since temperature 
and flow rate are assumed the same for all four columns, V4 is the same for all. The peaks 
are drawn so that the plate efficiency of each column is 680 (the base of the triangle is 
assumed to be w). With reduction of solvent weight, as the solute and air peaks move 
together, less separation would be observed. Evidently, as Vp approaches zero, more 
theoretical plates are required to bring about a given separation. This is further 
illustrated in Fig. 2 in which the chromatograms of Fig. 1 are redrawn to show complete 


_ _* Purnell, Ann. New York Acad. Sci., 1959, 72, 592; Bohemen and Purnell (p. 6) and Scott (p. 36), 
in “Gas Chromatography,” Butterworths, London, 1958, ed. D. H. Desty; Scott and Cheshire, 
Nature, 1957, 180, 702. 

5 Golay, Analyt. Chem., 1957, 29, 928. 

* Golay in ‘‘ Gas Chromatography,” Butterworths, London, 1958, ed. D. H. Desty, p. 13; Desty, 
Goldup, and Swanton, Nature, 1959, 188, 107; Lipsky, Landowne, and Lovelock, Analyt. Chem., 1959, 
81, 852; Scott, 3rd Informal Symp. Gas Chromatography Discussion Group, London, April, 1959. 
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separation of the two solutes with each column, the number of plates necessary in each case 
being shown. In going from column a to column d the theoretical plate requirement for 
separation rises from 680 to 2850. 

Separation Factor.—Fig. 2 shows that although N increases from column to column the 
ratio (Vp/w) remains the same. Thus, some unit proportional to this ratio would be a 
satisfactory unit of column efficiency. For reasons which emerge later, a separation 
factor, S, is proposed, to be defined by: 


UO 2 ss vis 5 ls le Ut 
Each of the chromatograms in Fig. 2 yields S = 480, this value defining the separation of 
two substances of relative volatility 1-22; and any column for which S = 480 would bring 


about the separation shown in Fig. 2. Again, Fig. 1 shows that, although N is constant 
from column to column, S falls from 480 for column a to 117 for column d. 
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Separation Factor and Relative Volatility——Since the true retention volume Vx is 
inversely proportional to the activity of a substance eluted from a chromatographic 
column, the relative volatility can be defined by: 


g= Vr.2/VR,1 ° ° ° . . ° . . . (4) 


where the subscripts 1 and 2 refer to two solutes in their order of elution. If the effective 
base width of a gaussian curve is taken as 1-5w for exact separation of two substances 
giving such curves, their retention volumes should differ according to: 


Vr,e bao Vai => 1-5[(w, a W)/2] . . . . . ° (5) 
Asymmetry usually takes the form of sharpened fronts and extended tails. These roughly 
cancel and so the assumption of gaussian form for the curves will not affect the conclusions 
greatly. f 
Making the reasonable approximation that w, = w, and substituting for w, in 
equation 3 gives 


S = 36[Vp.e/(Vn2a—Vnr®..-.--..- 6 
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which, with the aid of equation 4, leads to: 
Se Mifee BP 8! eee ee 


This connects the separation factor directly with the relative volatility and so, if « is 
known, the necessary value of S for any separation can readily be calculated. 
Separation Factor, Relative Volatility, and Theoretical Plates.—If equation 2 is divided 


by equation 3 we get: 
N = S{l + 2(Va/Vn) + (Va/V2)*] gt Lig. th] or fiy) ae 


or, when the value of S given by equation 7 is inserted: 


w= 36(—*,) [1+2(74)+(2) | ropes Saag 


Equation 9, which is a general one, permits calculation of N for any values of «, Vz, and 
Va. These are quantities which, if not already known, can be established easily and 
quickly by a few experiments with single substances eluted from very short columns. It 
should be borne in mind that the values of S or N deduced from the above equations are 
those necessary to separate exactly two components of given a, and that Vz is the true 
retention volume of the second component of the pair. 

The limiting values of N are clearly given by: 


ValVn—>0: N=S=36[fe/a—1)}? . . . . . (10) 
and, Va> lu Wa eee 6. Ss ST ee 
As Vz tends to zero, N tends to infinity, as expected. 

The values of N and S become identical if Vp > Va, and it is for this reason and because 
“conventional ”’ columns fall into this category that S was defined as in equation 3. In 
these conditions too, we may compare directly the number of plates required to carry out 
separations in gas chromatography and in distillation. The annexed Table shows 


calculations from equation 10 and distillation data calculated from the approximate 
empirical fractionation rule «% = 850. Columns Ngo and Nais? establish again that the 


Comparison of theoretical-plate requirements for gas chromatography and distillation. 


a Naist Nec Naist” a Naist Nec Naist® 
1-015 460 162,000 200,000 1-375 21 485 440 
1-075 93 7,100 8,700 2-000 10 144 100 
1-157 46 1,940 2,100 2-830 7 87 49 
1-245 31 940 960 3-950 5 64 25 


number of theoretical plates required in gas chromatography is roughly the square of the 
number required in distillation. At high values of «, however, even more than this are 
needed and it can readily be shown graphically that Ngo tends to the value 5Nais:”, the 
value, incidentally, which can be deduced by consideration of the events in a continuous 
circular chromatographic column. 

From equation 11 we see that even very simple separations require enormous column 
efficiencies when Vz is small; and, further, that 


log N = —2 log Va + 2 log Va + log S 
1.e., log N= —2logVg+Constant. . .... . (12) 
The “ Constant ” will not, in fact, be constant in practice, because of the changing value 
of S, but even so there should be genetal behaviour in accord with the form of equation 12. 


Phillips 7 quotes unpublished results which fit such an equation, and Scott ® shows curves 
of N against V,’ which might also agree with equation 12. 


” Phillips, ‘‘ Gas Chromatography,” Butterworths, London, 1956, p. 78. 












1272 Purnell: The Correlation of Separating Power and 


DISCUSSION 


Equation 9 can be used to construct families of curves from which the plate efficiences 
needed for the exact separation of components of given « for any value of (Va/Vx) can be 
quickly determined, as in Fig. 3. In consequence of the enormous change in N, a 
logarithmic scale must be employed. As an example of the use of the curves we may 
consider the separation of a pair of substances of « = 1-15. Fig. 3 shows that, when V, is 
negligible, only 1500 plates are needed whereas, when (Va/V) = 10, as is not uncommon 
in capillary analysis, 160,000 plates are required. Again, for a pair of solutes of « = 1-5, 
in principle a very simple separation requiring only 300 plates when Va = 0, when 
(Va/Vz) = 10, no less than 40,000 plates are essential for separation. Evidently, curves 
such as those in Fig. 3 can be very useful for rapid calculations. 

Some practical applications of equation 9 are now possible. Bohemen and the author# 
attempted to separate m- and f-xylene in a 30-ft. column of polyethylene glycol (2% by 


Fic. 3. Plots of log N required for exact 
separation of pairs of mixed materials 
against Va/V_ at various values of «a. 
Data calculated from equation (10). 


‘ Fic. 4. Plot of N against Vx for series of 
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weight on firebrick) at 50° where « = 1-03. For this column (Vq4/V_g) = 0-1. Putting 
these values into equation 11 gives N = 28,000. They did not quite achieve complete 
separation at 24,000 plates. As a second example, Desty, Goldup, and Swanton ° state 
that at 78-5° the relative volatility of the xylenes over 7,8-benzoquinoline is 1-083; they 
achieved complete separation with what appears to be a very heavily loaded capillary 
column for which (Vqa/V_) = 0-215. Equation 9 yields the value N = 16,000 for these 
conditions, which may be compared with the experimentally determined value of 
about 15,000. It is to be expected that the calculated value of N will always be slightly 
high in view of the approximation made in going from equation 5 to equation 6. 

Highly Efficient Columns.—It seems to have been amply proved in the foregoing 
discussion that when columns are operated at high values of (Va/VR) very many plates 
will be required to effect very simple separations. Conversely, when simple separations 
are achieved at high values of (Va/V) columns will appear to contain very many plates. 
This explains the apparent anomaly that extraordinarily high plate efficiencies in capillary 
chromatography often produce chromatograms no better than those from packed columns 
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of a mere few thousand plates. Indeed when extremely high efficiencies are quoted for 
capillary columns the underlying measurements are made on substances emerging very 
close to air. For instance, for fatty acid and ester separations on 200-ft. columns 
Lipsky, Landowne, and Lovelock * obtained N = 180,000 for substances emerging early. 
If, however, plate efficiencies are measured from peaks of high true retention volume, 
values of N near 30,000 are obtained. This, more realistic figure is, of course, very high 
but no better than can be achieved with good packed columns properly operated. The 
decrease in plate efficiency with increasing retention volume—the converse of what is 
generally observed with packed columns—has been described by Scott ® and can also be 
predicted from equation 11 (see, for example, equation 12). Fig. 4 shows a plot of N - 
against Vp which would be obtained from the chromatogram of some n-alkanes eluted from 
squalane at 25°. « is 3 for successive pairs of paraffins and the form of this curve is 
identical with those shown by Scott. In practice, if the first pair were just separated the 
second pair would be well separated, and N for the later peaks would be higher than those 
calculated from equation (10) and plotted in the Figure. However, this effect would 
hardly be great enough to change the shape of the curve significantly and something 
approximating to the broken line in Fig. 4 would be obtained. 

In comparing the relative merits of capillary and packed columns, separation factors 
rather than plate efficiencies should be used. When this is done no anomalies exist. For 
example, the author has recently shown § that hydrocarbon analyses performed with very 
long capillary columns of up to a half-million plates can be closely reproduced by 7-ft. 
packed columns of 5000 plates in about one-hundredth of the time. The explanation is 
that the separation factor for the capillaries was only about 8000 while that for the packed 
column was the same as the plate efficiency. Since both S and N are defined in terms of the ° 
square of the peak width, the peak widths on the two types of chromatogram differed only 
by a factor of about 25%. The chromatograms obtained thus appeared little different. 

One drawback at this time in the use of separation factors is that, in principle, nothing ‘ 
is known about the way in which, for a given column, they depend upon experimental 
variables. That is, it is not known precisely how change of column length or sample size, 
for example, affects the separating power of a column. However, it may be assumed 
from the similarity of equations (1) and (3) that the effects will parallel those already 
established for the dependence of N upon experimental] parameters. Thus, we may expect 
to obtain higher values of S by increasing column length, reducing sample sizes, using 
highly uniform solid supports of the finest possible mesh size, employing elevated pressures, 
and choosing the solvent judiciously. The one way in which we may expect the two is 
measures to differ is in the effect of reducing solvent weight in the column. It has ; 
several times been shown that more efficient columns are obtained if solvent weights are 
reduced. In the light of the present work it is not clear how far this is due purely to the 
effect of increasing the ratio (Va/V) and how far it is a real increase in the separating 
power of a column. Superficially, equation (9) suggests that reduction of solvent weight 
must always reduce the separating power of a column. However, this is not true if the 
increase in N with reduction of solvent is greater than the increase in theoretical-plate 
requirements. Thus, there is likely to be an optimum solvent weight for maximum 
separation. 

From the few experimental results at present available this seems to be the case, the 
optimum varying widely from solvent to solvent and being mainly determined by the 
mass-transfer term in the van Deemter rate equation. It is, thus, to some extent, 
determined also by the identity and properties of the substances analysed. 

Experimental Application of Equation (9).—For practical use of equation (9) it is 
necessary to know Va, Vz, and «. The dimensions of a column determine Vg: in a well- 
packed column, Vq is 45% (5%) of the total column volume. Determination of Vz 


nel Purnell, Gas Chromatography Discussions, Ann. Mtg. Amer. Chem. Soc., Atlantic City, Sept., 
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and « is essentially the same problem. In many cases both will be available from tabulated 
specific retention volumes which can be quickly converted for use at any temperature for 
any weight of solvent; if not, they can very readily be determined since a short column 
of the chosen solvent can be used to provide Vg for each component. The number of 
plates needed to separate the pair of components of smallest « can then be calculated 
for various values of (Va/V), or alternatively found from a graph such as Fig. 3. The 
column to be chosen is then that with which the required number of plates is most easily 
obtained. As a final check it should be ascertained that the first two components of the 
mixture [for which (V4/V) is greatest] can be separated under the chosen conditions. It 
is possible that some compromise in the matter of column length or (Vq/V) ratio may then 
be necessary. If sufficiently detailed information about the dependence of N on various 
experimental parameters, and enough specific-retention data become available, it is 
conceivable that chromatograms can eventually be worked out completely by theory, 
thus eliminating the considerable time normally spent in the empirical approach to 
analytical problems. 
DEPARTMENT OF PHYSICAL CHEMISTRY, 


UNIVERSITY CHEMICAL LABORATORY, 
LENSFIELD ROAD, CAMBRIDGE. [Received, October 5th, 1959.) 





257. The Structure of Aromatic Systems. 
By Davip PETERS. 


The meaning and use of the term aromaticity are clarified. The relative 
importance of the ground-state resonance energy, th chemical reactivity 
and, for the ions, the equilibrium free energy, in determining the aromaticity 
of various compounds is discussed. Neutral aromatic systems are aromatic 
by virtue of a low chemical reactivity: the aromatic ions are aromatic by 
virtue of a favourable equilibrium. The low enthalpy of the ground state 
does not account directly for the aromaticity of the benzenoid hydrocarbons 
or for that of the ions. Some known and unknown mesomeric ions are 
discussed, the perturbation method developed earlier being used. 


THE term aromaticity has come to have two different meanings. The classical meaning 
is “‘ having a chemistry like that of benzene ’’: its modern theoretical meaning is “‘ having 
a low ground-state enthalpy.’”’ The two usages are distinct, as the following discussion 
shows, and attempts to correlate them have been only accidently successful. 

Aromatic compounds were first clearly recognised by their lack of chemical reactivity. 
Later, they were found experimentally to have an abnormally low ground-state enthalpy ? 
and this was explained by Hiickel * who showed, by the molecular-orbital method, that 
cyclic systems of (4y + 2) px-electrons are characterised by a low x-electron energy (high 
resonance energy). It has become the practice to consider the resonance energy of the 
ground state in discussing known aromatic systems and in searching for new ones.*° In 
this theoretical development, the original meaning of the term aromatic has been lost: the 
characteristic stability of the aromatic systems is not a direct result of the low enthalpy of 
the ground state. The primary requirement, in the classical sense of the term, is a low 

1 See Robinson, Tetrahedron, 1958, 3, 323. 
oie * Wheland, ‘‘ Resonance in Organic Chemistry,”’ John Wiley and Sons, New York, 1955, pp. 75— 

8 Hiickel, Z. Physik, 1931, 70, 204; 1932, 76, 628. 


* Inter al., Roberts, Streitwieser, and Regan, J. Amer. Chem. Soc., 1952, 74, 4579; Baker and 
McOmie, ‘‘ Progress in Organic Chemistry,” Butterworths Scientific Publications, London, 1955, Vol. 


III, p. 44. 
P Craig, ‘‘ The Kekulé Symposium,” Butterworths Scientific Publications, London, 1959, p. 20. 
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chemical reactivity, and the resonance energy of the ground state is only accidentally 
connected with this property.* Whether it is possible to have aromatic systems with low 
ground-state resonance energy is not clear: what is clear is that aromaticity in its classical 
sense requires a low chemical reactivity. 

The situation has been further complicated by the so-calied ‘“‘ aromatic ions,” the 
cyclopentadienyl anion and the tropylium cation, which have the aromatic sextet. These 
ions have a low ground-state enthalpy, for the same reason as in the case of benzene, but 
this has led to their being grouped together with benzene, implicitly or explicitly, as 
aromatic systems. But these ions are chemically very reactive and far from ‘‘ benzene- 
like.” These ions owe their stability to a favourable free-energy difference between the 
neutral form and the ion, not to a low chemical reactivity. The similarity between the 
ions and the neutral hydrocarbons as far as their ground states are concerned has obscured 
the fundamental differences in the reasons for their stability. If these ions are to be 
called aromatic, it must be kept in mind that the basic reason for this aromaticity is 
different from that of the neutral hydrocarbons or, alternatively, that the word is not being 
used in its classical sense. In this paper, the former procedure is adopted: the neutral 
hydrocarbons are aromatic because they have a low chemical reactivity, and the ions are 
aromatic because they have a favourable free-energy difference compared with their neutral 
partners. From this point of view, we can discuss the aromaticity of the neutral hydro- 
carbons and the ions in a quantitative fashion. 

Neutral Hydrocarbons.—We are interested in the routes by which these compounds (A) 
decompose. The usual one is: 

A+X 


Irreversibly 


Products pie’ prin do) ae 


where X is an atom or a small molecule. As we now have reasonably reliable theoretical 
methods of examining this process, we can measure aromaticity quantitatively. We will 
avoid the complication of steric effects by restricting the discussion largely to 5-, 6-, and 
7-membered ring compounds. 

The aromaticity of benzene is directly and simply attributable to its high localisation 
energy (see Table).{ We can now understand the reduced aromaticity of naphthalene 
and azulene in a quantitative fashion by comparing the localisation energies of the most 
reactive positions. It is a serious difficulty of the resonance-energy criterion that one 
cannot say from it in any simple way whether naphthalene will be more, or less, aromatic 
than benzene: if one uses the resonance energy per electron, naphthalene should be more 
aromatic than benzene. The much discussed pentalene is an instructive example where 
concentration on the ground-state resonance energy has confused the issue. Its resonance 
energy (and its number of carbon atoms) is in fact intermediate between those of benzene 
and naphthalene, yet all attempts to isolate it have failed. The nucleophilic reactivity of 
the most reactive position is high (e~ low), compared with, say, that of naphthalene, so the 
chemical-reactivity criterion suggests that it will be very reactive towards nucleophiles 
and not aromatic. Its free-radical Jocalisation energy is low, but higher than that of 
heptafulvene, fulvalene, and fulvene, all of which can be obtained, at least in dilute 


* The connection is that the lower the energy of the ground state, the larger the activation energy, 
if the energy of the transition state is constant. But there seems no reason why, in the general case, 
the energy of the transition state should be even roughly constant. When the ground-state resonance 
energy can be successfully used in predicting aromaticity [the 4y + 2) rule of the benzenoid hydrocarbons] 
such a relation must occur; but it has no theoretical foundation and may break down without warning. 

+ This is also true for the inorganic compounds § and ferrocene,* but we have little information on 
their chemical reactivity, so it is still necessary to rely on the ground-state resonance energy here. 

¢ Or by any other equivalent measure of chemical reactivity. It could be argued that a ground- 
state property is adequate for the estimation of the chemical reactivity. This may be true, but it 
would not be the resonance energy. We use the simple Hiickel molecular-orbital technique as in 
previous papers: the symbols are defined there.’ 


* Moffitt, J. Amer. Chem. Soc., 1954, '76, 3386. 
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solution. It has been remarked earlier ? that the isolable dibenzopentalene ® has a reduced 
nucleophilic reactivity. Fulvene is a further example. Its resonance energy is quite high, 
but it has none of the properties of an aromatic system and this is explained immediately 


Resonance energies (R.E.) and localisation energies (e) of neutral hydrocarbons. 


R.E. R.E./7 e 
Benzene 2-0 0-34 2-54 
Naphthalene 3-68 0-37 , , 2-30 
Anthracene , 0-38 2-01 
Biphenylene .. - P P , , 2-35 
Azulene 


Pentalene 

Fulvene 

Heptafulvene t 

Benzofulvene { 

Dibenzofulvene { 

Fulvalene 0-28 


* All in units of 8. e*, <~, and e° are for attack by electrophiles, nucleophiles, and radicals 
respectively at the most reactive position. R.E./m is the resonance energy A wd melectron. The values 
are taken from Pullman and Pullman, “‘ Les Théories Electronique de la Chimie Organique,’’ Masson 
et Cie, Paris, 1952, and from Coulson and Daudel, “‘ Dictionary of Values of Molecular Constants,” 
The Mathematical Institute, Oxford, and the Centre de Chimie Théoretique de France, Paris. 

+ These localisation energies refer to the extracyclic carbon atom. The localisation energies of 
the other positions are 1-94, 2-12, and 2-27 for the l-, 2-, and 3-position (Coulson and Daudel’s 
numbering). 

t e* and e* of these hydrocarbons have not been reported. It is assumed that the extracyclic 
carbon atom will be the point of nucleophilic attack. 


by its high nucleophilic and radical reactivity: the molecule is sensitive to bases and poly- 
merises easily.2 Benzofulvene and dibenzofulvene seem to be rather more stable and 
they have a reduced nucleophilic reactivity. Fulvalene is Stable to acids (e* high), but 
is sensitive to bases (e~ low) and polymerises easily (e° low): the molecule is not aromatic." 
Heptafulvene is likewise not aromatic, since it is reactive towards acids (e* low) and 
radical (e* low). 

The chemical-reactivity criterion thus corresponds in a roughly quantitative manner to 
the organic chemist’s idea of aromaticity: it shows clearly that we cannot expect 
aromaticity in any of the molecules below the line in the Table. It is, of course, not possible 
to fix this line with certainty, but it is reasonable to suppose that, if all the localisation 
energies are greater than about 2-08, we may expect aromaticity. Since all the carbon 
atoms in an alternant hydrocarbon have the same values of the localisation energies for 
all three types of attack, these hydrocarbons will be stable to all reagents, or to none. 
In the non-alternant hydrocarbons, this equality of the localisation energies no longer 
exists and one finds mixed reactivity: a hydrocarbon may be quite stable to one type of 
reagent but very sensitive to another." 

The process depicted by equation (2) is an interesting but largely unexplored possibility. 
It represents an absolute or internal instability in that a single isolated molecule will 


Irreversibly 


A————» Products. ..... . (2) 


decompose spontaneously. Longuet-Higgins 1 has suggested that this is the reason for 
the instability of pentalene, decomposition occurring during a vibration to give two 


7 Peters, J., 1958, 1028. 

® Blood and Linstead, J., 1952, 2255, 2263. 

® Thiec and Wieman, Bull. Soc. chim. France, 1956, 177. 

10 Courtot, Ann. Chim. (France), 1915, 4, 202, 218. 

1. Doering, “‘ The Kekulé Symposium,’’ Butterworths Scientific Publications, London, 1959, p. 35; 
Angew. Chem., 1956, 68, 661. 

12 Longuet-Higgins, ‘‘ The Kekulé Symposium,” Butterworths Scientific Publications, London, 1959, 
p- 17. 
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molecules of acetylene and one of butadiyne. Reversible reactions also occur with the 
more reactive aromatic compounds,'* but these also follow the localisation energies. 
Hydrocarbon Ions.—Here we are not concerned primarily with the chemical reactivity 
but with an equilibrium: 
ee!) a eee 


since this is defined as measuring the aromaticity. X is a small molecule, such as water. 
Thus, the cyclopentadienyl anion will pick up a proton reversibly and the tropylium cation 
will react reversibly with water. The free energy change in these equilibria (AG) is given by 


wae ae. eee ae ee ee 


where e* is the localisation energy, the change in the x-electron energy when two or zero 
electrons are localised on a particular carbon atom; a and ) are constants. It is assumed 
here that the only difference between the different hydrocarbons is in x-electron energy; 
changes in o-bond energy, solvation energy, and entropy are constant or vary linearly 
with the z-electron energy changes. This localisation energy is identical with that used in 
studies of chemical reactivity, apart from the size of a parameter. Now this localisation 
energy can be obtained by solution of the secular equations, but it can also be obtained 
very easily by a minor modification of the perturbation method used earlier ? for neutral 
systems. It turns out that the cross-linked cyclic anion [(4y +- 1) carbon atoms, (4y + 2) 
px electrons] and the corresponding cation [(4y + 3) carbon atoms, (4y + 2) px electrons] - 
have localisation energies (e+)* given by: 


id, soe ion neutral) _ ¢ l ms sin [7 + s)x/2] cos L(r ee s)r/2] 
eae eee 2af 2 8 {= ir + n/n] aga (5) 





n cross 


where is the number of carbon atoms in the ion, the cross-link is formed between atoms 
rand s, the plus sign is for the anion, and the minus sign is for the cation. The localisation 
energy of the un-cross-linked cyclic anion or cation is always 28. The resulting values for 
some simple anions and cations are shown in the formule. The numbers in parentheses 
are those obtained by solution of the secular equations," and the success of the perturbation 
method in reproducing these is clear. 

These values reveal interesting trends. It must be borne in mind that these figures 
represent the x-electron energy required to produce an isolated carbanion (or cation) so 
that the molecule will protonate at the position where the numeral is smallest, and the 
smaller it is the lower will be the acidity of the neutral hydrocarbon. Fusion of one or 
two benzene rings to cyclopentadiene, giving indene and fluorene, reduces the acidity, as is 
well known.5 The pK,’s of indene and fluorene are estimated 1 to be 21 and 25 re- 
spectively and that of cyclopentadiene is predicted to be 17, which agrees roughly with the 
fact that it forms the anion in t-butyl alcohol but not in ethanol.’ Further linear addition 
of benzene rings reduces the acidity further. Angular addition, however, has a more 
complicated result: angular fusion to fluorene increases the acidity; to indene, it reduces 
the ease of protonation of the «-carbon atom, but increases that of the $-carbon atom 
until in compound (I) the latter position is the most readily protonated. Many of these 
compounds are known, including (I), but their acidity has not been examined and little is 


* The sign convention is that used earlier:” the localisation energies are negative quantities, a 
positive number multiplied by 8. In applying equation (5), the molecule must be numbered as a cycle, 
starting with the atom adjacent to, and finishing with, the localised atom. This ensures that the 
numbering is the same in the ion as in the localised molecule. 


%8 Gold and Tye, J., 1952, 2184; Plattner, Heilbronner, and Weber, Helv. Chim. Acta, 1952, 35, 
amg Rwy and Simonetta, ibid., p. 1049; Mackor, Hofstra, and van der Waals, Trans. Faraday 
oc., 1958, 54, 66, 186. 


uM Meuche, Strauss, and Heilbronner, Helv. Chim. Acta, 1958, 41, 57, 414. 
ad Ziegler, Kiihlhorn, and Hafner, Chem. Ber., 1956, 89, 434. 
*® Conant and Wheland, J. Amer. Chem. Soc., 1932, 54, 1212; McEwan, ibid., 1936, 58, 1124. 
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known about their chemistry. Compound (II) is of a novel type: the figures show that 
there is no reason to expect strong acidity for the protonated forms. 

There is some systematic evidence available for the cations and successful use of the 
localisation energies has been demonstrated by Meuche, Strauss, and Heilbronner¥ 


Anions 
C= oOQ= MCCO OCD» 
im a7 
(¥52) 
2:44 

246 2-02 2:35 1-64 

1-95 
97 
1-97 20 om a7 202235 1-97 "64 
2:26 
(II) 
Cations 
1-82 (1-84) 1-74 (1-79) 
2-28 2-43 
2-28 1-78 2:19 2-43 1-97 71 2-27 
(1-77) (1-72) 
+ 2-12 
2-40 
a1 1-97 2-40 
213 
1-51 (1-45) 
1-65 2-25 2:40 
2:31 212 
2:33 1-60 
2-02 
2527 (Ut) (154) 


2:02 2:50 


Localisation energies (units of B). 


Since the perturbation figures reproduce the secular-equation figures quite well, the former 
can be used with great ease on new ions. There is a concealed difficulty here, however, in 
that the ion may enjoy a favourable free energy, but the neutral form may decompose 
rapidly. This would probably be true of compound (III). For the ion to be isolable, 
therefore, conversion into the neutral form should be slow. Little is known about the 
rates of reaction of such ions, but if localisation energies are applicable here also, then a 
high localisation energy will serve the double purpose of giving a favourable free-energy 
balance and a low chemical reactivity. The localisation energies certainly predict the 
correct position of attack for indenyl and fluorenyl anions. 

There is some qualitative information about the influence of inductive substituents on 
anions of this kind. The purely inductive ammonium ion substituent !” stabilises the 
cyclopentadienyl anion markedly, and neutral, electron-withdrawing substituents do the 


1” Spooncer, Diss. Abs., 1956, 16, 458. 
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same. * The action of such substituents being represented by a change in the coulomb 
integral of the carbon atom to which they are attached, the change in the localisation 
energy (3) is given by: 

se = (aE% ane SEneuteal) = (grio® oan g,peutral) kB 


where q, is the charge on carbon atom 7. In the cyclopentadienyl anion, the charge is 1-2 
and in cyclopentadiene it is 1-0. Since & is positive for electron-withdrawing substituents, 
these will increase the localisation energy and stabilise the anion. Essentially the same 
situation arises in the fluorenyl anion, which is known * to be stabilised by the electron- 
withdrawing nitro-substituent. 


Royat Hottoway COLLEGE, ENGLEFIELD GREEN, SURREY. (Received, October 13th, 1959.] 


* The phosphonium ion also stabilises the cyclopentadienyl anion,'* but this is a less clear-cut case 
than the ammonium ion since the d-orbitals may intervene in the stabilisation !* as they do for fluorenyl.* 
One would expect the ylides from indene and fluorene to be less stable than those from cyclopentadiene *! 
since the former hydrocarbons are weaker acids. 


18 Ramirez and Levy, J. Amer. Chem. Soc., 1957, 79, 67. 

19 Kosower and Ramsey, J. Amer. Chem. Soc., 1959, 81, 857. 

20 Ingold and Jessop, J., 1930, 713. 

21 Lloyd and Sneezum, Tetrahedron, 1958, 3, 336. 

#2 Linn and Sharkey, J. Amer. Chem. Soc., 1957, 79, 4970; Peters, J., 1959, 1757. 

#3 Hughes and Kuriyan, J., 1935, 1609; Novelli and de Varela, Ciencia e invest. (Buenos Aires), 1948, 
4, 82; Chem. Abs., 1948, 42, 5912. 


258. Synthesis of the 7-Chloro-derivatives of Chromone, Flavone, 
and Isoflavone. 


By (Miss) J. D. Bryan, A. A. GOLDBERG, and A. H. Wracc. 


7-Chloro-chromone and -flavone have been synthesised from 4-chloro-2- 
hydroxyacetophenone; 7-chloroisoflavoné has been synthesised from benzyl 
4-chloro-2-hydroxyphenyl ketone. 


3-CHLOROXANTHONE ! reacts quantitatively with methoxide ion in refluxing methanol but 
is inert towards toluene-p-sulphonamide in refluxing pentanol. The 7-chloro-derivatives 
of chromone, flavone, and isoflavone possess the same mesomeric system as 3-chloro- 
xanthone and were required for a similar examination of their activities with nucleophiles. 

The necessary intermediate for two syntheses was 4-chloro-2-hydroxyacetophenone. 
This was obtained by Fries rearrangement of m-chloropheny] acetate; the constitution of 
the product was proved by methylation and oxidation to 4-chloro-2-methoxybenzoic acid. 

Reaction of 4-chloro-2-hydroxyacetophenone with diethyl oxalate gave the w-ethoxalyl 
derivative which on treatment with hydrochloric acid gave 7-chlorochromone-2-carboxylic 
acid. Pyrolysis of the latter yielded 7-chlorochromone. 

0-Benzoylation of 4-chloro-2-hydroxyacetophenone and rearrangement of the product 
with potassium hydroxide gave the w-benzoyl derivative which was cyclised by warm 
sulphuric acid to 7-chloroflavone. 

Fries rearrangement of m-chlorophenyl phenylacetate gave benzyl 4-chloro-2-hydroxy- 
phenyl ketone, conveniently isolated via its sparingly-soluble sodium salt. Two routes 
to the isoflavone were successfully employed in which Cy) of the heterocycle was 
supplied by (i) ethoxalyl chloride ? and (ii) formamide.’ 


? Goldberg and Wragg, J., 1958, 4234. 
cam Baker, Chadderton, Harborne, and Ollis, J., 1953, 1852; Baker, Harborne, and Ollis, J., 1953, 


* Gowan, Lynch, O’Connor, Philbin, and Wheeler, J. 1958, 2495. 
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4-Choro-2-hydroxyacetophenone.—The following method is more convenient than that 
recently described by Chen and Chang.‘ m-Chlorophenyl acetate was obtained in 91% yield 
by addition of acetic anhydride (1-6 moles) to a stirred mixture of m-chlorophenol (1 mole) and 
N-sodium hydroxide (1-6 moles) at 0°; it had b. p. 105—107°/13 mm. m-Chloropheny] acetate 
(102 g.) was added dropwise during 15 min. to a mixture of powdered aluminium chloride 
(101 g.) and carbon disulphide (600 c.c.) stirred at 15°. After the mixture had been stirred at 
15° for a further 1} hr. the solvent was distilled off and the viscous residue heated at 135° (bath 
temp.) for 3 hr. Water (1200 c.c.) and 10N-hydrochloric acid (60 c.c.) were added, and the 
mixture was distilled in steam. The distillate (3 1.) was extracted with ether (4 x 300 c.c.), 
the ethereal solution dried (Na,SO,), and ether distilled off. The residual oil (91 g.) was 
dissolved in warm water (105 c.c.) and 5N-sodium hydroxide and set aside to cool. The 
precipitated sodium salt (92 g.) was collected and washed with a little acetone; the filtrate was 
concentrated at reduced pressure and another crop (12 g.) collected. The combined crops were 
added to water (500 c.c.) and 10Nn-hydrochloric acid, and the whole extracted with ether 
(3 x 300 c.c.). Distillation gave 4-chloro-2-hydroxyacetophenone (76 g.; 74%), b. p. 120— 
122°/10 mm. (Found: Cl, 21-4. Calc. for C,H,O,Cl: Cl, 20-8%). The2,4-dinitrophenylhydvazone 
crystallised from aqueous pyridine in orange-red needles, m. p. 244—246° (Found: N, 15:8, 
C,,H,,0,N,Cl requires N, 16-0%); the semicarbazone, needles, had m. p. 218° (Found: N, 
18-3; Cl, 15-6. C,H,,O,N,Cl required N, 18-5; Cl, 15-6%). .. 

The anhydrous sodium derivative of this phenol (6-5 g.) was refluxed for 20 hr. with acetone 
(50 c.c.) and methyl iodide (10 c.c.). Solvent was distilled off, water (50 c.c.) and 5Nn-sodium 
hydroxide (5 c.c.) were added, and the mixture was heated on the water-bath for 10 min. and 
cooled. The insoluble solid on crystallisation from ligroin (b. p. 60—80°) gave 4-chloro-2- 
methoxyacetophenone (4-5 g.) as needles, m. p. 58—60° (Found: C, 57-8; H, 4:8. C,H,O,Cl 
requires C, 58-6; H, 4:9%). 

The foregoing compound (2-7 g.), potassium permanganate (12-4 g.), and water (200 c.c.) 
were stirred on the water bath for 24. hr. The mixture was filtered, and the filtrate adjusted to 
pH 8, evaporated to small volume, and acidified with hydrochloric acid. The precipitate gave 
4-chloro-2-methoxybenzoic acid (0-6 g.) (from aqueous alcohol), m. p. 138—140° alone and 
admixed with material obtained by methylation of 4-chlorosalicylic acid (Found: C, 51-5; 
H, 3-6; Cl, 18-9. Calc. for C,H,O,Cl: C, 51-5; H, 3-8; Cl, 19-1%). The m. p. was depressed 
by admixture with 6-chloro-2-methoxybenzoic acid. 

7-Chlorochromone.—A warm solution of 4-chloro-2-hydroxyacetophenone (8-53 g.) in diethyl 
oxalate (40 g., 37 c.c.) was added to a solution from sodium (4-6 g.) in ethanol (80 c.c.). The 
mixture became yellow, and solidified when warmed for $ hr. After cooling, the solid was 
drained, washed with ether and partitioned between Nn-acetic acid and chloroform; the chloro- 
form extract was dried and evaporated. The pale yellow residue was refluxed for 4 hr. with 
acetic acid (30 c.c.) and hydrochloric acid (1 c.c.). After cooling and the addition of water 
(50 c.c.), the solid was filtered off, washed, and dried in vacuo. Crystallisation from ethanol- 
water gave 7-chlorochromone-2-carboxylic acid as needles (8-0 g., 71%), m. p. 248—250° (decomp.) 
(Found: Cl, 15-7. C,)H,O,Cl requires Cl, 15-8%). 

The acid (2-25 g.) was heated at 250°/760 mm. for ca. 4 hr. under a cold-finger condenser. 
Collection of the sublimate was continued at ca. 150°/12 mm.; 7-chlorochromone (1-26 g., 70%) 
was obtained as needles (from ethanol), m. p. 100—102° (Found: C, 59-7; H, 2-8; Cl, 20-0. 
C,H,0,Cl requires C, 59-9; H, 2-8; Cl, 19-7%). 

7-Chloroflavone.—Benzoy1 chloride (17-4 c.c.) was added portionwise with shaking to a 
solution of 4-chloro-2-hydroxyacetophenone (17 g.) in dry pyridine (25 c.c.). After 1 hr. the 





* Chen and Chang, J., 1958, 146. 
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mixture was poured into ice—water (800 c.c.) and 5n-hydrochloric acid (100c.c.). 2-Benzoyloxy- 
4-chloroacetophenone was collected, washed with water, and crystallised from methanol; -it 
formed white needles (25 g.), m. p. 77° (Found: C, 65-0; H, 3-9; Cl, 12-7. C,,H,,O0,Cl requires 
C, 65-6; H, 4-0; Cl, 129%). A solution of the ester (25 g.) in dry pyridine (80 c.c.) was stirred 
at 50° and powdered potassium hydroxide (7-6 g.) added. After } hr. the mixture was chilled 
and acidified with 10% acetic acid (110 c.c.) and the yellow w-benzoyl-4-chloro-2-hydroxy- 
acetophenone (20 g.; m. p. 130°) collected. Crystallisation from alcohol gave pale yellow 
needles, m. p. 132° (Found: C, 65-5; H, 4-0. C,,H,,0,Cl requires C, 65-6; H, 4-0%). 

This ketone (19-2 g.), acetic acid (110 c.c.), and sulphuric acid (4-5 c.c.) were heated (steam- 
bath) for 14 hr., and the mixture then poured into ice—water (600 c.c.). The precipitate was 
washed with water and crystallised from alcohol and then from ethyl acetate; 7-chloroflavone 
(13 g.) formed needles, m. p. 158° (Found: Cl, 13-8. Calc. for C,;H,O,Cl: Cl, 13-8%). 

7-Chloroisoflavone.—m-Chlorophenol (25-8 g.; 0-2 mole) and phenylacetyl chloride (31 g.; 
0-2 mole) were refluxed with dry benzene (120 c.c.) for 24. hr. The chilled mixture was washed 
with water (20 c.c.), saturated sodium hydrogen carbonate solution (2 x 20 c.c.), and again 
with water (20c.c.). After being dried (Na,SO,) the liquid was distilled to give m-chlorophenyl 
phenylacetate (44-5 g.), b. p. 210—212°/25 mm. 

A mixture of this ester (43 g.), powdered aluminium chloride (29-3 g.), and carbon disulphide 
(250 c.c.) was stirred at room temperature for 1 hr. The solvent was distilled off and the 
residual oil heated at 100° for 5 hr. and then kept overnight at room temperature. The resinous 
mass was heated with 2N-hydrochloric acid (250 c.c.) to 60° and then the whole extracted with 
ether (2 x 150c.c.). The ethereal solution was washed with water (2 x 20c.c.), dried (Na,SO,), 
and distilled, the fraction of b. p. 196—198°/2 mm. being collected. This was boiled with - 
2n-sodium hydroxide (90 c.c.) and water (40 c.c.) for a few minutes and the solution set aside 
to cool. The sodium salt was filtered off, washed with cold saturated aqueous sodium chloride 
and then added to excess of 2N-hydrochloric acid and the mixture extracted with ether (2 x 150 
c.c.). The ethereal solution was dried and the ether removed, leaving benzyl 4-chloro-2-hydroxy- 
phenyl ketone (25 g., 58%), m. p. 62—64° (Found: C, 68-7; H, 4:7; Cl, 14:0. C,,H,,O,Cl 
requires C, 68-2; H, 4-5; Cl, 14-4%). 

A solution of this ketone (9-86 g.; 0-04 mole) in dry pyridine (100 c.c.) was stirred at 0° 
and ethoxalyl chloride (13-2 g.; 0-08 mole) added dropwise during 20 min. The dark solution 
was kept for 20 hr., then poured into water (600 c.c.), and the liberated oil extracted with 
chloroform (4 x 80 c.c.). The extract, after being washed with n-hydrochloric acid (2 x 50 
c.c.) and then water, was dried (Na,SO,), and evaporated. The residue, which was 7-chloro- 
2-ethoxycarbonylisoflavone or 7-chloro-2-ethoxycarbonyl-2-hydroxyisoflavanone or a mixture 
thereof (compare Baker et al/.*), was heated at 100° for ? hr. with acetic acid (60 c.c.) and 10N- 
hydrochloric acid (10 c.c.) in order to effect complete dehydration. The mixture was diluted 
with water and extracted with ether (3 x 70 c.c.), the extract washed with water and dried, 
and the ether evaporated. The residual ester was hydrolysed with sulphuric acid (120 c.c.) 
on the steam-bath for 1} hr. The solution was quenched in ice—water and extracted with ether 
(3 x 30 c.c.), and the ethereal solution extracted with 2N-sodium hydroxide (3 x 20 c.c.). 
The combined aqueous alkaline extracts were acidified and extracted with chloroform (3 x 50 
c.c.). Evaporation of the dried chloroform solution left a residue of 7-chloroisoflavone-2- 
carboxylic acid; a sample formed small prisms, m. p. 214—216° (decomp.) from chloroform- 
light petroleum (b. p. 40—60°) (Found: M, 302. C,H,O,Cl requires M, 300-5). 

The crude acid was heated at 220—230° until the evolution of carbon dioxide ceased (20 
min.). The residue on crystallisation twice from ethanol gave 7-chloroisoflavone (4:4 g.; 43% 
overall) as pale cream plates, m. p. 149—150° (Found: C, 70-6; H, 3-6; Cl, 13-6. C,,H,O,Cl 
requires C, 70-2; H, 3-5; Cl, 13-8%). 

7-Chloroisoflavone.—Benzyl 4-chloro-2-hydroxyphenyl ketone (3-52 g.; 0-014 mole) and 
formamide (3-9 g.; 0-084 mole) were refluxed for 14 hr. The liquid was cooled, ether (150 c.c.) 
added, and the whole extracted with 0-5n-potassium hydroxide (2 x 40 c.c.). The ethereal 
solution was dried and evaporated; crystallisation of the residue from ethanol gave 7-chloro- 
isoflavone (0-45 g.; 12%) as pale cream plates, m. p. 149—150° alone and in admixture with 
the material obtained by the Baker synthesis. 


The authors thank Mr. R. J. Crabbe for experimental assistance. 


ANGLO EsTaTE, SHEPTON MALLET, SOMERSET. (Received, September 2nd, 1959.) 
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259. The Electronic Spectra of N-Heteroaromatic Systems. Part 
VII.* Analogues of the Cinnamoyl Anion. 
By S. F. MAson. 


The ultraviolet absorption spectra have been measured for the anionic, 
cationic, and neutral forms of the pyridine-aldoximes and of the zwitterionic 
form of the 1-methochloride derivatives in aqueous solutions. The results 
and spectroscopic data for the various ionic species of the acetamidopyridines 
are interpreted in terms of a cinnamoyl anion model. The limitations of 
the model indicate that conjugation between the substituent and the pyridine 
nucleus is restricted in the ground state. 


TuE electronic spectra of ionic species of monocyclic N-heteroaromatic amines, and 
hydroxy- and mercapto-compounds which possess a f-orbital on the exocyclic atom con- 
jugated with the nucleus have been interpreted in terms of a perturbed benzyl anion model! 
In order to examine the generality of the method of interpretation, the electronic spectra 
of the four charged species of the pyridine-aldoximes, ¢.g., the neutral oxime (I), the cation 
(II), the anion (III), and the zwitterionic form (IV), in aqueous solution have been 
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measured, these compounds being analogues of the cinnamoyl anion with an exocyclic 
group of three conjugated atoms. The results are recorded in the Figures and in the 
Table, together with spectroscopic data * for the three accessible ionic species of the iso- 
conjugate acetamidopyridines, e.g., the neutral amide (V), the cation (VI), and the acetyl- 
imine (VIIa) or its zwitterionic form (VII6). 

As in the case of the pyridine derivatives with a monatomic conjugated substituent,! 
the long-wave bands in the spectra lie at wavelengths in the general order, zwitterion > 
anion > cation > neutral form; and a similar order holds for the second absorption band 
with the exception of the neutral and cationic forms of the 2-substituted compounds. 
Further, for a particular charged species and a given position of substitution, the pyridine- 
aldoximes absorb at a longer wavelength than the corresponding acetamidopyridines, the 


* Part VI, J., 1960, 219. 


1 Mason, J., 1959, 1253; 1960, 219. 
* Jones and Katritzky, ]., 1959, 1317. 
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same generalisation holding for the second absorption band in the spectra of the 2- and the 
3-substituted compounds (Table). For a given substituent in a particular ionic form, the 
wavelength maxima of the absorption bands depend less on the position of the substituent 
in the pyridine nucleus in the aldoxime and acetamido-series (Table) than in the pyridine 
derivatives with conjugated monatomic substituents,! the variation of band position with 
position of substitution being relatively small and irregular. However, there are trends 
in the aldoxime and acetamido-series, the wavelength of maximum absorption depending 
upon the position of the substituent in the general order 2- > 3- > 4-pyridine, for the 
long-wave absorption band, and 3- > 2- > 4-pyridine for the second band. 


The electronic absorption spectra in aqueous solution of the neutral (N), cationic (C), anionic 
(A), and zwitterionic (Z) forms of the pyridine-aldoximes and acetamidopyridines. 
(Values in italics refer to shoulders.) 


Compound Solvent Species Amax. (mp) ® 
Pyridine-2-aldoxime . pH 7 277; 239 7,550; 10,500 
pH 1 294; 238; 206 11,600; 8,100; 12,300 
pH 13 289; 15,300; 12,000 
-]-methochloride . pH ll 335; : 18,400; 5,300; 5,100 
Pyridine-3-aldoxime : pH 7 275; 4,700; 11,600 
pH 2 285; . 4,600; 8,800; 11,900 
pH 13 295; 6,500; 14,000 
-2-methochloride . pH 12 335; : 4,200; 14,700; 12,900 
Pyridine-4-aldoxime , 246; 12,600; > 14,000 
275; 15,500; >10,000 
289; 18,000; 5,900 
336; 22,000; 6,000 
273; 7,000; 10,000 
291; 229 11,800; 12,200 


-1-methochloride 
2-Acetamidopyridine ¢ 


2-Acetylimino-1,2-dihydro-1- 
methylpyridine ¢ 
3-Acetamidopyridine ¢ 


311; 265 7,400; 5,400 
271; 236 3,100; 9,800 
287; 247; 212 5,300; 11,000; 19,000 
Anhydro-3-acetamido-1-methyl- 
pyridinium hydroxide * 11 pH 14 
4-Acetamidopyridine ¢ ° pH 97 
pH 0. 


312; 273 3,500; 8,900 
244 17,700 
266; 206 20,000; 12,300 


N 
Cc 
A 
Z 
N 
Cc 
A 
Z 
N 
Cc 
A 
Z 
N 
Cc 
Z 
N 
Cc 
Z 
N 
Cc 


4-Acetylimino-1,4-dihydro-1-methyl- 
pyridine ¢ 11-03 pH 14 Z 312; 269 18,000; 5,800 


* Data quoted from Jones and Katritzky, J., 1959, 1317. ° The ionization constants and spectra 
of the neutral and zwitterionic forms of the aldoximes are quoted from Mason, J., 1960, 22. 


Some of the general features may be explained on the assumption that the x-electron 
system of these compounds is similar to that of the cinnamoyl anion. In the ground state 
the lone-pair electrons of the exocyclic nitrogen atom in the acetamido-pyridines or one of 
the lone-pairs of the oxygen atom in the aldoximes occupy an orbital derived from the 
non-bonding molecular orbital of the cinnamoyl anion, wy, which has the one-electron 
charge distribution (VIII). On the absorption of light, one of the delocalised lone-pair 
electrons is promoted to a similarly derived unoccupied molecular orbital. The two 
lowest unoccupied molecular orbitals of the cinnamoyl anion are a degenerate pair, with 
an energy equal to that of the carbon-carbon resonance integral, 8, above the zero energy 
of the non-bonding molecular orbital. Having the same energy and symmetry (A’ in C,), 
the configurations arising from the promotion of an electron from the non-bonding mole- 
cular orbital to the two lowest unoccupied orbitals interact strongly. However, the 
configuration interaction is minimal if the two lowest unoccupied orbitals, y, and yr, 
are given the forms represented by the one-electron charge distributions (IX) and (X) 
respectively, these forms approximating to different symmetries (B, and Ag, respectively, 
in C2), which would obtain exactly if the exocyclic atoms had a linear conformation. 
These forms of the lowest unoccupied orbitals of the cinnamoyl anion may be adopted for 
discussion with neglect of configuration interaction, with the additional justification that 
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the degeneracy of the orbitals is removed by hetero-substitution in the acetamido. 
pyridines and pyridine-aldoximes. For the tvans-conformation of the cinnamoyl anion, 
corresponding to the stable syn-form of the aldoximes, the transition yy —» y, has a 
theoretical dipole length of 2-05 A orientated nearly along the y-axis of (VIII) (the y. 
component has a length of 2-00 A), and the transition yy —» yn has a dipole exactly 
along the x-axis of (VIII) with a length of 0-517 A. 

In the acetamidopyridines and pyridine-aldoximes the energies of the orbitals, py, y,, 
and yy, are lowered in the first order of perturbation theory by an amount equal to the 
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product of the Coulomb integral increment of each hetero-atom relative to carbon, Aa, and 
the charge density at the position of substitution in (VIII), (IX), and (X) respectively. 
Equations may be written for the energies of the transitions, yy —» y¥, and yy —» du, 
E; and Ey, respectively; ¢.g., for the case of pyridine-4-aldoxime 














Ey = 8 — 0-20Aay + 0:16Aa—O0-10Aq, . . . . . (i) 
En = B + 036A + 0-09Ax, (2) 
where Aa, and Aa, refer to the Coulomb integral increments of either neutral (Aap) or 


negatively charged oxygen (Aao-), and of neutral (Aa) or positively charged nitrogen 
(Aay+), respectively, depending on the particular ionic species of the compound. From 
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ground-state phenomena it has been found ° for the trigonal nitrogen atom that Aay = 0-68 
and Aoy+ = 2°58, whilst for oxygen it is probable’ that Aap ~ B and Aap- ~ 0. 

Equations (1) and (2) and their analogues indicate that for a particular ionic species 
and a given position of substitution the transition energies of an acetamidopyridine, E; 
and En, should be Jarger than those of the corresponding pyridine-aldoxime by 0-56Aay 
and 0-36Aay respectively. In the aldoximes the exocyclic nitrogen atom is placed at an 
uncharged position in the non-bonding molecular orbital of the cinnamoyl anion (VIII), 
whilst the corresponding nitrogen atom in the acetamidopyridines occupies a position 
carrying a considerable charge. The highest occupied orbital thus lies at a lower energy 
in the acetamidopyridines than in the pyridine-aldoximes, and transitions from that 
orbital should, in general, require a larger energy, resulting in absorption at shorter wave- 
lengths in the former than in the latter compounds. Experimentally the acetamido- 
pyridines are found to absorb generally at shorter wavelengths than the corresponding 
aldoximes: of the eighteen pairs of comparable bands, only the shorter-wavelength band of 
the cationic and zwitterionic forms of the 4-subsituted compounds are exceptional (Table). 

The theoretical transition dipole lengths for the cinnamoyl anion suggest that in the 
spectra of the acetamidopyridines and pyridine-aldoximes the more intense of the first 
two absorption bands should be due to the transition, %y —» y;, and the weaker to the 
transition, yy; —» Yn. With these assignments, equation (1) and its analogues suggest 
that for a given compound the wavelengths of maximum absorption should follow the 
order zwitterion > anion, and cation > neutral form, for the long-wave band of the 
3- and 4-substituted derivatives, and the cationic and neutral species of the 2-isomers; 
also for the short-wave band of the 3-substituted derivatives, and the anion and zwitterion 
forms of the 2-isomers. Such orders are observed experimentally without exception 
(Table). Similarly, equation (2) and its analogues indicate the converse wavelength 
orders anion > zwitterion, and neutral form > cation, the former for the long-wave band 
and the latter for the short-wave band of the 2-substituted compounds, and both for the 
short-wave band of the 4-isomers. Only one of these orders is observed experimentally, 
i.¢., there is a hypsochromic shift of the short-wave band in the spectra of 2-acetamido- 
pyridine and pyridine-2-aldoxime on cation formation (Table, Fig. 1). 

The general lack of experimental support for equation (2) and its analogues points 
to a particular shortcoming of the cinnamoyl anion model for the electronic properties 
of the acetamido-pyridines and pyridine-aldoximes, that is, the assumption of complete 
conjugation between the substituent and the pyridine nucleus in the ground state. The 
protonation of the nuclear nitrogen atom in a pyridine derivative brings about a hypso- 
chromic shift of an absorption band only if the charge density at the position of the 
nitrogen atom is larger in the ground- than in the excited-state orbital. The charge 
densities at nuclear positions in the ground-state orbital of the acetamidopyridines and 
pytidine-aldoximes, analogous to (VIII), are due to the delocalisation of lone-pair electrons 
from an exocyclic atom, and if conjugation between the nucleus and substituent is 
restricted, the nuclear charge densities are correspondingly reduced. Comparison of the 
ionisation and tautomeric equilibrium constants of the acetamido-pyridines* and the 
pytidine-aldoximes * with those of the pyridine amines and hydroxy-compounds, respectively, 
has shown ®-4 that conjugation between the nucleus and the substituent is less complete in 
the former than in the latter series, and that the cinnamoyl anion is a less apposite model 
than the benzyl anion for the interpretation of the ground-state properties of the corre- 
sponding hetero-analogues. In the absence of conjugation between the nucleus and the 
substituent, the highest occupied orbitals in the acetamidopyridines or in the pyridine- 
aldoximes should have approximately the same energy, and corresponding transitions 
from those orbitals should show only small variations in energy. The spectral shifts 
observed on changing the position of the substituent in the acetamidopyridines or 


* Mason, J., 1958, 674. 
* Mason, /., 1960, 22. 
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pyridine-aldoximes are generally smaller (1—30 my) than those found in the spectra of 
the corresponding amino- and hydroxy-pyridines! (5—60 my), though smaller shifts 














would be expected, complete conjugation being assumed between the nucleus and the . 
substituent, owing to the different x-electron systems of the corresponding carbanions, a 
For corresponding orbitals, the one-electron charge densities, in general, vary from one ¥ 
position to another less in the cinnamoyl than in the benzyl anion, so that the energies 

required for the transition of an electron from one orbital to another should show generally fe 
a smaller variation with the position of the substituent in the hetero-analogues of the ic 
cinnamoy] than in those of the benzyl anion. h 

Experimental.—Absorption spectra were measured with a Hilger Uvispek Quartz Spectro- 3 
photometer, aqueous solutions being used with the pH values listed in the Table. Materials st 
were as in ref. 4. 

The author is indebted to the Royal Society for the provision of a spectrophotometer, y 
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260. Molecular Rearrangements. Part V.* The Course of the 

Thermal Rearrangement of Benzyl Phenyl Ether. | 
By F. M. Erxopatst and W. J. HIcKINBOTTOM. é 

Thermal rearrangement of benzyl phenyl ether in a suitable solvent results 
in the transfer of the benzyl group, in part, to the solvent. In «- or £- 0 
naphthol the normal products of the rearrangement are accompanied by fe 
benzylnaphthols and 9-phenylbenzoxanthens. In quinoline 2- and 4-benzyl- i fe 
quinoline are obtained together with 2-0-hydroxyphenylquinoline and the 5 
normal products of rearrangement of the ether. In isoquinoline the ether el 
similarly gives benzyl- and hydroxyphenyl-isoquinolines. g 
It is concluded that this rearrangement depends primarily on homolysis r 

into benzyl and phenoxy-radicals. The nature of the fission is inferred from 
the fact that benzyl and hydroxyphenyl groups substitute quinoline in the fi 

same positions. Intervention of free benzyl radicals is deduced because 
benzyl 2,4,6-trimethylphenyl ether, when heated alone or in quinoline, gives : 
dibenzyl as one of the products. Diphenylmethyl phenyl ether also tl 
decomposes on being heated, forming tetraphenylethane, phenol, and some fc 
diphenylmethane. e 
It has been established 1 that aryl benzy] ethers rearrange at ~270° with the migration of d 
the benzyl group from the oxygen to give ortho- and para-substituted phenols. This tl 
change is distinguished from that induced by acids or Lewis acids in that toluene and g 
9-phenylxanthens are always present in the products. The work described in this paper | e 

was planned to obtain more information about the thermal change. 

Behagel and Freiensehner ? reported that benzyl phenyl ether, heated with 6-naphthol, E 
gave 1-benzyl-2-naphthol, among other products; methyl l-naphthyl ether was similarly ir 
benzylated in the nucleus. For reasons indicated earlier! it was considered a: 
necessary to repeat these observations. It has now been confirmed that benzyl phenyl ce 
ether and @-naphthol at ~260° give 1-benzyl-2-naphthol as well as the normal products of P 
rearrangement of the ether: a mixture 9-phenyl-7,8-benzo- and -1,2,7,8-dibenz-oxanthen [ ir 
and 9-phenylxanthen was also obtained, showing that the essential character of the a 
thermal rearrangement had not been modified by the presence of a phenol. Using sl 


* Part IV, J., 1960, 520. 


! Part III, Elkobaisi and Hickinbottom, J., 1959, 1873. 
* Behagel and Freiensehner, Ber., 1934, 67, 1368. 
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a-naphthol, instead of 6-naphthol, led to 2- and 4-benzyl-l-naphthol, 9-phenyl-5,6-benzo- 
xanthen, and the normal products of rearrangement. 

Thermal rearrangement of benzyl phenyl ether in quinoline gives the normal products 
and substituted quinolines—2- and 4-benzylquinoline and 2-o-hydroxyphenylquinoline 
with a little 2-p-hydroxyphenylquinoline. 

Similar substitution occurs when isoquinoline is the solvent. 1-Benzylisoquinoline is 
formed together with a hydroxyphenylisoquinoline which has not yet been definitively 
identified: its infrared spectrum provides evidence of bonding between the phenolic 
hydrogen and the nitrogen atom, so that it has an o-hydroxyphenyl group in the 1- or the 
3-position. Attempts to synthesise compounds having these structures have not yet been 
successful. 

From these observations it is a reasonable conclusion that the thermal rearrangement 
of benzyl phenyl ether is not an intramolecular change. The benzyl group must be 
considered to migrate by some other process. In general terms, two main routes are 
possible: (a) a bimolecular reaction with benzyl phenyl ether as a benzylating agent and 
represented by the scheme: 


PhO*CH,Ph -+ PhO*CH,Ph ——p> PhOH + Ph*CHy*CgHyO-CH,Ph 
PhO-CH,Ph 
pe PhCH gC gH yO°CH,Ph + Ph*CHy"CgH,OH 


(b) fission of the bond between the benzyl and the phenoxy-group, followed by recombin- . 
ation of the benzyl group with the mesomeric oxyphenyl group. 

Both schemes depend essentially on fission of the benzyl-oxygen bond. The nature 
of this rupture can be accurately and surely deduced from the substitution products 
formed in quinoline. Only two types of fission are possible, homolysis and heterolysis; 
for heterolysis, it is reasonable to assume that the benzyl and oxyphenyl groups would 
substitute quinoline at different positions in the nucleus since one of the groups must be 
electrophilic and the other nucleophilic. The fact that both the benzyl and oxyphenyl 
groups attack the same position is consistent only with the conclusion that both groups 
react as free radicals and that the fission is a homolysis. 

It is possible to decide between a homolytic bimolecular reaction (a) and a thermal 
fission into free radicals (b) from the behaviour of benzyl 2,4,6-trimethylphenyl ether at 
270°. Here the opportunity of the benzyl group to substitute the nucleus is restricted by 
the ortho- and para-substituents of the phenyl group. As a consequence, dibenzyl is 
formed—a result which can be satisfactorily explained only if the benzyl group has some 
existence in the reaction as a free radical. 

This conclusion has been tested by replacing the benzyl group in benzyl phenyl ether by 
diphenylmethyl which has relatively low reactivity and little or no capacity to substitute 
the aromatic nucleus. At its boiling point, diphenylmethyl phenyl ether decomposes to 
give 1,1,2,2-tetraphenylethane, phenol, and some diphenylmethane. This is conclusive 
evidence of pyrolysis into diphenylmethyl- and phenoxy-radicals. 

The only valid evidence in favour of intermolecular benzylation (a) is Hart and 
Eleuterio’s observation * that the optical activity of the a-phenylethyl group is retained 
in the thermal rearrangement of phenyl a-phenylethyl ether. But migration of the 
a-phenylethyl group is accompanied by very extensive racemisation, so that it may be 
concluded that intermolecular phenylethylation can account for only a small fraction of the 
product. Hart and Eleuterio suggest that this retention of optical activity indicates an 
intramolecular migration, but until there is more detailed information on the optical 
activity of the ortho- and para-alkylated phenols from the rearrangement their conclusion 
should be accepted only with reserve’ 

On the basis of a preliminary fission of benzyl phenyl ether into benzyl and phenoxy- 
radicals by heat, the course of the rearrangement can be represented simply as shown in 


* Hart and Eleuterio, J. Amer. Chem. Soc., 1954, 76, 519. 
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the annexed scheme. This also explains the formation of benzylnaphthols in «- or 8. 





Ph: a OPh —=> Ph-CH,- + PhO- 


CH,Ph 
Gah. PhO: 6: Ph- PhCH C 2 
<) 
Mai ies S “ S 
Z we 4 R’ (R,R’ = Ph:CH,- ® PhO) 
N N N 


naphthol, and of 2-hydroxyphenylquinoline. In an elaboration of it we can suppose that 
the more reactive benzyl radicals interact with unchanged ether: 


Ph*CH, + PhO*CH,Ph ——a Ph*CHy°C,H,OH + Ph*CH,° 


However, the thermal rearrangement is more complicated than these simple schemes 
suggest. Account must also be taken of the formation of toluene and of 9-phenylxanthen 
which are characteristic products, formed generally in much greater amounts than the 
benzylphenols. 

Formation of xanthones and xanthens when suitably substituted phenols are heated is 
well known and it seemed possible that 9-phenylxanthen could be formed by the inter- 
action of two molecules of o-benzylphenol with the elimination of toluene and water: 


“CH,Ph PhCH, 
Woe 


However, heating o-benzylphenol in sealed tubes under conditions which cause thermal 
rearrangement yielded neither toluene nor 9-phenylxanthen. It was also possible that 
benzaldehyde, which is formed when benzyl phenyl ether is heated at its boiling point for 
some hours, might yield 9-phenylxanthen by reaction with phenol, for it is known that 
para-substituted phenols and benzaldehyde do so react in suitable solvents. But the 
amount of benzaldehyde formed as a result of several hours’ heating does not account 
for the amount of 9-phenylxanthen formed, nor is there evidence that benzaldehyde is 
formed when benzyl phenyl ether is heated in sealed tubes. It is probable that the 
benzaldehyde is formed by aerial oxidation of the ether. 

A more satisfactory explanation depends on reaction of benzyl or phenoxy-radicals with 
a benzylphenol (a) followed by reaction with an oxypheny] radical (5). 

Jo 


R- -C,HyOH 
o-Ph*CH4*CgHyOH ——— 0-HO*C,H,CHPh: ———> CHPh(C,H,OH), ———> PhcHe 0 
Par 


There is already evidence that reaction of aryl radicals with alkylbenzenes involves 
attack on the side chain ¢ and that benzyl radicals attack the 9,10-positions of anthracene. 
Thus benzyl radicals may dehydrogenate the CH, group of benzylphenols, and in support is 
the observation that the yield of toluene increases with that of 9-arylxanthen. In the 
thermal rearrangement of benzyl 2,4,6-trimethylphenyl ether there is formed in addition to 
dibenzyl, mesitol, and toluene, a phenol which has been provisionally identified as 2,4-di- 
methyl-6-phenethylphenol mainly for the reason that it is not the product that would be 
expected from attack of the benzyl group on the only vacant position in the mesitol nucleus. 

* Augood, Hey, Nechvatal, Robinson, and Williams, Research, 1951, 4, 386; Cadogan, Gold, and 


Satchell, /., 1955, 561; Dannley and Zaremsky, J. Amer. Chem. Soc., 1955, 77, 1588. 
5 Norman and Waters, J., 1957, 950; 1958, 167; Beckwith, Norman, and Waters, J., 1957, 171. 
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Its precise identification has only minor bearing on the principal arguments developed in 
this paper, yet its formation gives point to the suggestion that the attack of benzyl radical 
is not confined to the aromatic nucleus. 


EXPERIMENTAL 


Thermal Rearrangement of Benzyl Phenyl Ether.—(a) In a-naphthol. Benzyl phenyl ether 
(40 g.) and a-naphthol (15 g.) were heated together in sealed tubes at 260° for 12 days. The 
contents of the tube were dark brown and had a strong phenolic odour. Distillation up to 200° 
gave water (1 g.), toluene (5-8 g.), and phenol (10-0 g.). The higher-boiling products were 
separated by treatment with methyl-alcoholic potassium hydroxide (Claisen’s solution) into 
neutral and phenolic products. The former gave two main fractions: (a) b. p. 230— 
240°/14 mm. (3-5 g.), (6) b. p. 250—260°/14 mm. (8-0 g.). A dark tar remained (7-0 g.) from 
which nothing homogeneous was isolated. Fraction (a) solidified under ethanol, and crystallis- 
ation therefrom gave 9-phenylxanthen, m. p. and mixed m. p. 145°. Fraction (b) afforded 
9-phenyl-5,6-benzoxanthen, prisms, m. p. 182°, by crystallisation from ethanol (Found: C, 89-0; 
H, 5-3. C3H,,O requires C, 89-5; H, 5-2%). Distillation of the phenolic material gave: 
(a) «-naphthol (7-5 g.); (b) o-benzylphenol (4-0 g.) (Found: C, 84-5; H, 6-6. Calc. for C,,H,,0: 
C, 84:75; H, 66%) from a fraction of b. p. 175—185°/13 mm. (phenylurethane, m. p. and 
mixed m. p. 117°); (c) p-benzylphenol (6-5 g.), b. p. 195—205°/13 mm., m. p. and mixed m. p. 
84° (from light petroleum) (Found: C, 84-3; H, 66%) (benzoate, m. p. and mixed m. p. 87°); 
(ad) a mixture (7-0 g.), b. p. 285—245°/13 mm., from which 2-benzyl-1-naphthol, m. p. and mixed 
m. p. 74°, was isolated by crystallisation from 3: 17 acetic—formic acid (Found: C, 87-0; H, 6-0.. 
Calc. for Cy,H,,O: C, 87-1; H, 6-0%) [from the more soluble fractions of this crystallisation, 
2,4-dibenzylphenyl «-naphthylurethane, m, p. and mixed m. p. 145°, was obtained; it was 
estimated from the infrared spectrum of the mixture that these two components were present 
in about equal amounts); (e) 4-benzyl-l-naphthol (0-8 g.), m. p. and mixed m. p. 126° (from 
benzene), from a fraction of b. p. 255—265°/13 mm. (Found: C, 86-8; H, 6-0. Calc. for 
C,,H,,0O: C, 87-1; H, 6-0%) (benzoate, m. p. and mixed m. p. 103°). 

For comparison, 2-benzyl-1-naphthol was prepared by reaction of benzyl chloride (48 g.) on 
a suspension of sodium 1-naphthy] oxide in toluene (from «-naphthol 42 g., and sodium hydride 
8g.); this (yield, 52 g.) had b. p. 233°/12 mm., m. p. 74° (Found: C, 86-9; H, 5-8%). 

4-Benzyl-l-naphthol was prepared by reaction of benzyl alcohol (27 g.) and a-naphthol 
(30 g.) in light petroleum with aluminium chloride at 35—40°, the yield being 38 g., the b. p. 
245—255°/12 mm., and the m. p. 126° (Found: C, 86-8; H, 6-1%). 

(b) In 8-naphthol. Benzyl phenyl ether (40 g.) and 6-naphthol (15 g.) were heated together 
at 260° for 12 days in sealed tubes. The product was worked up as described for «-naphthol 
and the following were isolated: water (0-8 g.); toluene (5-4 g.); phenol (8-4 g.); $-naphthol 
(4:0 g.); o-benzylphenol (3-6 g.), b. p. 170—180°/12 mm. (Found: C, 84-5; H, 6-5. Calc. for 
C,3H,,0: C, 84-75; H, 6-6%) (phenylurethane, m. p. and mixed m. p. 117°); -benzylphenol 
(5-5 g.), m. p. and mixed m. p. 84° (Found: C, 84-7; H, 6-6%) (benzoate, m. p. and mixed m. p. 
87°); 1-benzyl-2-naphthol, b. p. 220—230°/12 mm. (1-6 g.)., m. p. 112° [from light petroleum 
(b. p. 80—100°)] (Found: C, 87-0; H, 6-0%) (acetate, m. p. and mixed m. p. 65°; benzoate, 
m. p. and mixed m. p. 97°); a mixture, b. p. 230—240°/12 mm. (5-0 g.) of 1-benzyl-2-naphthol 
and 2,4-dibenzylphenol in about equal proportions (infrared estimation). From this mixture 
1-benzyl-$-naphthol was isolated by crystallisation from light petroleum (b. p. 80—100°): 
from the more soluble fractions, 2,4-dibenzylphenol was isolated as a-naphthylurethane, m. p. 
and mixed m. p. 145°. 

The neutral products were separated by distillation and crystallisation into the following: 
9-phenylxanthen, m. p. and mixed m. p. 145°, from a fraction of b. p. 225—235°/12 mm. (5-5 g.); 
9-phenyl-1,2,7,8-dibenzoxanthen (0-8 g.), m. p. and mixed m. p. 190° (Claisen* gives m. p. 
189—190°) (Found: C, 90-2; H, 5-0. Calc. for C,,H,,O: C, 90-5; H, 5-0%) (red colour with 
sulphuric acid); 9-phenyl-7,8-benzoxanthen (5-5 g.), m. p. 163—164° [from ethanol or light 
petroleum (b. p. 60—80°)] (Found: (, 89-0; H, 5-3. Calc. for C,,H,,O: C, 89-5; H, 5-2%) 
(yellow colour with sulphuric acid). 

(c) Im quinoline. Benzyl phenyl ether (70 g.) and redistilled quinoline (60 g.) were heated 
together at 270° for 14 days in sealed tubes. Distillation, first at atmospheric pressure and then 


* Claisen, Annalen, 1887, 287, 266. 
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up to 140°/15 mm., removed toluene (16-6 g.), phenol (1-0 g.), unchanged quinoline (28 g.) ang 
benzyl phenyl ether. The remaining semisolid mass was diluted with ether; the phenols ang 
aminophenols (A) were extracted with Claisen’s solution. The ether solution was then shaken 
several times with hydrochloric acid to remove the amines (B) and leave an ethereal solution 
of the neutral products (C). 

The neutral products (C) consisted essentially of 9-phenylxanthen (10 g.), b. p. 230—249°, 
m. p. and mixed m. p. 145° (from ethanol) (Found: C, 88-4; H, 5-4. Calc. for C,,H,,0: C, 88-3: 
H, 5-4%) (correct infrared spectrum). 

The Claisen extracts (A) were concentrated to remove alcohol, then acidified with hydro- 
chloric acid to liberate the phenols (D). The aqueous acid solution, freed from phenols by 
ether-extraction, was neutralised with sodium carbonate to liberate the aminophenols (E) which 
were taken up into ether. Distillation of the phenols (D) gave o-benzylphenol, b. p. 180— 
190°/17 mm. (4-5 g.) (Found: C, 84-4; H, 6-5%) (phenylurethane, m. p. and mixed m. p. 117%, 
p-benzylphenol, b. p. 200—210°/17 mm., m. p. and mixed m. p. 84° (Found: C, 84-7; H, 6-4%) 
(benzoate, m. p. and mixed m. p. 87°), and 2,4-dibenzylphenol, b. p. 235—245°/17 mm. (0-8 g) 
(1l-naphthylurethane, m. p. and mixed m. p. 144°). The main constituent of fraction (E) was 
2-o-hydroxyphenylquinoline (12 g.), yellow needles (from methanol), the mother-liquors from 
which gave 2-p-hydroxyphenylquinoline, m. p. 234—237°. 

The amines (B), on distillation, gave fractions, (a) b. p. 220—230°/17 mm. (8 g.) and (b) b. p. 
245—260°/17 mm. (12 g.), and a solid residue (6 g.). Fraction (a) was essentially a mixture of 
2- and 4-benzylquinoline and was separated by crystallisation of the picrates from ethanol 
(4-benzylquinoline picrate separated first). Fraction (b) on trituration with ethanol and 
crystallisation from the same solvent gave 2,2’-biquinolyl, m. p. and mixed m. p. 195° (Found: 
C, 84:0; H, 4-6; N, 10-8. Calc. for C,,H,.N,: C, 84:3; H, 4-7; N, 10-9%) (picrate, prisms, 
m. p. and mixed m. p. 213°) (Smirnoff 7? gives m. p. 196° and 210—215° respectively), the mother- 
liquors on evaporation giving an unidentified yellow compound, m. p. 142° (from ethanol). 

2-Benzylquinoline, liberated from the pure picrate, boiled at 230°/14 mm. (Found: C, 87-0; 
H, 6-0; N, 6-5. Calc. for C,,H,,;N: C, 87-6; H, 6-0; N, 6-4%) [picrate, m. p. 158—159° (Found: 
C, 58-9; H, 3-7; N, 12°75. C,,H,3N,C,H,O,N, requires-C, 58-9; H, 3:7; N, 12°5%); 
methiodide, yellow needles (from acetone), m. p. 218—219° (decomp.) (Found: C, 56-85; H, 
4-8; N, 3-8; I, 35-1. C,,H,,NI requires C, 56-6; H, 4-5; N, 3-9; I, 35-0%)]. A specimen 
prepared from 1l-methylquinolone as described by Decker and Pschorr® had the same ap- 
pearance, the same infrared spectrum and the same crystallographic constants as the sample 
prepared from 2-benzylquinoline, and gave an undepressed mixed m. p. 

4-Benzylquinoline had b. p. 230°/17 mm. (Found: C, 87-4; H, 5-9; N, 6-5. Calc. for 
C,,H,,;N: C, 87-6; H, 6-0; N, 6-4%), and gave a picrate, platelets, m. p. 178—179° (Found: 
C, 59-1; H, 3-6; N, 12-5. Calc. for C,,H,,N,C,H,;O,N,: C, 58-9; H, 3-7; N, 125%), and 
methiodide, orange prisms, m. p. 224—228° (decomp.) (Found: C, 56-4; H, 4-7; N, 40. 
C,,H,,NI requires C, 56-6; H, 4:5; N, 3-9%). Rabe and Pasterneck® describe 4-benzyl- 
quinoline, b. p. 222—223°/19 mm. (picrate, m. p. 178°). 

2-o-Hydroxyphenylquinoline formed pale yellow needles (from methanol), m. p. 116° 
(lit.,4° 116°) (Found: C, 81-2; H, 4-6; N, 6-6. Calc. for C,,H,,ON: C, 81-4; H, 5-0; N, 6-3%) 
[picrate, needles, m. p. 185° (lit.,2° 184°) (Found: C, 56-0; H, 3-0; N, 12-2. Calc. for 
C,,;H,,ON,C,H,O,N,: C, 56-0; H, 3-1; N, 12.4%); hydrochloride, light yellow needles from 
dilute hydrochloric acid (Found: C, 61-35; H, 5-4; N, 4:9. C,,H,,ON,HCI1,2H,O requires C, 
61-3; H, 5-5; N, 48%); hydrobromide, bronze-coloured needles from dilute hydrobromic acid 
(Found: C, 56-4; H, 4:3; N, 4-5; Br, 24-75. C,,H,,ON,HBr,H,O requires C, 56-3; H, 4-4; 
N, 4:4; Br, 25-0%); O-benzoate, stout colourless crystals (from aqueous alcohol), m. p. 86— 
87° (Found: C, 81-3; H, 46; N, 4-4. C,,H,,O,N requires C, 81-2; H, 46; N, 
4:3%); O-benzoate picrate, prisms (from methanol), m. p. 167° (Found: C, 60-7; H, 
3-6. C,.H,,0,N,C,H,O,N, requires C, 60-6; H, 3-3%); O-acetate, m. p. 78—79°, long white 
needles from light petroleum]. It was identical in m. p., mixed m. p., and infrared spectrum 
with a specimen prepared by Doebner’s method.!° 

2-p-Hydroxyphenylquinoline formed thin flattened plates (from aqueous alcohol), m. p. 


7 Smirnoff, Helv. Chem. Acta, 1921, 4, 807. 

8 Decker and Pschorr, Ber., 1904, 37, 3400. 
*® Rabe and Pasterneck, Ber., 1913, 46, 1027. 
10 Doebner, Annalen, 1888, 249, 99. 
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236—237° not depressed on admixture with an authentic specimen ™ [hydrochloride (Found: 
C, 61-3; H, 5-0; Cl, 12:5. Calc. for C,s;H,,ON,HCI: C, 61-2; H, 5-5; Cl, 121%); acetyl 
derivative, m. p. 123—124° (Found: C, 77-4; H, 4:7; N, 5-5. Calc. for C,,H,,0,N: C, 77-5; 
H, 4:9; N, 54%); picrate needles (from acetone), m. p. 196—197° (Found: C, 55-9; H, 3-6; 
N, 11-7. C,,H,s0,N,CgH,O,N, requires C, 56-1; H, 3-3; N, 11-4%)). 

(d) In isoquinoline. Benzyl phenyl ether (70 g.) and isoquinoline (60 g.) were heated together 
in sealed tubes at 270° for 15 days. The product was worked up as described for quinoline, 
giving toluene (12 g.), phenol (17 g.), isoquinoline, m. p. 25° (33 g.), benzyl phenyl ether, m. p. 
39° (25 g.), o-benzylphenol (6 g.), p-benzylphenol (4-2 g.), 2,4-dibenzylphenol (2-0 g.), 1-benzyl- 
isoquinoline (15 g.), 1-o-hydroxyphenylisoquinoline (10-5 g.), and 9-phenylxanthen (7-5 g.). 

1-Benzylisoquinoline, b. p. 212—215°/15 mm., m. p. 55-5—56° (Found: C, 87-9; H, 6-2; 
N, 6-4. Calc. for C,,H,,N: C, 87-6; H, 6-0; N, 6-4%), was characterised as its picrate, m. p. 
182° (Found: C, 59-1; H, 3-7; N, 12-5. C,.H,,;N,C,H,O,N, requires C, 58-9; H, 3-6; N, 
12-5%), and methiodide, yellow needles, m. p. 247—247-5° (Found: C, 56-0; H, 4-4; N, 3-9; 
I, 34:7. C,,H,,NI requires C, 56-5; H, 4-5; N, 3-9; I, 35-0%). It was identical (m. p. and 
infrared spectrum) with 1l-benzylquinoline prepared by cyclisation of N-«-hydroxybenzyl- 
phenylacetamide."* The picrates and methiodides from both sources had the same m. p. and 
were not depressed on admixture. 

1-o-Hydroxyphenylisoquinoline formed prisms, b. p. 240—250°/15 mm., m. p. 166° (Found: 
C, 81-8; H, 5-0; N, 6-2. C,,H,,ON requires C, 81-4; H, 5-0; N, 63%); soluble in dilute 
alkali. Its picrate crystallises from chloroform in light yellow crystals, m. p. 183° (Found: C, 
56-0; H, 3-2; N, 11-9. C,,;H,,ON,C,H,O,N;, requires C, 56-0; H, 3-1; N, 12.4%). Its phenyl- 
urethane has m. p. 173—174°. 

Thermal Rearrangement of Benzyl 2,4,6-Trimethylphenyl Ether.—This ether, b. p. 180— 
182°/14 mm., ,,*° 1-5555, was prepared by refluxing a mixture of benzyl chloride, 2,4,6-tri- 
methylphenol, and potassium carbonate in acetone for 35 hr. (Found: C, 84-9; H, 8-1. C,,H,,O 
requires C, 84-9; H, 8-0%). 

(a) Alone. The phenol (38 g.) was heated in sealed tubes for 10 days at 280°. By distil- 
lation and treatment of each fraction with aqueous alkali the product was resolved into toluene 
(7-4 g.), mesitol (11-2 g.), m. p. and mixed m. p. 92°, dibenzyl (3-5 g.), m. p. and mixed m. p. 52° 
(decomp.), benzyl mesityl ether (2 g.), 2,4-dimethyl-6-phenethylphenol (7 g.), m. p. 87° (Found: 
C, 84:9; H, 8-1. C,,H,,O requires C, 84-9; H, 8-0%) (phenylurethane, m. p. 145-5°; p-nitro- 
benzoate, m. p. 142°), and tar (4 g.). 

Dibenzyl was further identified by means of its infrared spectrum and dinitro-compound, 
m. p. and mixed m. p. 180°. 

3-Benzyl-2,4,6-trimethylphenol was prepared by adding, in 1 hr., finely powdered alumin- 
ium chloride (17 g.) to mesitol (35 g.) and benzyl alcohol (25 g.) in light petroleum, with stirring 
at 35°. Next morning, acidification, and distillation of the phenols, gave mesitol (5 g.), 
3-benzyl-2,4,6-trimethylphenol (23 g.), and 3,5-dibenzyl-2,4,6-trimethylphenol (10 g.). The 
monobenzyl product, b. p. 200—210°/15 mm., m. p. 59—59-5° (from light petroleum) (Found: 
C, 84-9; H, 8-0. C,,H,,O requires C, 84-9; H, 8-0%), gave a phenylurethane, m. p. 138—139°, 
and its infrared spectrum was distinct from that of 2,4-dimethyl-6-phenethylphenol with which 
it gave a depressicn of the m. p. 

3,5-Dibenzyl-2,4,6-trimethylphenol, b. p. 290—295°/15 mm., m. p. 111° (from light petroleum) 
(Found: C, 87-2; H, 7-4. C,,H,,O requires C, 87-3; H, 7-6%) gave a phenylurethane, 
m. p. 129°. 

The same two phenols were formed by reaction of benzyl chloride with mesitol in light 
petroleum in presence of aluminium chloride. 

(b) In quinoline. Benzyl 2,4,6-trimethylphenyl ether (50 g.) and quinoline (20 g.) were 
heated together at 270° for 17 days in sealed tubes. The lower-boiling products were toluene 
(12 g.) and 2,4,6-trimethylphenol (13-5 g.). The higher-boiling material was freed from phenols 
by washing with Claisen’s solution and then from amines by means of acid. The neutral 
product was essentially dibenzyl, m. p. and mixed m. p. 52° (3-0 g.). _ The amines were separated 
by distillation into quinoline (8 g.),-2,2’-biquinolyl, m. p. and mixed m. p. 195° (4-5 g.), and 
mixed benzylquinolines (7-8 g.) from which 2- and 4-benzylquinoline were isolated by fractional 
crystallisation of their picrates. 


1! Weidel, Monatsh., 1887, 8, 127. 
* Pictet, Ber., 1910, 48, 2386. 
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Thermal Decomposition of Diphenylmethyl Phenyl Ether.—This ether was prepared by adding 
bromodiphenylmethane (25 g.) in ether (120 c.c.) to sodium phenoxide in an excess of phenol 
(from phenol, 120 g., and sodium, 5 g.). Reaction was completed on a steam-bath in 1} hr, 
After treatment with water, the ether extract was washed repeatedly with aqueous alkali, 
diluted with light petroleum, and extracted with Claisen’s solution. Distillation gave the ether, 
b. p. 210°/14 mm., m. p. 54° (from light petroleum) (Found: C, 87-5; H, 6-1. Calc. for 
CygH,,0: C, 87-7; H, 6-2%); Schorigin # gives b. p. 233—243°/23 mm., m. p. 54°. 

At its b. p. the ether decomposes and the temperature of the boiling liquid falls from 295° 
to 235°. After 3 hr. 30 g. of ether gave phenol (7 g.), unchanged ether (2-8 g.), 1,1,2,2-tetra- 
phenylethane (10-5 g.), and a dark residue. 

Heating 20 g. of ether at 250° for 20 hr. gave phenol (3 g.), diphenylmethane (1-5 g.), tetra- 
phenylethane (13 g.), and a residue (2-5 g.). 

1,1,2,2-Tetraphenylethane, m. p. and mixed m. p. 210° (Found: C, 93-3; H, 6-5. Calc. for 
CygHg,: C, 93-4; H, 6-6%), was further identified by means of its infrared spectrum and by its 
tetranitro-compound, m. p. and mixed m. p. 143°. Diphenylmethane, m. p. and mixed m. p. 
26° (tetranitro-compound, m. p. and mixed m. p. 172°), also had the correct infrared spectrum. 
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261. Kinetics and Mechanisms of Addition of Acids to Olefins. Part I. 
The Addition of Hydrogen Chloride to Isobutene in Nitromethane. 


By Y. PockEr. 





Addition of hydrogen chloride to isobutene in nitromethane is of first 
order in olefit and of second order in hydrogen chloride. Tetraethyl- 
ammonium chloride suppresses the rate of addition of acid by combining 
with free hydrogen chloride to produce hydrogen dichloride ions. The 
observed kinetics require the reaction between the t-butyl cation intermediate 
and a hydrogen dichloride anion to be slower than elimination of a proton 
from the cation. 


UNDER acidic conditions the elimination of halogen acid from an alkyl halide is reversible, 
the equilibrium being generally favourable to addition at low temperatures and to 
elimination at high temperatures. Information concerning the kinetics and mechanism 
of addition is therefore pertinent to elimination and symmetrical halogen exchange, by 
the principle of microscopic reversibility. 

For addition of hydrogen chloride to isobutene and of hydrogen bromide to propene 
in heptane Mayo and his co-workers! observed reactions of first order in olefin and of 
somewhat indefinite order (averaging about three) in hydrogen halide. The kinetics of 
addition to olefins in aqueous acid are less complex,” but the chemical process is hydration, 
and the reaction orders do not show the degree of involvement of a water molecule in the 
transition state. An attempt to apply the Zucker-Hammett hypothesis leads to a 
dilemma: * for hydration of 2-methylbut-2-ene this hypothesis would assign to the 
transition state the composition olefin,H*, while for dehydration of the corresponding 
alcohol under identical conditions it would assign the composition olefin,H*,H,O. 
Clearly the same transition state has been assigned different compositions, depending on 
the direction of approach, and this is contrary to the principle of microscopic reversibility. 

1 (a) Mayo and Katz, J. Amer. Chem. Soc., 1947, 69, 1339; (b) Mayo and Savoy, ibid., p. 1348. 

* Lucas and his co-workers, J. Amer. Chem. Soc., 1934, 56, 460, 1230, 2138. 


* Boyd and Taft, jun., Abs. Amer. Chem. Soc., 132nd Meeting, New York, September, 1957, p. 76; 
see, however, Melander and Myhre, Arkiv Kemi, 1959, 18, 507. 
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For more detailed investigation of heterolytic addition of acids to olefins it was 
advantageous to avoid solvolysis. A solvent had to be employed which was sufficiently 
jonising to sustain carbonium ions but insufficiently nucleophilic to react with them.‘ 
This was achieved by studying the addition of hydrogen chloride to isobutene in nitro- 
methane solvent. The conjugate base of hydrogen chloride is more nucleophilic than the 
nitromethane molecule and enables the essential rate-controlling steps to be studied in 
greater isolation than is possible in hydration. 

1. Kinetics of Addition of Hydrogen Chloride to Isobutene.—The kinetics of this reaction 
were studied in three ways: by following the disappearance of acid, by following the 
disappearance of chloride ions, and by determining the loss of isobutene. The rates 
obtained by the three methods are practically identical (see Table 1), indicating that 
under the conditions employed there is little or no decomposition of the solvent molecules 
by the hydrogen chloride present or by the carbonium ion intermediate produced during 
the addition. The stoicheiometry of the addition is one whereby for each molecule of 
olefin only one molecule of acid disappears, to produce at 25-0° t-butyl chloride in practic- 
ally quantitative yield. Yet, the kinetics show that at relatively low acidities, 1.c., with 


TABLE 1. Initial second- and third-order rate coefficients (ky in sec.1 1. mole+; ky in 
sec. 1.2 mole) of addition of hydrogen chloride to isobutene in nitromethane at 25-0°. 


[Isobutene] (HCI) 108k, * k,* 
(mole 1.-*) (mole 1.-*) [Method] (sec.-! 1. mole) (sec.—? 1.2 mole~*) 

0-0025 0-0050 —dCl-/dé 5-2 1- 
0-0025 0-0050 —dOlefin/dt 5-0 1-0 
0-0025 0-0050 —dH*/dt 5-0 1-0 
0-0025 0-0100 - 11-0 1-1 
0-0025 0-0150 % 14-7 0-98 
0-0025 0-0150 — dOlefin/dt 15-0 1-0 
0-00245 0-0157 od 16-8 1-07 
0-00245 90-0157 —dCl-/dt 16-8 1-07 
0-00245 0-0157 —dHt/dt 16-0 1-02 
0-0029 0-0166 a 17-6 1-06 
0-0033 0-0218 a 23 1-05 
0-0050 0-0050 ee 5-0 1-0 
0-0050 0-010 is 9-8 0-98 
0-0050 0-015 m 14-7 0-98 
0-010 0-005 p- 5-05 1-01 
0-010 0-010 ot 9-9 0-99 
0-010 0-015 is 14-4 0-96 
0-011 0-059 ad 6-2 1-05 
0-0125 0-0147 me 14- 0:97 


* For a given run, the possible variation in these values resulting from the uncertainty in deter- 
mination of initial slopes is about 4%. 
+ Values of k, calculated independently from the equation 
1 * 2-303 b(a — x) 
~ tb — a) [aa — x) + (6 — a) 10810 a(b — x) 


were constant throughout a run within 4% and practically identical with those recorded in the Table. 








hs 


[HCl] < 0-03M, the rates of addition are first-order with respect to olefin but second-order 
with respect to hydrogen chloride. This can be seen from the dependence of the second- 
order rate coefficients calculated as first-order in both olefin and hydrogen chloride on the 
concentration of the latter. The last column in Table 1 records third-order rate co- 
efficients, k,, obtained by dividing k, by the concentration of hydrogen chloride. These 
are practically constant, so that, in the range of acidities employed, 


v(Addition) = k,[Olefin][HCI}? 
Section 2 concerns the condition of the ions when a reaction normally dependent on 


ions is transferred from a hydroxylic solvent to one which has a high dielectric constant 


* de la Mare, Hughes, Ingold, and Pocker, J., 1954, 2930. 
UU 
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but apparently very little capacity for ion solvation. Then a mechanism consistent with 
the above kinetics is derived in section 3. 

2. The Dissociation of Hydrogen Chloride in Nitromethane.—Wright, Murray-Rust, and 
Hartley ® showed that hydrogen chloride exists largely as undissociated molecules, but 
that there is present also a certain concentration of ions. In these solutions, therefore, 
ion-association or recombination is important as a consequence, not of uncommonly strong 
ionic interaction, but of low solvation energy. This explains the large difference in the 
degree of dissociation between hydrogen chloride on the one hand and perchloric acid and 
tetraethylammonium chloride on the other. The undissociated hydrogen chloride is in 
equilibrium with hydrogen ions and chloride ions: 


HCl == Ht + Cl-; K, = [H*)(CI4/(HCy 


The concentration of free chloride ions is, however, considerably smaller than that of the 
hydrogen ions since the former tend to combine in nitromethane with a molecule of 
hydrogen chloride to produce hydrogen dichloride ions: 


Cl- + HCl HCl,-; K, = [HCI,"]/{HCNI[CI-] 


The HCl,~ ions are very stable in nitromethane,® 1.¢e., K, > K, at 25-0°. Thus, it is now 
found that adding tetraethylammonium chloride to hydrogen chloride in nitromethane 
reduces the concentration of free hydrogen chloride, until, at the equivalence point, the 
concentration of free acid is not higher than 5% of the original (infrared measurements) 
and possibly as low as 2% of the original (vapour-pressure measurements). Hebrandson, 
Dickerson, and Weinstein’? recently isolated tetraethylammonium hydrogen dichloride 
from nitrobenzene solution, and in the present work we isolated this salt from nitro- 
methane. Conductance measurements ®®8 indicate that, in the range of acidities 
investigated kinetically, the overall ionisation of hydrogen chloride is best described in 
terms of the equilibrium: ff 


2HCl = Ht + HCl,-; K,K, = (H*)}{HCl,-]/[HCI? 


Added tetraethylammonium perchlorate shows none of the above described effects, so that 
an HCl molecule does not bond its hydrogen to one of the oxygens of the Cl10,~, #.¢., 
[(CLHC1O,]~ does not exist in nitromethane. 

3. Mechanism of Addition A mechanism consistent * with the kinetics recorded in 
Section 1 is derived by considering the addition as a two-stage process and remembering 
that K, > K, (section 2). The first stage involves reversible addition of the proton to 
isobutene as in (i): 

Va 
(i) Me,C=CH, + H* ——> Me,Ct 


% 





* The kinetics presented in Sections 1 and 4 are also consistent with addition through an ion-pair 
intermediate according to the generalised scheme: 


1 3 
Me,C=CH, + 2HCl === Me,C+HCl,- === Me, CCl + HCl 
2 4 


with reaction 1 or 3 rate-determining. Such a generalised scheme would also accord with Smith and 
Hammett’s measurements of acidity function.® In a paper to be published shortly we show that ug 
or its variant 4 in the present scheme, is rate-determining for chlorine exchange between t-butyl chloride 
and hydrogen radiochloride in nitromethane. Therefore, by the principle of microscopic reversibility, 
step 3 should be rate-determining in the addition. This leads to the same stoicheiometric composition 
of the transition state by explanations cast in terms of kinetically free ions or in terms of ion-pair 
intermediates. 


5 Wright, Murray-Rust, and Hartley, J., 1931, 199. 
Pocker, J., 1958, 240. 
Hebrandson, Dickerson, jun., and Weinstein, J. Amer. Chem. Soc., 1954, 76, 4046. 
Pocker, unpublished observations. 
Smith and Hammett, J. Amer. Chem. Soc., 1945, 67, 23. 
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This is followed by stage (ii), reaction of the carbonium ion with the hydrogen dichloride 
ion: . 


(ii) MesCt + HCI,- = Me,CCl + HCl 


The rates of the various steps are given by: 
Vq = k,[H*][Me,C=CH,] 
vp = ky[Me,C*] 
v, = k,{[Me,C*)[HCl,~] 
and va = ka{Me,CCl][HCl) 


The reverse process vq is very slow at 25-0° (kg = 3-9 x 10° sec. 1. mole), so that the 
rate of addition at this temperature is governed by the rate at which the t-butyl cation 
reacts with hydrogen dichloride ion. However, if only a fraction of the carbonium ions 
produced by v, combines with a hydrogen dichloride ion, while the majority eliminates 
a proton and returns to isobutene then, vg > % > v, > va, which leads to: 

v(addition) = v, = k,{[Me,C*](HCl,-] = keke Mie C=CH,](H*][HCl,] 


p 
where {H*} - K,K,[HCl}?/(HC1,7] 
In the absence of added saline chloride 
[H*] = (HCl,"] = VK, Ky) [HCl] 
and the equation for the rate of addition reduces to: 
Ve = (kake/ ke) K,K,[Me,C=CH,][(HCI}? 


This is in accord with experiment (section 1) where K,K,k,k./k, = Constant = kg. 

4. Effect of Added Chloride Ions.—The addition of saline chloride was found to decrease 
the rate of addition of hydrogen chloride to isobutene, as predicted from the inequality 
K, > K,. When hydrogen chloride is in excess, practically the entire amount of chloride 
ions initially supplied as tetraethylammonium chloride is transformed into hydrogen 
dichloride ions, [HCl,~] + [NEt,Cl]. The amount of free hydrogen chloride is then 
no longer practically equal to the total amount of titratable acid but would be reduced 
accordingly: 

[HCl ]tree = {HCI}, — [HC1,“]} + {THCI}, — [NEt,Cl]9}. 
This leads to: 
[H*)(HCl,-] + K,K,{[HCl}, — [NEt,Cl],}* 
and v(addition) = v, = K,K.(kak-/ke)[Me,C=CH,]{[HCl}, — [NEt,Cl}}* 


Table 2 shows that rate coefficients evaluated in terms of the total amount of titratable 
hydrogen chloride are not constant. On the other hand, in the region [HCI], > [NEt,Cl], 
the rate of addition is fairly well represented by the equation: 


v(addition) = kf,[Me,C=CH,]{{HCI}, — [NEt,Cl],}? 


Indeed, k*, is found to be roughly constant even when the ratio [NEt,Cl)]/[HCI); is as high 
as 0-85. Further, the third-order’rate coefficients evaluated in terms of free hydrogen 
chloride (A‘, in Table 2) are practically the same as those obtained in the absence of added 
saline chloride (kg in Table 1), and this supports the theoretical considerations whereby 
both these coefficients are in fact the product K,K,kak-/hp. 
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TABLE 2. Initial second- and third-order rate coefficients of addition of hydrogen chloride 
to isobutene in the presence of tetraethylammonium chloride in nitromethane at 25-0° 
calculated in terms of both titratable and free acid. 


Titrable hydrogen chloride = [HCl], = 
Free hydrogen chloride = [HCI); = (HCl — [NEt,CI], = ay. [Me,C=CH,] = b. 
2-303 b(a — x) 2-303 b(a, — x) 
t= fa — 6 Sab — x Har — 6) 810 a6 — 2) 
[Me,C=CH,] {HCl} [NEt,Cl] 10%, * h,* 10%%,! * 
0-00373 0-0279 0-00430 19-5 0-69 23-0 
0-0988 0-0267 0-0116 8-4 0-315 14-9 
0-00957 0-0231 0-0058 12-8 0-56 17-2 
0-0109 0-0232 0-0043 14:8 0-64 18-2 
0-0772 0-00985 0-00232 5-6 0-57 7-33 
0-00963 0-01857 0-00215 13-0 0-69 15-4 


* For a given run, the possible variation in these values resulting from the uncertainty in deter- 
mination of initial slopes is about 6% 








kf = kh, = k,la; kts = Jay. 


EXPERIMENTAL 


Materials.—Nitromethane was dried (P,O;), fractionated, and chromatographed as 
previously described.’ It was also treated with concentrated sulphuric acid, dried (CaSO,) 
for long periods, and fractionated through an all-glass, helix-packed column of about 20 
theoretical plates, head and tail fractions being rejected; the middle fraction, b. p. 100-3— 
100-5°, n,,** 1-3797, was used. Nitromethane purified by either of these methods gave practically 
the same rates of addition of hydrogen chloride (0-010m) to isobutene (0-005m) at 25-0°, k, 
(sec. 1.2 mole) being 0-98 and 1-00 with drying by phosphoric oxide and calcium sulphate 
respectively. Hydrogen chloride was generated by dropping concentrated sulphuric acid on to 
a paste made of ammonium chloride and concentrated hydrochloric acid, and dried by passage 
through concentrated sulphuric acid. Fresh solutions in nitromethane were prepared daily, 
because there is gradual disproportionation * (see hydroxylamine dihydrochloride below). 

Isobutene was prepared by dehydrating t-butyl alcohol with anhydrous oxalic acid and 
purified by passage through an ice-cold trap and a calcium chloride tower before dissolution in 
nitromethane. These solutions were standardised at frequent intervals. 

Tetraethylammonium chloride was purified as previously described. Tetraethylammonium 
hydrogen dichloride was precipitated by concentrating and cooling a solution of tetraethyl- 
ammonium chloride with an excess of hydrogen chloride in nitromethane. On titration in 
acetone with sodium methoxide it behaves as a monobasic acid to lacmoid (Found: M, 201; 
Cl-, 348%. Cale. for C,H,,NCl,: M, 2023; Cl-, 35-0%). 

Pyridinium hydrogen dichloride was precipitated by concentrating and cooling a nitro- 
methane solution of pyridine and >2 mols. of hydrogen chloride. On titration in acetone with 
sodium methoxide it behaves as a dibasic acid to lacmoid (pyridinium chloride behaves as 
a monobasic acid) (Found: M, 151; Cl-, 460%. Calc. forC,;H,NCl,: M, 152; Cl-, 46-6%). 

Hydroxylamine dihydrochloride was obtained from concentrated solutions of hydrogen 
chloride in nitromethane left for one month at room temperature or heated for about 100 hr. 
in sealed bulbs at 75°. On titration in acetone with sodium methoxide it behaves as a mono- 
basic acid to lacmoid (Found: M, 105; Cl-, 66-0%. Calc. for H;ONCI,: M, 106; Cl-, 67-0%). 

Infrared Measurements.—The infrared spectrum of HCl,~ has two important features: ” 
the non-occurrence of the HCl frequency at 2840 cm."}, and the occurrence of a strong infrared 
band * at 1180 cm.. Adding amounts of tetraethylammonium chloride to a freshly made 
solution of hydrogen chloride in nitromethane decreases the intensity of the 2840 cm." absorp- 
tion but a strong band appears at 1180 cm.. At the equivalence point the intensity 
of the 2840 cm. band is less than 5% of its original vaiue, but the band at 1180 cm. has 
almost its full intensity. Addition of tetraethylammonium chloride beyond the equivalence 
point increases the band at 1180 cm. by no more than a few per cent. These measurements 


* The stretching vibration (1565 cm.-!) for the hydrogen dichloride ion falls in the region of the 


broad band associated with the methyl deformation vibrations of the solvent molecule and is partly 
obscured. 


10 Waddington, J., 1958, 1708; Sharp, ibid., p. 2558. 
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show that, in a fresh solution in nitromethane, hydrogen chloride is largely in the form of 
undissociated molecules, so that the concentration of HCl,~ can be only a few per cent. at the 
most. They also show that chloride ions remove hydrogen chloride molecules from solution 
by interacting with them to produce hydrogen dichloride ions. 

Comparative measurements at 25-0° indicate that the addition of }, 4, }, and 1 equivalent 
of tetraethylammonium chloride depresses the partial vapour pressure of hydrogen chloride in 
nitromethane by about 24%, 49%, 73%, and 98% respectively. 

Kinetic Measurements.—Aliquot parts (5 ml.) of reaction mixtures, prepared at 0°, were 
quickly introduced into a series of ampoules, cooled to —80°, sealed, and immersed in a bath 
at 25-0° + 0-01°. At kinetic zero three ampoules were withdrawn, cooled to —80°, and used 
for the estimation of acid, olefin, and chloride ions severally. At intervals thereafter ampoules 
were withdrawn and acid, olefin, or chloride ions were determined. For the determination of 
acid the ampoule was broken under dry acetone (30 c.c.) at —80° and titrated with sodium 
methoxide (lacmoid). For the determination of chloride ions a solution, similarly prepared, 
was titrated potentiometrically with silver nitrate. For the determination of olefin the frozen 
ampoule was broken under an excess of bromine in acetic acid, in a stoppered flask. The 
stopper was held in firmly to prevent escape of gas. After complete reaction an excess of 
aqueous potassium iodide was added and the liberated iodine titrated with 0-01N-sodium 
thiosulphate (starch). 


The author thanks Professors E. D. Hughes, F.R.S., and Sir Christopher Ingold, F.R.S., 
for their interest, and Mr. D. W. Hills for technical assistance. 
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262. Long-range Effects in Alicyclic Systems. Part III. The Relative 
Rates of Condensation of Some Steroid and Triterpenoid Ketones with 
Benzaldehyde. 


By D. H. R. Barton, F. McCapra, P. J. May, and (in part) F. THupium. 





The rates of alkali-catalysed condensation of a series of steroidal 3-ketones 
with benzaldehyde to furnish the corresponding 2-benzylidene derivatives 
have been determined. As in the earlier work with triterpenoid ketones 
long-range effects produced by unsaturated substituents (especially the 
ethylenic linkage) and by other groups can be easily detected. There exists 
a quantitative relation between the rates for structurally analogous steroidal 
and triterpenoid ketones such that rates can be expressed in terms of the rate 
of a saturated reference ketone multiplied by a series of group rate factors 
(f) each of which is characteristic of the nature and position of the substituent 
group. The possible réle of polar factors in influencing rates of condensation 
of carbonyl-substituted ketones is admitted, but the major importance of 
the new effects of conformational transmission is considered to have been 
again demonstrated for ketones having remotely placed ethylenic substitution. 

A cursory investigation of derivatives of 6-decalone has shown that, 
wherever structurally appropriate, the same effects can be recognised and 
are of the same quantitative magnitude as in corresponding steroid and 
triterpenoid ketones. 

A preliminary account of this work has already been published.? 


IN the previous Part of this series 1 the rates of alkali-catalysed condensation of benzalde- 
hyde with various triterpenoid ketones of partial structure (I; R = Me) to give benzylidene 
derivatives (as III; R = Me) were determined. It was demonstrated that, whilst polar 
factors may play some réle in determining rate variation, there was in addition a more 


1 Part II, Barton, Head, and May, J., 1957, 935. 
* D. H. R. Barton, in the Kekulé Symposium, “ Theoretical Organic Chemistry,’’ Messrs. Butter- 
worths Scientific Publications, London, 1959, p. 127. 
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important factor arising from the presence of unsaturated linkages, especially the ethylenic 
linkage, which caused marked long-range effects. The latter factor was associated with 
progressively varied angle strain through the molecule and given the name “ conformational 


nO Ph:CH 
\ bts i “ =n \ 
: 2) : 1°) : 
° 4 H H 
R R RR RR 
(I) 


(II) (III) 


transmission.”’ We shall consider the results recorded in the earlier paper? at the same 
time as we discuss our new experimental work. 

Another factor to which our attention has been directed is the possible incidence of 
“‘ axial buttressing.” According to this concept the influence of (say) a remotely placed 
linkage is due, not to the progressive deformation of angles, but to the altered interaction 
of axial substituents on the same side of the molecule. Thus lanost-8-enone (IV) (100 : stan- 
dard rate as defined in earlier paper) would differ from lanostanone (V; R = Me, R’ = 
C,H,,) (55) and from lanost-7-enone (VI; R= Me, R’ = C,H,,) (17) because of the 
altered non-bonded interactions between the axial 4- and 10-methyl groups. In the 
present paper we report results with steroidal compounds, where the axial 4-methyl group 
has been removed, which show not only the same qualitative long-range effects but also 
the same quantitative relationship. We conclude therefore that axial buttressing is not a 
factor of major importance. It can, however, probably be detected in that lanostanone 
(V; R= Me, R’ = C,H,,) (55) reacts more slowly than g-amyranone (VII; R = R’ = H) 
(88), presumably because of the extra axial methyl group at C,g) in the latter compound. 
The trans-fused five-membered ring D of lanostanone (angle strain) might, however, still 
be the more important factor. ¥ 

Before we turn to the major substance of this paper, recently published work *4 demands 
a reappraisal of the mechanism of the alkali-catalysed reaction under study. The reaction 
sequence is as follows: 


ky = 
-CH,-CO- + OH- = -CH-CO-+H,O ... . (ii) 


ks 


-_ ks 
-CH-CO- + PnCHo == Ph-CH(-0-)-CH-CO- er evie eh 


ks 
Ph-CH(-0-)-CH-CO- + H,O = Ph-CH(OH)-CH-CO- +OH- . (v,vi) 


ky iam 
Ph-CH(OH)-CH-CO- + OH" ™ Ph:CH(OH)-C-CO- + H,0 (vii, vii) 
ks 
Ph-CH(OH)-C-CO- +, prcn-t-co-+OH- . (ix) 


The important papers by Noyce ® and by Stiles and their co-workers have shown that, 
except with methyl ketones, the rate-determining step for the formation of benzylidene 
ketone is not carbon-carbon bond formation [step (iii)] but the elimination of OH™ [step 
(ix)]. The formation of the final product is, in fact, controlled by the partition of the aldol 
intermediate between the regression step (iv) and the elimination step (ix). It can be 
shown that a scheme such as steps (i)—(ix) reduces to a kinetic form which is still of the 


® Noyce and Reed, J. Amer. Chem. Soc., 1959, 81, 624. 
* Stiles, Wolf, and Hudson, J. Amer. Chem. Soc., 1959, 81, 628. 
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CgHi7 


H H 
(VII) (VIII). (IX) 


first order in benzaldehyde, alkali, and ketone in agreement with experiment,! but the 


emphasis of interpretation is now transferred from the anion -CH:CO-, as in the earlier 
discussion, to the anion Ph-CH(OH)-C-CO-. 


We have been able to secure direct experimental evidence for the partition of an 
intermediate aldol (as II) between starting materials and final product (benzylidene 
ketone). Thus cholestanone (V; R=H, R’ = C,H,,), condensed with benzaldehyde 
in the minimum of 0-1N-ethanolic potassium hydroxide, gave the corresponding aldol 
[as (II; R= H)]. On treatment with alkali exactly as under the conditions of a kinetic 
run this aldol partitioned to furnish 90% of starting materials and only 10% of final 
product [as (III; R= H)]. The latter was shown to be completely stable to the same 
alkaline conditions and thus there is no reversibility from the benzylidene ketone. 

The evidence that justifies the formulation of the benzylidene ketone as a 2- rather than 
a 4-derivative must now be presented. All the steroid ketones that we have studied are 
of the trans-a/B type which, as is well known,® normally enolise towards Cy). A number 
of benzylidene ketones has been prepared and in each case they had the same ultraviolet 
absorption characteristics as the corresponding triterpenoid ketones ? [as (III; R = Me)]. 
Representative benzylidene ketones were stable to attempted further condensation with 
benzaldehyde under the normal kinetic conditions. 2«-Methylcholestanone® did not 
condense at all with benzaldehyde under these conditions, indicating no tendency for C,) 
condensation when C,,) is blocked. In the following cases the position of condensation was 
proved by degradation or by further reaction. 

Stigmastanone gave only one crystalline monobenzylidene derivative which on 
ozonolysis afforded the known’ 2,3-secostigmastane-2,3-dioic acid. Similarly 6-decalone 
gave a single benzylidene derivative degraded by ozonolysis to the known ®* cyclohexane- 
trans-1,2-diacetic acid. As will be clear from the sequel the ketones where condensation at 
Cj is most likely to be found are those that react slowly with benzaldehyde. In fact, it 
was important to prove specifically that ergosta-7,22-dienone (VI; R= H; R’ = C,H,,) 
condensed at position 2 and not at position 4. This was shown as follows. 4,4- 
Dimethylergosta-5,7,22-trien-3-one (XIV; R= C,H,,) was reduced with lithium- 
ethylamine ” to 4,4-dimethylergosta-7,22-dien-3-one. With benzaldehyde this gave a 


5 For example, Dauben, Micheli, and Eastham, J. Amer. Chem. Soc., 1954, 74, 3852; (R. B.) Turner, 
Meador, and Winkler, ibid., 1957, '79, 4122. 

* Mazur and Sondheimer, J. Amer. Chem. Soc., 1958, 80, 5220. 

* Heilbron, Coffey, and Spring, J., 1936, 738; Larsen, J. Amer. Chem. Soc., 1938, 60, 2431. 

§ Kandiah, J., 1931, 922. 

® Ali and Owen, J., 1958, 2111. 

%© Benkeser, Robinson, Sauve, and Thomas, J. Amer. Chem. Soc., 1955, 77, 3230, 3378. 
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crystalline 2-benzylidene derivative. Alternatively ergosta-7,22-dienone (VI; R= Me, 
R’ = CyHj,) was condensed with benzaldehyde and the product then exhaustively 
methylated with potassium t-butoxide and methyl iodide ™ to furnish the same compound, 

With these preliminaries completed it is now appropriate to discuss the new experi- 
mental data in more detail. Table 1 sets forth additional results (reported as in Part II 1) 


(X11) 


HH 
RR (XVI) 


H H H H 
(XVIII) (XIX) (XX) (XXI) 


with triterpenoid ketones, Table 2 does the same for steroidal ketones, whilst Table 3 
presents pertinent data for decalin derivatives. We discuss first the triterpenoid data. 

Table 1 gives results for two more triterpenoid acids. Together with the earlier data? 
we have the series: oleanonic acid (IX; R = H) (97), methyl ester (113); ursonic acid 
(X; R=CO,H; X = H,) (91), methyl ester (111); moronic acid (XII; R = H) (78), 
methyl ester (108). In each case the negative charge exerts a definite, but small, retarding 
effect as would be predicted on the basis of electrostatic theory. The data in no way 
suggest that electrostatic effects are of dominant importance (cf. Part II+). The addition 
of an 11-ketone group to lanostanone (V; R = Me, R’ = C,H,,) (55) (Part II) causes a 
small decrease in rate (to 43). This is comparable to the decrease on going from «-amyrone 
(X; R= Me, X = H,) (100) to 1l-oxo-c-amyrone (X; R= Me, X =O) (75). We 
argued that if angle strain is the most important factor in this decrease then replacing the 
dipolar trigonal (>C=O) at C,,) by the non-polar, but equally trigonal, (>C=CH,) group 
should give essentially the same rate decrease. In the event 1l-methylene-«-amyrone 
(X; R= Me, X = CH,) had a rate of 66 as expected. 

The data for 1la- (35) and 118-hydroxylanostanone (17) are of interest. The difference 
in rate, a factor of two, between the two compounds excludes any explanation based on 
bond induction for this would give the same rate in both cases. Both compounds differ 
from lanostanone (55). It may be that dipolar interactions are involved. A similar 
picture is presented by 12a- (53) and 128-hydroxy-$-amyranone (89) compared with 
§-amyranone (88). The equatorial 128-hydroxyl group does not alter the rate, but the 
axial 12a-hydroxyl group exerts a marked effect. Instead of exerting an effect by 

11 (W. S.) Johnson, J. Amer. Chem. Soc., 1943, 65, 1317. 
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TABLE 1. 


Average rate: . 
% of lanost- Limiting 

Compound 8-enone rate values 
118-Hydroxylanostanone (VIII; R = H, R’ = OH) 16-9—17-9 
1la-Hydroxylanostanone (VIII; R = OH, R’ = H) 34-7—35-0 
Lanostane-3,11-dione (VIII; R, R’ = 0) 43-0—43-0 
12a-Hydroxy-f-amyranone (VII; R = OH, R’ = H) 51-7—53-6 
11-Methylene-a-amyrone (X; R = Me, X = CH,) 64-8—67-0 
Lanost-9(11)-enone (XI; R = Me, R’ = C,H,,) 72-5—73-2 
Moronic acid (XII; R = H) 77-2—78-5 
Amyranone (VII; R = R’ = H) 88-2—88-5 
128-Hydroxy-f-amyranone (VII; R = H, R’ = OH) 86-8—92-0 
Ursonic acid (X; R = CO,H, X = H,) 90-4—91-2 
Lanostane-3,7,11-trione (XIII; R = Me, R’ = C,H,,) 90-7—94-1 
Methyl ursonate (X; R = CO,Me, X = H,) 110—112 
Lanostane-3,7-dione (XXII; R = Me, R’ = C,H,,, X = O) 193—206 


TABLE 2. 


bo bo be bo be be be be be bo bo bo bt 


Average rate: 
No.of Y% of lanost- Limiting 
Compound runs 8-enone rate values 


17p-Hydroxy-4,4-dimethyl-19-norandrost-5-en-3-one (KV; R = 
H, R’ = OH 


17 16-8—19-2 
Ergosta-7,22-dienone (VI; R = H, R’ = C,H,,) 43 42-5—43-8 
Ergost-7-enone (VI; R = H, R’ = C,Hj, 47 43-0—50-0 
4,4-Dimethylergosterone (XIV; R = C,H,,) 50 52-0—48-0 
4,4-Dimethylcholest-5-en-3-one (KV; R = Me, R’ = C,H,,) ... 51 — : 
17p-Hydroxy-4,4-dimethylandrost-5-en-3-one (XV; R= Me, 

R’ = OH 57 55-0—58-0 


— 


58 _ 


67-2—68-8 

60-0—63-5 

93-8—94-2 
95—102 


102—103 
109—110 
119—122 


123—126 
172—176 
176—184 
181—183 
187—191 


180—194 
187—190 
218—224 
220—226 
218—218 


358—400 
327—331 
348—371 
356—375 
610—619 
640—650 


Ergost-8(14)-en-3-one (XIX) 
Ergosta-7,9(11),22-trien-3-one (XX) 
3,11-Dioxobisnorallocholanic acid (XVII; 


Ergostane-3,1l-dione (XVII; R, R’ = O, R” = C,Hy,) 
lla-Hydroxyergost-22-en-3-one (XVII; R=O 


of117) 
Tigogenone (XXI; R = R’ = H) 
Stigmastanone (XVII; R = R’ = H, R” = C,oH,,) 
Cholestanone (XVII; R = R’ = H, R” = C,H,,) 
178-Hydroxyandrostan-3-one (XVII; R = R’ = H, 
Ergostanone (XVII; R = R’ = H, R” = C,Hijp) 
128-Hydroxy-12a-methyltigogenone (XXI; R 
Ergost-22-en-3-one (XVII; R = R’ = H, R” = C,H,,) 
9(11)-Dehydrotigogenone (XXIII) 
Ergost-14-en-3-one (XXIV) 
12-Methylenetigogenone (X XI; R, R’ = CH,) 
Ergosta-8,22-dien-3-one (X XV) 
11(12)-Dehydrotigogenone (X XVI) 
Hecogenone (XXI; R, R’ = O) 
Ergost-22-ene-3,7,11-trione (XIII; R = Me, R’ = C,H,,) 
7-Methylenecholestanone (XXII; R = H, R’ = C,H,,, X = CH,) 
Cholestane-3,7-dione (XXII; R = H, R’ = C,H,,, X = O 
Cholest-6-enone (X XVII) 


tewwttotoetotobote tether twtr we wte te 


Average rate: 
% oflanost- Limiting 
Compound 8-enone rate values 


1,1,10-Trimethyl-A*-trans-2-octalone (KX XIX; R = R’ = Me) ... 8-1 8-0—8:1 
trans-2-Decalone (XXVIII; R = R’ = H) 2 35 34-6—35-2 
1,1,10-Trimethyl-tvans-2-decalone (XXVIII; R = R’ = aes 46 45-7—45-9 
10-Methyl-A*-ivans-2-octalone (KXVIX; R = H, R’ = Mane 56 56-1—56-5 
10-Methyl-trans-2-decalone (XXVIII; R = H, R’ = 148 146-5—149-5 
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buttressing it is conceivable that axial substituents, for example OH, because of the 
repulsions exerted upon them distort the bond angles of the carbon atom to which they 
are attached and that this distortion is conformationally transmitted as discussed in our 
previous paper.” 

The 9(11)-ethylenic linkage in lanost-9(11)-enone (XI; R = Me, R’ = C,H,,) causes 
a significant (73) increase in rate not incompatible with that found earlier + for triterpenoid 
9(11)-en-12-ones. We shall refer to the data for lanostane-3,7-dione and -3,7,11-trione 
in later discussion. 

We now discuss the rate data for steroidal ketones (Table 2) as well as for a limited 
number of steroids with geminal methyl substitution at position 4. One can state at once 
that changes in the steroidal side chain have no effect upon condensation rates. Thus 
stigmastanone (XVII; R = R’ = H, R” = C,)H,,) (180), cholestanone (XVII; R= R=H’, 
R” = C,H,,) (182), ergostanone (XVII; R= R’ =H, R” = C,Hj,y) (188), ergost-22- 
enone (XVII; R=R’=H, R” =(C,H,,) (188), and 178-hydroxyandrostan-3-one 
R= R’ =H, R” =OH) (189) all reacted at the some rate. Tigogenone (XXI; 
R = R’ = H,) (174) and 128-hydroxy-12a-methyltigogenone (XXI; R = Me, R’ = OH) 
(188) also showed unaltered rates. 

The most striking fact that we have so for encountered in this work is the difference 
between ergosta-7,22-dienone (VI; R =H, R’ = C,H,,) (43) and ergost-7-enone (VI; 
R = H, R’ = C,Hj,) (47) on the one hand and cholest-6-enone (XXVII) (645) on the 
other. Simply by moving the ethylenic linkage from the 6,7- to the 7,8-position the rates 
can be altered by a factor of 15. This is powerful evidence for conformational transmission 
effects. We have also studied the disturbance caused by ethylenic linkages placed in 
other positions. Relevant data are provided by ergost-8(14)-enone (XIX) (94), ergost-14- 
enone (XXIV) (223), ergosta-8,22-dienone (XXV) (280), 7-methylenecholestanone (XXII; 
R =H, R’ = C,Hjs, X = CH,) (365), 9(11)-dehydrotigogenone (XXIII) (221), 11(12)- 
dehydrotigogenone (XXVI) (380), and 12-methylenetigogenone (XXI; R,R’ = CH,) 
(218). In every case the presence of the ethylenic linkage causes a definite exaltation 
or depression in the rate due to conformational transmission. The same effect can be 
seen when two conjugated ethylenic linkages are present. Pertinent data are provided 
by ergosta-7,14,22-trienone (XVIII) (62) and ergosta-7,9(11),22-trienone (XX) (99). It 
was of some interest that, whilst 17$-hydroxy-4,4-dimethylandrostan-3-one (XVI; 
R = Me, R’ = OH) (58) was identical in rate with lanostanone (55), again showing that 
side-chain variation has no effect, 4,4-dimethylcholest-5-enone (XV; R= Me, R’ = 
C,H,,) (51) and 17$-hydroxy-4,4-dimethylandrost-5-en-3-one (XV; R= Me, R’ = OH) 
(56-5) reacted at essentially the same rate. Thus a relatively close 5(6)-ethylenic linkage 
does not necessarily disturb the rate, whereas much more distant ethylenic linkages (see 
above) often do. The same applies for 4,4-dimethylergosterone (XIV; R = C,H,,), which 
has a rate (50-0) close to that of lanostanone (55). 

The influence of keto-groups at various positions in the steroid nucleus was investigated. 
It was, of course, established by preliminary experiments that only the 2-CH, in the poly- 
ketones was active in condensation. The 1l-ketone group produced some depression in 
rate just as in triterpenoid compounds (Table 1 and Part II). One must note that ergost- 
22-ene-3,11-dione (XVII; R, R’ = O, R” = C,H,,) had nearly the same rate (110) as 
3,11-dioxobisnorallocholanic acid (103), again indicating the small effect of integral changes. 
Ergostane-3,11-dione (XVII; R, R’ = O, R” = C,Hyj,) reacted at the same rate (120) 
as the analogue with the unsaturated side chain. Hecogenone (XXI; R, R’ = O) (328) 
and cholestane-3,7-dione (615) both showed much enhanced rates. The rate-enhancing 
7-keto-group was clearly in competition with the relatively weak rate-depressing 11-keto- 
group in compounds such as ergosta-3,7,11-trione (XIII; R = Me, R’ = C,H,,) (360). 
We can compare the cases of lanostane-3,7-dione, -3,11-dione, and -3,7,11-trione mentioned 
in an earlier paragraph. The influence of keto-groups on the rates is not due to bond 
induction, for one could not explain in this way, the weak effect of the proximate 11-ketone 
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but the powerful effect of the relatively remote 7-ketone. Ketone groups must affect 
rates either because of their dipoles or because of the angle distortion introduced by the 
trigonal carbonyl-carbon. One conceivable method of differentiation is, as already 
illustrated above, to replace >C=O by >C=CH,. We applied this test to the 7- and the 
12-ketone group. 7-Methylenecholestane (XXII; R=H, R’=C,H,,, X = CH,) 
reacted at a rate (365) which was much enhanced relative to all other compounds in Table 2 
except two, but still less than that of cholestane-3,7-dione itself. 12-Methylenetigonenone 
(XXI; R,R’ = CH,) showed a rate of 218 which was enhanced, but not so great as the 
enhancement of hecogenone (XXI; R, R’ = O) (328). The experiments of this kind 
appear to show that at least part of the effect of ketone groups is due to angle strain. All 
of the effect may be caused in this way because the grouping >C=CH, has, owing to the 
two C-H bonds, different steric requirements from the >C=O grouping and thus the methylene 
ketones may receive extra distortion in this way which partly nullifies the principle of 
our method. 

An alternative approach to an understanding of the effects of ketone groups is to make 
calculations of the maximum possible electrostatic effect upon the rate. To do this we 
calculate the interaction energy, ¥, in kcal./mole, between the carbonyl dipole and the 
integral charge of the enolate anion [see equation (ix)] from well-known expressions. This 
requires accurate molecular models in order to determine the distances and angles 
involved. The anion of the ketone was assumed to have an ethylenic linkage between 
Cy) and Cs) and to have the negative charge on the oxygen atom. Placing the negative 
charge midway between Cy) and Ci) altered slightly the magnitude of the calculations but 
not their sign or relative order. The calculations are summarised in Table 4. The 
difference in activation energy between a saturated steroid ketone, for example, cholest- 
anone, and a substituted derivative can, if entropy differences are constant, be set as 
equal to this electrostatic interaction energy, #. Table 4 shows good agreement between 
% and AAE, the latter being defined by the expression R,/R, = e~ “44/8? where R, is the 
rate for the substituted ketone, R, the rate for the standard saturated ketone, and the 
other symbols have their usual significance. The agreement is, of course, only satisfactory 
because a value of the effective dielectric constant of 10 was selected. Since a lower value 
could equally well have been accepted (making y greater) electrostatic interaction may, in 
principle, explain the observed effects with carbonyl groups with ease. 

The calculations involving carboxylate anions present quite a different picture. A 
typical example is included in Table 4. Here the calculated interaction energy is much 


TABLE 4. 


Compound @% (keal./mole) AAE (kcal./mole) 
Cholestane-3,7-dione (XXII; R = H) +0-33 +0-32 
Hecogenone (X XI; R, R’ = O) +017 +0°25 
Ergost-22-ene-3,1l-dione (XVII; R, R’ = O, R” = C,H,, —0-04 —0-32 
Oleanonic acid (IX; R, H) —28 —0-18 


greater than the AAE value. As yet no adequate explanation of this can be given unless, 
in fact, all polar effects are negligible and all rate variation is due to conformational 
transmission. 

In so far as we have studied the effects of hydroxyl groups on the rates the results 
parallel those for triterpenoid ketones. Thus the axial 11$-hydroxyergost-22-en-3-one 
(XVII; R =H, R’ = OH, R” = C,H,,) showed a markedly depressed rate (67) whereas 
the rate for the equatorial 1la-epimer was only slightly depressed (125). 

The results recorded above show that steroidal ketones can exhibit even more marked 
“ conformational transmission ’’ effects than triterpenoid ketones. The effects do not 
therefore depend in an obligatory manner upon the presence of an axial 4-methyl group. 


12 Barton, Chem. and Ind., 1956, 1136. 
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Additional evidence that the réle of the axial 4-methyl group is of minor importance was 
found in the study of (functional) group rate factors. Some relevant data are set out in 


CoHis 





H 
(XXII) (XXIV) 





R’ R 
oy oh 0” de) 
: H H 
H RR RR 
(XXVI) (XXVII) (XXVIII) (XXIX) 


Table 5. We develop the concept that, if the rate of condensation of a parent unsubstituted 
ketone be represented as R,, then the rate of condensation of a substituted derivative can 
be represented as: 


R, = Rolfe 
where f,, fo, fs . - - fi are group rate factors each characteristic of the substituent group. 


This is equivalent to the hypothesis that each separate group makes an independent 
contribution to the free energy of activation of the reaction. The various group rate 
factors can be determined from measurements on monosubstituted ketones and, as we 
shall discuss below, data for triterpenoid compounds can be transferred to steroid com- 
pounds without modification. The fact that this can be done on a more or less quantitative 
basis is strong evidence against the major importance of axial buttressing. The following 
example illustrates the type of procedure that may be employed. The rate data for 
ergostane-3,ll-dione (XVII; R, R’ = O, R” = C,Hj,) (120), compared with those for 
cholestanone (XVII; R, R’ =H, R” =C,H,,) (182), show that the 11-keto-group 
affects the rate by the factor (120/182) = 0-66. This then is the “‘ group rate factor ”’ for 
an ll-ketone. With this number we can then calculate the rate for lanostane-3,11-dione 
from the known rate for lanostanone (55). The calculated rate is 55 x 0-66 = 36-4. 
This compares closely with the observed value (Table 1) of 43. In general gem-dimethy] 
groups at C;,) reduce the rate of condensation of triterpenoids versus steroid by a factor 
of just over 3. Table 5 summarises a useful range of group rate factors which can be used 
to calculate rates for many ketones not yet studied experimentally. The agreement 
between f values for triterpenoids and for steroids is a measure of how conformational 
transmission operates irrespective of the presence or absence of the gem-dimethyl group 
at Cy. Further illustrative data have already been presented by us.1 

The reduction in rate caused by gem-methyl groups at C,,) could possibly be explained 
mechanistically in terms of a reduction in the rate of step (iii) (see above scheme) or its 
reverse (iv), this pseudo-equilibrium appearing in the rate-constant expression. It was 
therefore of interest to discover that 178-hydroxy-4,4-dimethyl-19-norandrost-5-en-3-one 
(XV; R =H, R’ = C,H,,) (17) reacted more slowly than the 19-normal analogous steroid 
(XV; R= Me, R’ = OH) (55). This seems to imply that an axial 4-methyl group 
exerts a different influence from a 10-methyl group. We hope to discuss these results 
in more detail in a later paper. 
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The data of Table 3 show that the effects seen in steroids and triterpenoids can also be 
detected, where structurally appropriate, in simple decalin derivatives. In particular, 
trans-2-decalone (XXVIII; R = R’ = Me) (8-decalone), which condenses only at position 2 
with benzaldehyde (see Experimental), reacts more slowly than 10-methyl-trans-2- 
decalone (XXVIII; R’ = Me) by the surprising factor of 148/35 = 4-2. An ethylenic 
linkage at the 7(8)-position in a $-decalone [compounds (XXIX; R = R’ = Me) and 
(XXIX; R=H, R’= Me)] slows down the rate markedly, as in steroids and triter- 
penoids. The effects can be put on a quantitative basis as shown in Table 5. Gem- 
methyl groups at position 4 again reduce the condensation rate by a factor of about three. 





TABLE 5. 

Group rate factors, f Group rate factors, f 

Triter- Deca- Triter- Deca- 

Group Steroid penoid linoid Group Steroid penoid linoid 
7-Ketone 3-38 3-66 — 5(6)-Ethylenic linkage 1-0 1-0 — 
11-Ketone 0-62 0-78 -— 6(7)- a 3-55 ae _ 

12-Ketone -- 1°89 1-93 _- 7(8)- ” 0-24 0-31 0-23 
lla-Hydroxyl ...... 0-67 0-64 — 8(9)- 1-49 1-82 — 
11f-Hydroxyl ...... 0-36 0-31 — 8(14)- 0-50 -= -= 
10-Methyl ............ — 3-40 4-20 9(11)- 1-27 1-33 — 
4,4-Dimethyl ......... 0-31 — 0-23 11(12)- 2-18 _- —- 
14( 15)- ” 1 » 19 — — 
7(8),9(11)-Diene ...... 0-53 0-80 — 


Now that long-range effects have been placed on a firmly defined experimental basis, 
it is possible to consider their potential application in synthesis. We believe that the 
recent discovery 114 that cholest-7-enone is preferentially methylated at position 4, not 
at position 2 as is normally the case with trans-a/B steroids, is a reflection of the fact that 
the 7(8)-ethylenic linkage acts to induce preferential enolate formation at position 3,4 
rather than 2,3. The geometrical relation between ethylenic 3,4- and 7,8-linkages is the 
same as that between 2,3- and 6,7-. From the very enhanced rate of condensation of 
cholest-6-enone (Table 2) it is known that the latter arrangement must be relatively preferred. 
It is this effect which Wells and Niederhiser,’ without realising it, have been exploiting. 

We must now discuss why, if this prefered enolisation towards Cj) produced by a 7,8- 
ethylenic linkage be granted, yet benzaldehyde condenses with ergosta-7,22-dienone at 
position 2, not at position 4 (see above). We consider that this follows from the nature 
of the mechanism. Thus benzaldehyde does condense first at Cy, but the reverse step 
(iv) is probably even more favourable than at Ci), because C4) is subject to extra hindrance 
by the 6-methylene group, and thus the net rate for formation of the 4-benzylidene deriv- 
ative is very low. This allows condensation at position 2 to be consummated, not because 
enolate anion formation [steps (i) and (ii)] is favoured, but because the elimination step 
(ix) is relatively favoured over the reversed aldol step (iv). The situation is, in fact, 
comparable to that pertaining to the reactions of the anions of cholest-4-enone. _Irrevers- 
ible alkylation of the anion with methyl iodide proceeds at position 4.5 Reaction of the 
anion with ethyl formate gives the 2-derivative.1® Again we believe that the formylation 
occurs rapidly at position 4 but is reversed and so ends up ultimately at position 2 where 
the final elimination step is more favoured. 

In a recent paper Djerassi, Halpern, Halpern, and Riniker 1” have discussed the possible 
relation of conformational transmission as revealed by benzaldehyde condensation rates 
with variation in optical rotatory dispersion curves. The shift of an ethylenic linkage 

#8 Wells and Neiderhiser, J. Amer. Chem. Soc., 1957, 79, 6569; Arch. Biochem., 1959, 81, 300. 

4 Sondheimer and Mazur, J. Amer. Chem. Soc., 1957, '79, 2906. 

18 Woodward, Patchett, Barton, Ives, and Kelly, J., 1957, 1131. 

#8 Burr, Holton, and Webb, J. Amer. Chem. Soc., 1950, 72, 4903; Weisenborn, Remy, and Jacobs, 
ibid., 1954, 76, 552; Quartey, J., 1958, 1710. 


_™ Djerassi, O. Halpern, V. Halpern, and Riniker, J. Amer. Chem. Soc., 1958, 80, 4001; see also 
Djerassi, Osiecki, and Closson, ibid., 1959, 81, 4587. 
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from the 7,8- to the 8,9-position in a triterpenoid 3-ketone inverts the sign of the Cotton 
effect. In steroidal 3-ketones the analogous structural change has little influence on the 
dispersion curve. On this basis the rates of benzaldehyde condensation for 7,8- and 
8,9-unsaturated steroidal ketones should be similar. In fact, they are as markedly different 
as the structurally analogous triterpenoid compounds. We feel, therefore, that, as yet, a 
close parallel between the two series of investigations has not been established in every 
case. 


EXPERIMENTAL 

For general experimental details see earlier work.* Rotations refer to CHCl, solution 
unless specified to the contrary. Ultraviolet absorption spectra were determined with a 
Unicam S.P. 500 Spectrophotometer. Absolute ethanol was used except for the kinetic runs, 
These were made in 99% v/v aqueous ethanol, as in our previous work.1 For runs with 
carboxylic acids the appropriate additional amount of alkali was, of course, added to neutralise 
the carboxyl group. Light petroleum refers to the fraction of b. p. 40—60°. Rate measure- 
ments were made at 25-0° +0-03° with flasks protected from light. Ketones were thoroughly 
dried in vacuo before being weighed for rate measurements. Benzylidene derivatives were 
prepared essentially as outlined earlier. 

Derivatives of Lanostane-3,11-dione.—Lanostane-3, 11-dione (1-16 g.), ethylene glycol (0-22 m1.), 
toluene-p-sulphonic acid (10 mg.), and dry benzene (50 ml.) were refluxed in a Dean and Stark 
apparatus for 18 hr. The solution was then poured into saturated aqueous sodium carbonate, 
and the benzene layer was separated. Removal of the solvent and crystallisation from benzene- 
methanol gave lanostane-3,11-dione 3-(ethylene ketal) (1-13 g.), m. p. 140—141°, [a], +31° 
(¢ 1-37) (Found: C, 79-15; H, 11-2. C,,H,;,0, requires C, 78-95; H, 11-2%). 

The ketal (150 mg.) in refluxing propan-l-ol (10 ml.) was treated during 1 hr. with diced 
sodium (1-0 g.). Propanol (7 ml.) was added to destroy excess of sodium, and the solvent 
removed in vacuo. Working up in the usual way and crystallisation from methanol gave 
lla-hydroxylanostan-3-one ethylene ketal (131 mg.), m. p. (prisms) 165—166°, [aJ,, 0° (c 1-88) 
(Found: C, 78-9; H, 11-75. C,,H,,O, requires C, 78-65; H, 11-55%). 

Hydrolysis of the hydroxy-ketal (180 mg.) in acetic acid (12 ml.) and water (3-5 ml.) on the 
steam-bath for 10 min. gave 1la-hydroxylanostan-3-one (150 mg.), crystallising from aqueous 
methanol as prisms, m. p. 151—152°, [a], —6° (c 1-66) (Found: C, 81-1; H, 11-5. C,,H,,0, 
requires C, 81-0; H, 11-8%). 

Lanostane-3,11-dione 3-(ethylene ketal) (200 mg.) in dry ether (50 ml.) was refluxed with 
lithium aluminium hydride (220 mg.) for 16 hr. The excess of reducing agent was destroyed 
by ethyl acetate. Working up in the usual way and crystallisation from methanol afforded 
118-hydroxylanostan-3-one ethylene ketal (165 mg.), m. p. 143—144°, [a],, +30° (c 2-00) (Found: 
C, 78-8; H, 11-4. C,,H,,0, requires C, 78-65; H, 11-55%). This hydroxy-ketal (270 mg.) in 
acetic acid (35 ml.) and water (5 ml.) was heated on the steam bath for 10 min., to give 116- 
hydroxylanostan-3-one (157 mg.) as plates (from light petroleum), m. p. 188—189°, [a],, + 28° 
(c 1-49) (Found: C, 81-05; H, 12-0. C,,H,,O0, requires C, 81-0; H, 11-8%). 

Lanost-9(11)-en-3-one.—118-Hydroxylanostan-3-one ethylene ketal (see above) (279 mg.) 
was treated with aqueous 60% perchloric acid (12 drops) in acetic acid (15 ml.) at room tem- 
perature for 15 min. Careful dilution with water gave Janost-9(11)-en-3-ome (211 mg.). 
Recrystallised from chloroform—methanol this had m. p. 113—114°, [a]),, + 65° (c 2-67), +68° 
(c 1-70) (Found: C, 84-3; H, 11-6. C,,.H,;,O requires C, 84-45; H, 11-8%). 

11-Methylene-a-amyr-12-en-3-one and 11-Methyl-«-amyra-9(11),12-dien-3-one.—38-Hydroxy- 
a-amyr-12-en-1l-one (1-50 g.) in dry benzene (100 ml.) was added dropwise with good stirring 
to an ethereal (200 ml.) solution of methylmagnesium iodide (from 6-5 g. of magnesium and 8 ml. 
of methyl iodide).1® Then the ether was boiled off and the benzene solution refluxed for 55 hr. 
Excess of saturated aqueous ammonium chloride was added and the benzene layer separated 
and washed with water. After removal of the benzene, the product was treated with pyridine 
(10 ml.) and acetic anhydride (10 ml.) overnight at room temperature and then chromatographed 
over alumina (Grade I; 150g.). Elution with 1 : 99 benzene—light petroleum gave, in the later 
fractions, 11-methylene-«-amyr-12-enyl acetate (752 mg.), m. p. (from chloroform—methanol) 

18 Barnes, Barton, Fawcett, and Thomas, /., 1952, 2339. 


1® See Ruzicka, Miiller, and Schellenberg, Helv. Chim. Acta, 1939, 22, 767; Seymour, Sharples, and 
Spring, J., 1939, 1075. 
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229-—232°, [a], +143° (c 1-95), Amex 246 my (e 19,700). Hydrolysis to the corresponding 
alcohol and oxidation with pyridine-chromium trioxide afforded 11-methylene-a-amyr-12-en-3- 
one as needles (from aqueous methanol), m. p. 146—147°, {a],, +208° (c 1-20), Amax 247 my 
(e 19,700) (Found: C, 85:5; H, 11-3. C,,HO requires C, 85-25; H, 11-1%). 

Derivatives of B-Amyrane-3,12-dione.—8-Amyrane-3,12-dione (1-7 g.) in redistilled ethylene 
glycol (160 ml.) containing toluene-p-sulphonic acid (60 mg.) was slowly distilled at 1-5 mm. 
over a period of 2 hr.*° until only 15—20 ml. of the glycol remained. Addition of dilute aqueous 
potassium hydroxide gave, after crystallisation from benzene—methanol, 8-amyrane-3,12-dione 
3-(ethylene ketal) (1-59 g.), m. p. 279—281°, [a], —45° (c 1-64) (Found: C, 79-55; H, 10-5. 
CysH,,0; requires C, 79-3; H, 10-8%). 

The ketal (150 mg.) in refluxing propan-l-ol (10 ml.) was treated in 1 hr. with an excess 
(1-0 g.) of diced sodium. The excess of sodium was destroyed by addition of further propanol 
(5 ml.), and the solution worked up in the usual way. Crystallisation of the product from 
benzene-methanol furnished 128-hydroxy-B-amyran-3-one ethylene ketal (121 mg.) as plates, 
m. p. 272—274°, [a], —12° (c 2-28), —14° (c 1-59) (Found: C, 78-7; H, 11-35. C,,H,,O, requires 
C, 78:95; H, 11-2%). Treatment of this hydroxy-ketal (167 mg.) with 90% acetic acid (5 ml.) 
at 100° for 5 min. furnished 128-hydroxy-8-amyran-3-one (87 mg.); recrystallised from aqueous 
methanol this had m. p. 210—213°, [a], +39° (c 1-54) (Found: C, 81-45; H, 11-25. Cy,H,,O, 
requires C, 81-4; H, 11-4%). 

Reduction of B-amyrane-3,12-dione 3-(ethylene ketal) (474 mg.) with lithium aluminium 
hydride (900 mg.) in refluxing ether (150 ml.) gave, on chromatography of the product over 
alumina (Grade III) and elution with (1: 1) benzene-light petroleum, 12«-hydroxy-B-amyran-3- 
one ethylene ketal (254 mg.). Recrystallised from benzene—methanol this had m. p. 261—263°, 
[aly +16° (c 2-13) (Found: C, 78-7; H,11-2. C,,H,,O, requires C, 78-95; H, 11-2%). Elution 
with benzene gave the 128-hydroxy-epimer (see above) (123 mg.). Treatment of the 12a- 
hydroxy-ketal with aqueous acetic acid as above furnished 12a-hydroxy-B-amyran-3-one. 
Recrystallised from chloroform—methanol this had m. p. 252—255°, [a], +81° (c 1-11) (Found: 
C, 81:7; H, 11-15. CyoH5oO, requires C, 81-4; H, 11-4%). 

8-Amyran-3-one.—Wolff—Kishner reduction of 12-oxo-f-amyranyl acetate (1-9 g.) under 
forcing conditions *4 gave, after reacetylation, B-amyranyl acetate (1-24g.). Alkaline hydrolysis 
and oxidation with pyridine-chromium trioxide furnished B-amyran-3-one. Crystallised from 
chloroform—methanol, this had m. p. 200—201°, [a], +41° (c 0-97) (Found: C, 84-8; H, 11-9. 
Calc. for CygH,gO: C, 84-45; H, 118%). Jeger and Ruzicka ** gave m. p. 194—195°. 

7-Methylenecholestanone.—7-Oxocholestanyl acetate was converted into 7-methylenechole- 
stanyl acetate (80%), m. p. (leaflets from ethanol) 72—73°, [a], —43° (c 0-95), vmax (in Nujol) 
890 and 1650 cm.! (>C=CH,) (Found: C, 81-5; H, 11-65. Cy9H,,O, requires C, 81-4; 
H, 11-4%), by the general procedure of Sondheimer and Mechoulam.** Refluxing with 3% 
methanolic potassium hydroxide for 30 min. gave 7-methylenecholestanol, m. p. (from light 
petroleum) 115°, [aJ],, —31° (c 1-14) (Found: C, 84-15; H, 12-2. C,,H,,O requires C, 83-95; 
H, 121%). 

7-Methylenecholestanol (560 mg.) in “‘ AnalaR” acetone (60 ml.) was treated with a 
standard solution (0-5 ml.) of chromium trioxide (26-72 g.) in concentrated sulphuric acid 
(23 ml.) made up to the mark (100 ml.) with water at 20°, under nitrogen with shaking for 3 min. 
Excess of saturated sodium hydrogen carbonate solution was added and the ketone extracted 
into ether. Crystallisation from aqueous ethanol gave 7-methylenecholestanone (530 mg.), 
m. p. (plates) 104—106°, [a],, —11° (c 0-94), vmax, 1700 (ketone), and 890 and 1650 (>C=CH,) 
cm.? (Found: C, 84-55; H, 11-7. C,,H,,O requires C, 84:25; H, 11-65%). 

12-Methylenetigogenone.—Hecogenin acetate (1-5 g.) in dry benzene (20 ml.) was treated 
with ethereal methylmagnesium iodide, prepared from magnesium (0-53 g.) and methyl iodide 
(3-13 g.) in ether (16 ml.), for 1 hr. at room temperature and then for 45 min. at 40° (infrared 
control of disappearance of the 12-ketone band). The product, crystallised from ether, gave 
128-hydroxy-12a-methyltigogenin (910 mg.), m. p. 197—199°, [a],, —37° (¢ 1-00) (Found: C, 75-4; 
H, 10-45. C,,H,,O, requires C, 75:3; H, 10-4%). This alcohol (720 mg.) in “ AnalaR” 
acetone (70 ml.) was treated at 0° with standard oxidation mixture (0-65 ml.; preparation 





2° Allen, Bernstein, and Littell, J. Amer. Chem. Soc., 1954, 76, 6116. 
#1 Barton, Ives, and Thomas, J., 1955, 2056. 

22 Jeger and Ruzicka, Helv. Chim. Acta, 1941, 24, 1178. 

#8 Sondheimer and Mechoulam, J. Amer. Chem. Soc., 1957, 79, 5029. 
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described under 7-methylene cholestanone) for 7 min. to give 128-hydroxy-12a-methyltigogenone 
(600 mg.). Recrystallised from ether-light petroleum this had m. p. (plates) 228—243°, but 
it crystallised from aqueous ethanol in prisms, m. p. 241—243°. The two forms were inter- 
converted by change of solvent. The compound had [a], —21° (c 1-06) (Found: C, 75-55; 
H, 9-95. C,ygH,,O, requires C, 75-65; H, 9-95%). 

126-Hydroxy-12a-methyltigogenone (245 mg.) in dry pyridine (12 ml.) was treated with 
redistilled phosphorus oxychloride at room temperature for 16 hr. and then at 55° for 2} hr. 
The solvents were removed in vacuo at <50° and the product chromatographed over alumina 
(grade III). Elution with 1:1 light petroleum—benzene gave 12-methylenetigogenone, m. p. 
(from light petroleum) 219—221°, [a],, —5° (c 0-88), vinx. 890 and 1650 (>C=CH,) cm." (Found: 
C, 78-75; H, 10-2. C,,H,,O, requires C, 78-8; H, 9-9%). 

12-Methylenetigogenone (49 gm.) in methylene dichloride (50 ml.) was ozonised at —80° 
for 60 min. The excess of ozone was removed with dry nitrogen. The product, crystallised 
from methanol—benzene, was shown to be hecogenone (12 mg.) by m. p., mixed m. p., and 
infrared spectrum. 

11-Dehydrotigogenone (XXVI).—11-Dehydrotigogenin ** was oxidised with chromium 
trioxide as for 128-hydroxy-12«-methyltigogenin (see above). The resultant 11-dehydyo- 
tigogenone, recrystallised from methanol as irregular plates, had m. p. 169—174°, [a],, —20° 
(c 1:13) (Found: C, 78-55; H, 9-5. C,H, O; requires C, 78-6; H, 9-75%). 

9(11)-Dehydrotigogenone (X XIIT).—9(11)-Dehydrotigogenin ** was oxidised as for 11-dehydro- 
tigogenone (see above), to 9(11)-dehydrotigogenone, m. p. (from methanol) 195—196-5°, [a],, —45° 
(c 0-98) (Found: C, 78:7; H, 10-0. C,,H,.O, requires C, 78-6; H, 9-75%). 

Evgosta-7,14,22-trien-3-one.—Ergosta-7,14,22-trienol (ergosterol B,) (prepared by the 
method of Barton and Brooks *) (250 mg.) in dry benzene (38 ml.), acetone (10 ml.), and 
redistilled aluminium isopropoxide (2-0 g.) were refluxed for 8 hr. Working up in the usual 
way and crystallisation from methanol gave ergosta-7,14,22-trien-3-one (70 mg.), m. p. 150— 
152°, [a),, —220° (c 0-96), Amax. 242 mp (¢ 9800) (Found: C, 84-6; H, 10-55. C,,H,,O requires 
C, 85-2; H, 10-75%). This ketone was also prepared by chromic acid—acetone-sulphuric acid 
oxidation *’ of ergosterol B,, but the yield was low (20%) a 

Ergost-22-ene-3,11-dione 3-(Ethylene Ketal).—Ergost-22-ene- 3, 1l-dione * (720 mg.) in 
ethylene glycol (200 ml.) containing toluene-p-sulphonic acid (60 mg.) was slowly distilled 
at 63°/1-5 mm. during 5 hr. until the residual volume was 10 ml. (cf. Allen, Bernstein, and 
Littell *). Working up after addition of sufficient ethanolic potassium hydroxide to make it 
alkaline gave ergost-22-ene-3,11-dione 3-(ethylene ketal) (640 mg.), m. p. (plates from methanol) 
153—154°, [a],, +19° (c 2-02) (Found: C, 78-9; H, 10-7. Cy 9H,,0, requires C, 78-9; H, 10-6%). 

lla-Hydroxyergost-22-en-3-one.—The ketal (see above) (200 mg.) in refluxing propan-1-ol 
(15 ml.) was treated with sodium (1-5 g.). Working up gave 1lla-hydroxyergost-22-en-3-one 
ethylene ketal (180 mg.), m. p. (needles from methanol) 184—185°, [a],, —23° (c 1-50) (Found: 
C, 78:55; H, 10-95. C,.H,,O, requires C, 78-55; H, 11-0%). The ketal (150 mg.) was 
hydrolysed by 80% aqueous acetic acid on the steam-bath for 10 min. to 1la-hydroxyergost-22- 
en-3-one (100 mg.), m. p. [needles from light petroleum (b. p. 60—80°)] 142—144°, [aj,, —19° 
(c 1-58) (Found: C, 81-25; H, 11-2. C,,H,,O, requires C, 81-1; H, 11-2%). 

118-Hydroxyergost-22-en-3-one.—The diketone 3-ketal (see above) (150 mg.) was reduced 
with excess of lithium aluminium hydride in ethereal solution, to give 11$-hydroxyergost-22- 
en-3-one ethylene ketal (120 mg.), m. p. (needles from aqueous methanol) 155—156°, {],, +0° 
(c 1-60) (Found: C, 78-8; H, 10-6. C,,H,,O, requires C, 78-55; H, 11-0%). Hydrolysis with 
aqueous acetic acid as above furnished 118-hydroxyergost-22-en-3-one (60 mg.), m. p. (needles 
from light petroleum) 170—172°, [a], +12° (c 2-00) (Found: C, 81-15; H, 11-1. C,,H,0O, 
requires C, 81-1; H, 11-2%). 

Ergostane-3,7,11-trione and Ergost-22-ene-3,7,11-trione.—38-Acetoxyergostane-7,11-dione * 
was hydrolysed in the usual way to 38-hydroxyergostane-7,11-dione, m. p. (needles from 
methanol) 177—179°, [a] —6° (c 2-73) (Found: C, 77-9; H, 11-0. C,,H,,O, requires C, 78-1; 

™ Hirschmann, Snoddy, Hiskey, and Wendler, J. Amer. Chem. Soc., 1954, 76, 4013. 

% Djerassi, Martinez, and Rosenkranz, J. Org. Chem., 1951, 16, 1278; Hirschmann, Snoddy, and 
Wendler, J. Amer. Chem. Soc., 1953, 75, 3252. 

** Barton and Brooks, /., 1951, 257. 

27 Bowden, Heilbron, Jones, and Weedon, J., 1946, 39. 


*® Heusser, Anliker, and Jeger, Helv. Chim. Acta, 1952, 35, 1537. 
* Elks, Evans, Long, and Thomas, J., 1954, 451. 
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H, 10-75%). Oxidation with chromium trioxide in acetic acid—benzene afforded ergostane- 
3,7,11-trione, m. p. 186—188°, [a], +16-7° (c 1-92) (Found: C, 78-5; H, 10-6. C,,H,,O, requires 
C, 7845; H, 10-35%). Similar oxidation of 38-hydroxyergost-22-ene-7,11-dione * furnished 
ergost-22-ene-3,7,11-trione, m. p. (plates from methanol) 194—195°, [a], —9° (c 2-28) (Found: 
C, 78-75; H, 9-85. CygFIygO, requires C, 78-8; H, 9-9%). 

Ergosta-8,22-dienone.—Ergosta-8,22-dienol 31 was oxidised with chromium trioxide in 
pyridine to ergosta-8,22-dienone, m. p. (plates from methanol) 168—170°, [a], +47° (c 0-30) 
(Found: C, 85°25; H, 10-9. C,,H,,O requires C, 85-2; H, 10-75%). 

178-Hydroxyandrostan-3-one.—This compound was prepared by a new procedure. 176- 
Hydroxyandrostan-3-one hexahydrobenzoate (800 mg.) in benzene (10 ml.) and methanol 
(10 ml.) was treated with toluene-p-sulphonic acid (5 mg.), and the solution slowly distilled. 
The residue crystallised from methanol, to give 3,3-dimethoxyandrostan-178-yl hexahydrobenzoate 
(500 mg.), m. p. (needles) 130—132°, aj, +12° (c¢ 2-03) (Found: C, 75-3; H, 10-4. C,.Hy,0, 
requires C, 75-5; H, 10-35%). This compound was reduced with lithium aluminium hydride 
in the usual way, to furnish 3,3-dimethoxyandrostan-178-ol (300 mg.). Recrystallised from 
aqueous methanol this had m. p. 180—182°, [a], +14° (c 1-68) (Found: C, 74-95; H, 10-8. 
C,,H,O, requires C, 74-95; H, 108%). The ketal (300 mg.) in methanol (10 ml.) and 4n- 
sulphuric acid (2 ml.) was left for 1 hr. at room temperature. Pouring into water, extraction 
into ether, and processing in the usual way afforded 178-hydroxyandrostan-3-one (200 mg.), 
m. p. (from aqueous methanol) 178—179°, [a],, +32° (c 1-91). Serini and Késter ** give m. p. 
176—177°. This procedure gives a better yield than hydrolysis of the hexahydrobenzoate in 
the presence of the 3-ketone. 

3,11-Dioxobisnorallocholanic Acid.—38-Hydroxy-11l-oxobisnorallocholanic acid ** (800 mg.) © 
in benzene (50 ml.), oxidised with a slight excess of chromic acid in aqueous acetic acid, gave 
3,11-dioxobisnorallocholanic acid (600 mg.). Recrystallised from ethanol this formed plates, 
m. p. 258—261°, [a], +52° (c 2-54) (Found: C, 73-5; H, 9-05. C,,H;,0O, requires C, 73-35; 
H, 895%). 

2-Benzylidenestigmastanone.—Stigmastanone (500 mg.) in 0-ln-ethanolic potassium 
hydroxide (50 ml.) was treated with benzaldehyde (500 mg.) at room temperature in the dark 
for 24 hr. The crystalline 2-benzylidenestigmastanone that separated (310 mg.) was filtered 
off. It formed needles (from methanol—benzene), m. p. 151—152°, [aJ,, —108° (c 1-46), Amax 
294 my (ec 16,200) (Found: C, 86-2; H, 10-5. C,,H,,O requires C, 86-0; H, 10-85%). Addition 
of water to the filtrate, ether-extraction, and washing with sodium metabisulphite furnished 
additional material (80 mg.) with identical properties. No trace of an isomeric benzylidene 
derivative could be found. 

2-Benzylidenestigmastanone (563 mg.) in chloroform (100 ml.) at —60° was ozonised until 
the absorption band at 294 my had disappeared (20 mins.). Water (5 ml.) was added and the 
chloroform removed in vacuo. The resulting oil was dissolved in 2% aqueous potassium 
hydroxide and washed with ether. Acidification and further ether-extraction gave 2,3-seco- 
stigmastane-2,3-dioic acid (50%), m. p. (plates from benzene) 230—232°, [a],, +33° (c 0-98), 
undepressed in m. p. on admixture with an authentic specimen of identical properties. 

2-Benzylidene-ergost-22-ene-3, 11-dione.—Ergost-22-ene-3,ll-dione (300 mg.) in 0-1N- 
ethanolic potassium hydroxide (25 ml.) was treated with benzaldehyde (300 mg.) for 24 hr. at 
room temperature in the dark. The crystalline 2-benzylidene derivative (190 mg.) deposited 
had m. p. (plates from ethanol) 191—192°, [a],, —7° (c 1-52), Amax. 294 my (¢ 17,000) (Found: 
C, 83-65; H, 9-65. C,,H,,O0, requires C, 84-0; H, 9-65%). Working up the solution as detailed 
above gave a further quantity of benzylidene derivative (55 mg.) but no indication of an 
additional isomer. 

2-Benzylidene-3,11-dioxobisnorallocholanic Acid.—3,11-Dioxobisnorallocholanic acid (200 
mg.) in 0-1n-ethanolic potassium hydroxide (25 ml.) was treated with benzaldehyde (300 mg.) 
as above. Pouring into water, acidification, and extraction as in the earlier examples gave 
2-benzylidene-3,11-dioxobisnorallocholanic acid (150 mg.) as needles (from methanol—benzene), 


%° Chamberlin, Ruyle, A. E. Erickson, Chemerda, Aliminosa, R. L. Erickson, Sita, and Tishler, /. 
Amer. Chem. Soc., 1951, 73, 2396. 

%t Henbest, Hallsworth, and Wrigley, J., 1957, 1969. 

2 Serini and Késter, Ber., 1938, 71, 1766. 

_* Chamberlin et al. (as in 30), J. Amer. Chem. Soc., 1953, 75, 3477; Cameron, Hunt, Oughton, 
Wilkinson, and Wilson, /., 1953, 3864. 
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m. p. 268—270°, [a]p —24° (c 2-28), Amax 294 my (e 16,800) (Found: C, 77-6; H, 7-95. C,,H,,0, 
requires C, 77-65; H, 8-1%). 

2-Benzylidene-7-methylenecholestanone.—This derivative was prepared from 7-methylene. 
cholestanone (100 mg.) as in the above examples. From methanol—benzene, it formed needles 
(65 mg.), m. p. 145—147°, [a],, — 178° (c 1-16), Amex. 294 my (¢ 17-700) (Found: C, 85-75; H, 10-5. 
C,;Hs,0 requires C, 86-0; H, 10-7%). 

2-Benzylidene-ergost-8(14)-en-3-one.—This was prepared from ergost-8(14)-enone by the 
method used above. From benzene-methanol it formed needles, m. p. 162—163°, [a],, —18° 
(¢ 2-40), Amax. 294 mu (ec 17,000). The m. p. in the literature is 161—162.%4 

2-Benzylidene-17-hydroxyandrostan-3-one.—17-Hydroxyandrostan-3-one (65 mg.) was 
treated with benzaldehyde as above, to give 2-benzylidene-17-hydroxyandrostan-3-one (50 mg.), 
needles (from methanol), m. p. 190—191°, [a],, —140° (¢ 1-80), Amax 294 my (e 16,600) (Found: 
C, 82-5; H, 9-05. C,,H,,O, requires C, 82-8; H, 9-0%). 

2-Benzylidene-178-hydroxy - 4,4 -dimethylandrost - 5 -en -3-one.—17$ - Hydroxy - 4,4-dimethyl- 
androst-5-en-3-one (100 mg.) was converted into the 2-benzylidene derivative as above, 
Recrystallised from methanol—benzene this (50 mg.) formed prisms, m. p. 159—161°, [aJ,, — 148° 
(c 1-45), Amex 294 my (e 16,500) (Found: C, 83-35; H, 9-05. C,,H,,O, requires C, 83-1; 
H, 895%). 

2-Benzylidene-4,4-dimethylergosta-7 ,22-dien-3-one.—4,4-Dimethylergosterone * (300 mg.) in 
tetrahydrofuran (50 ml.) and ethylamine (100 ml.) at 0° was treated with lithium until the blue 
colour persisted. Solid ammonium chloride was added and the ethylamine and tetrahydro- 
furan were removed in vacuo. The residue, which showed no selective ultraviolet absorption, 
was oxidised at 0° with chromium trioxide in acetone,®’ and the product chromatographed over 
alumina (grade III; 15 g.). Elution with light petroleum gave fractions (150 mg.) with m. p. 
176—180°, after crystallisation from methanol-benzene, [a],, —33° (c 1-36), giving a negative 
Fieser test with selenium dioxide.** These fractions were not investigated further. Further 
elution with light petroleum furnished, after crystallisation from methanol, 4,4-dimethyl- 
ergosta-7,22-dien-3-one (100 mg.), m. p. (needles) 143—145°, [a],, —37° (c 1-36) (Found: C, 84-60; 
H, 11-45. Cy9H,,O requires C, 84-85; H, 11-4%), giving a strongly positive Fieser test. This 
ketone (50 mg.) was treated with benzaldehyde according to the general procedure described 
earlier. Recrystallisation of the product from methanol—benzene afforded 2-benzylidene-4,4- 
dimethylergosta-7 ,22-dien-3-one (25 mg.), m. p. (needles) 133—135°, [a],, —111° (c 1-90), Ama 289 
my (e 17,300) (Found: C, 86-2; H, 10-7. C,,H,,O requires C, 86-3; H, 10-53%). The com- 
pound having the same m. p., mixed m. p., rotation {({a],, —114° (c 1-10)} and ultraviolet and 
infrared spectra was obtained from ergosta-7,22-dien-3-one in the following way. 

Benzaldehyde was condensed with ergosta-7,22-dien-3-one as in earlier experiments, to give 
an oily derivative (800 mg.) with Ag,x 294 my (e 13,500). This was taken into benzene (10 ml.) 
and a solution of potassium (200 mg.) in t-butyl alcohol (10 ml.) was added. The solution was 
refluxed with methyl iodide (5 ml.) for 14 hr. Working up gave a product which crystallised 
from methanol—benzene to furnish 2-benzylidene-4,4-dimethylergosta-7,22-dien-3-one (250 mg.) 
as already stated. 

2a-Hydroxybenzylcholestanone.—Cholestanone (100 mg.) in 0-lN-methanolic potassium 
hydroxide (ca. 20 ml.) was treated with benzaldehyde (100 mg.) at room temperature. 
Immediately, on scratching, needles (80 mg.) of 2a-hydroxybenzylcholestanone *7 were deposited. 
Recrystallised from methanol—benzene this had m. p. 188—190°, [a], —71° (c 1-12) (Found: 
C, 82-85; H, 11-2. C,,H,,O, requires C, 82-55; H, 11-0%). On treatment with ethanolic 
potassium hydroxide under the conditions of a kinetic run this afforded, in <5 min., benz- 
aldehyde plus cholestanone (90%) and 2-benzylidenecholestanone (10%), as determined by 
ultraviolet absorption. Treatment of the ketol (50 mg.) with refluxing N-ethanolic hydrogen 
chloride (20 ml.) for 15 min., followed by pouring the mixture into water and working up as 
usual, produced the amorphous benzylidene derivative, Ams, 294 my (e 16,000). 

3-Benzylidene-trans-8-decalone.—trans-B-decalone (700 mg.) in 0-lN-ethanolic potassium 
hydroxide (25 ml.) was treated with benzaldehyde (2-6 g.) and left in the dark at room tem- 
perature for 30 hr. Working up as in earlier examples and trituration with light petroleum 


™“ Heilbron, Simpson, and Wilkinson, J., 1932, 1699. 

%§ Cooley, Ellis, and Petrow, J., 1955, 2998. 

% Fieser, J. Amer. Chem. Soc., 1953, 75, 4395; Nakaniski, Bhattacharyya, and Fieser, ibid., p. 4415. 
%”? Cf. Goldberg and Kirschsteiner, Helv. Chim. Acta, 1943, 26, 288. 
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gave 3-benzylidene-trans-8-decalone (405 mg.) as prisms, m. p. (from light petroleum) 92—93°, 
max, 292 my. (¢ 17,400) (Found: C, 85-1; H, 8:35. C,,HO requires C, 84-95; H, 8-4%). - 

This benzylidene derivative (351 mg.) in chloroform (100 ml.) was ozonised at —20° until 
the absorption at 292 my had essentially disappeared (30 min.). The solution was worked up 
as for the corresponding experiment on 2-benzylidenestigmastanone (see above), to give trans- 
cyclohexylidene-1,2-diacetic acid (250 mg.). This formed prisms (from benzene), m. p. 164— 
165°, undepressed on admixture with authentic material kindly supplied by Dr. L. N. Owen.® 

Treatment of Benzylidene Ketones with Excess of Benzaldehyde.—The benzylidene derivatives 
of stigmastanone (21-2 mg.), ergost-8(14)en-3-one (19-8 mg.), and é#vans-B-decalone (10-4 mg.) 
were treated with a 10-molar excess of benzaldehyde in 0-1N-ethanolic potassium hydroxide 
(10 ml.). In 20 hr. there was no change in the intensity of the ultraviolet absorption and no 
increase in the 330 my region of the spectrum characteristic * of 2,6-bisbenzylidenecyclo- 
hexanones. 

Treatment of 2«-Methylcholestanone with Benzaldehyde.—2a-Methylcholestanone (19-8 mg.) 
was treated with benzaldehyde in ethanolic potassium hydroxide under the conditions of a 
kinetic run. There was no change in ultraviolet absorption after 18 hr. and the 2a-methy]l- 
cholestanone was recovered unchanged (12-0 mg.; identified by m. p., mixed m. p., and 
rotation). 

Treatment of Miscellaneous Ketones with Benzaldehyde.—The following ketones were treated 
under the conditions of a kinetic run: 3-Hydroxycholestan-7-one, hecogenin, 36-hydroxy- 
ergost-22-ene-7,1l-dione and 3$-hydroxyergost-22-en-ll-one. In each case there was no 
appearance of ultraviolet absorption and the ketone was recovered unchanged. 
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263. Interpenetrating Polymer Networks. Styrene—Divinylbenzene Co- 
polymers with Two and Three Interpenetrating Networks, and Their 
Sulphonates. 


By J. R. MILrar. 


Two series of cross-linked polymers containing two and three inter- 
penetrating networks were prepared from styrene and divinylbenzene (DVB). 
Physical properties and swelling characteristics of these polymers, and of 
the sulphonic resins derived from them, have been compared with those of 
conventional cross-linked polystyrene materials and their sulphonates. The 
results suggest that network entanglement plays the major part in deter- 
mining the properties of the copolymers here described, and may also govern 
some of the properties of conventional materials of medium to high cross- 
linking. 


Pepper * has used the ‘‘ weight-swelling ” in toluene as a measure of the degree of cross- 
linking of styrene-divinylbenzene copolymers, since their copolymer composition was not 
determinable by normal methods. A plot of weight-swelling versus divinylbenzene 


1 Pepper, J. Appl. Chem., 1951, 1, 124. 





1312 Millar: Interpenetrating Polymer Networks. 


content of the parent monomer mixture gave a curve of the form expected from consider. 
ation of the Flory—Rehner theory ? of swollen networks; this theory had previously been 
tested by Boyer and Spencer * who measured the swelling volumes of very lightly cross- 
linked polystyrenes in various solvents, and calculated yg (thermodynamic polymer- 
solvent interaction constant) values for various solvents by using the Flory—Rehner 
relation. They obtained values in reasonable agreement with, although generally some- 
what higher than, those obtained for the corresponding solvent-polystyrene systems by 
osmotic or cryoscopic methods. Their polymers contained only about one divinylbenzene. 
unit in every 2500 monomer units, and justified assumption of the Flory-Rehner theory 
(which relates swelling-volume to mesh-width of the cross-linked network for cases in 
which the mesh-width is sufficiently great for the chain between cross-links to be treated 
statistically). 

At the higher divinylbenzene contents used in Pepper’s work, the swellings of the 
copolymers are not readily calculated from their divinylbenzene contents even if these 
were known, because the calculated average mesh width is small, reaching a figure as low 
as 6 monomer units at about 20% of divinylbenzene (when every divinylbenzene unit is 
assumed to behave as a tetrafunctional point of cross-linkage) and the chains are entangled 
to a considerable extent. (In the Flory—Rehner theory entanglement of chains was not 
ruled out, but the tetrahedral cell model postulated was supposed not to be affected by such 
entanglement.) 

We studied styrene—divinylbenzene copolymers in which the order of entanglement 
had been deliberately increased by the introduction of further interpenetrating networks. 
A series of such copolymers has been prepared by causing conventional divinylbenzene- 
cross-linked polystyrene resins to imbibe a calculated amount of a suitable mixture of 
styrene and 50% divinylbenzene solution, containing catalyst, and then polymerising the 
imbibed monomers within the original polymer network, following the method described 
by Solt.5 In some instances this imbibition and subsequént polymerisation has been 
carried out again on the secondary intermeshed copolymer so produced, giving the corre- 
sponding copolymer containing three interpenetrating networks. The densities of the 
copolymers were measured by a flotation method, and their weight-swellings in toluene by 
Pepper’s method; ! the swelling process was observed between crossed polarising filters 
(cf. Wheaton and Harrington ® and Abrams ’). 

Sulphonation of these secondary and tertiary intermeshed hydrocarbon copolymers 
yields corresponding series of intermeshed cation-exchange materials of different degrees 
of swelling. The cation-exchange capacities and water regains of these polymers have been 
compared with those of the sulphonated primary copolymers, which correspond to the 
series of polystyrene sulphonates described by Pepper et al.4* and Gregor et al.® However, 
the water-swelling properties of the intermeshed ion-exchange materials differ from those 
predicted from the toluene-swelling properties of the parent copolymers; this difference 
can be related to the structure of the intermeshed copolymers. 


EXPERIMENTAL 


Materials.—Commercial styrene monomer was washed with dilute sodium hydroxide solution 
to remove phenolic inhibitors, water-washed, dried over sodium sulphate, and vacuum-distilled 
under nitrogen with powdered sulphur as inhibitor. A commercial divinylbenzene solution 
(nominally 50% by weight of divinylbenzene isomers, the remainder being ethylstyrene) was 


* (a) Flory and Rehner, J. Chem. Phys., 1943, 11, 521; (b) Flory, ibid., 1950, 18, 108. 
* Boyer and Spencer, J. Polymer Sci., 1948, 3, 97. 

* Blanchard and Wootton, /. Polymer Sci., 1959, 34, 627. 

5 Solt, B.P. 728,508. 

* Wheaton and Harrington, Ind. Eng. Chem., 1952, 44, 1796. 

7 Abrams, Ind. Eng. Chem., 1956, 48, 1469. 

* Pepper, Reichenberg, and Hale, J., 1952, 3129. 

* Gregor, Sundheim, Held, and Waxman, J. Colloid Sci., 1952, 7, 511. 
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treated in the same way, except that the final step was flash-distillation to avoid alteration in 
composition of the mixture. The toluene was reagent-grade material, free from sulphur 
compounds, and was re-distilled. The suspension stabiliser was ‘‘ Rhodoviol HS-100,” a poly- 
(vinyl alcohol) preparation (R. W. Greeff and Co., London), and a commercial grade of azo- 
di-isobutyronitrile containing about 7% of moisture was used as catalyst. All other materials 
were laboratory-reagent grades, except where otherwise specified. 

Polymerisation.—(a) Primary cross-linked polystyrene polymers. A conventional pearl 
polymerisation technique was used. The appropriate mixture of styrene and 50% divinyl- 
benzene solution, containing 0-2% w/v of azodi-isobutyronitrile as catalyst, was suspended 
in about twice its volume of 0-1% ‘‘ Rhodoviol ” solution, and maintained in a closed vessel at 
70°, with stirring at a controlled rate to yield the copolymer as spheres in the range 
18—60 B.S.S. mesh. The gelation stage (about 5% conversion) occurred about 1 hr. from the 
start of the run. After 4—5 hr. the copolymer beads became denser than the suspension 
medium, and the temperature of the system was increased to 100° during about an hour. 
Finally, the beads were filtered off, washed free from adhering stabiliser, and dried overnight 
at 95°. No special precautions were taken to exclude oxygen during the polymerisation. 

(b) Intermeshed copolymers. The (primary) products from process (a) were fully swollen 
in their appropriate styrene—divinylbenzene mixtures (containing 0-2% of azodi-isobutyro- 
nitrile), suspended in about twice their weight of 0-1% ‘‘ Rhodoviol ” solution, and maintained 
overnight at 70° in a closed vessel, with constant agitation to prevent aggregation. The 
secondary intermeshed copolymer so produced was filtered off, washed, and dried as previously 
described. Repetition of the process yielded the tertiary intermeshed product; in this case, 
the parent beads were taken from a 36—60 B.S.S. mesh fraction of the original material ; 
otherwise, 25—36 mesh fractions were used. The final products in each case were thus roughly 
comparable in size with the remainder of the original material. Yields of the various copolymers 
were within the range 90—100%. 

Since the volumes of good swelling agents taken up by unit weight of dry polymer were 
found to be very nearly constant, the volume of monomer mixture required for full swelling was 
conveniently calculated from the toluene regain, determined as indicated below. Separate 
experiments confirmed that this calculated-addition method gives the same product as does 
the use of an excess of monomer mixture, followed by centrifuging. 

The polymerisation was carried out when the beads had imbibed all the added monomer, 
and the network had reached a state of balanced stress, as indicated by the disappearance of 
the characteristic strain patterns between crossed polarising filters.6’7 Most of the beads of 
higher toluene regain reached equilibrium in 1—2 hr., while those of lower regain were left 
overnight. In the three tertiary intermeshed copolymer preparations, the final state was 
reached in each case in less than 2hr. However, this state in the case of the 4% divinylbenzene 
polymer was not one of balanced stress, and this mixture, too, was left overnight before 
polymerisation. 

Sulphonation of Copolymers.—This was carried out essentially as described by Pepper, but 
without silver sulphate catalyst, and by using a ratio of 100 ml. of concentrated sulphuric acid to 
10 g. of copolymer. The mixture was kept at 90° + 1° for 18—64 hrs., the longer periods being 
used with the materials of low toluene-swelling. The product was filtered off, then washed with 
sulphuric acid of decreasing concentration and finally, until free from acid, with demineralised 
water. The resin was cycled once or twice between the sodium and the hydrogen form and 
finally converted into the hydrogen form with excess of 2N-hydrochloric acid. Excess chloride 
and acidity were lastly removed by washing the resin with demineralised water. 

Characterisation of Products.—(a) Density. Densities of the hydrocarbon copolymers were 
measured by determining the concentration of sodium chloride solution in which the polymer 
neither floated nor sank. A solution of ‘‘ AnalaR ” sodium chloride of known concentration in 
boiled-out, demineralised water was quantitatively diluted with similar water at 25° + 0-2° until 
~10%, of a sample of polymer beads sank, then further until only about 10% floated. The mean 
of these two concentrations was taken as that at which the solution density corresponded to 
the mean density of the copolymer, Reproducibility and accuracy were about +0-1%; in 
most cases the polymer showed a range of densities only just within this range. 

(b) Toluene regain. The method was substantially that of Pepper,’ but the resins were 
equilibrated at room temperature (about 20°) and sintered-glass filters of porosity 2 were used, 
as for water-regain measurements.* The precision was thereby reduced to about +3%. 
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Where the divinylbenzene content of the monomer mixture used for the second network was 
low, traces of soluble material were present in the beads. However, even with 0-5% v/v of 
divinylbenzene in the monomer mixture (the lowest proportion studied), the correction for this 
is less than the experimental error of the determination, and no correction was therefore applied. 

(c) Water regain. The weight-swelling of the sulphonated copolymers in the hydrogen form 
was determined essentially as described by Pepper e¢ al. Variations from their procedure were: 
about 1-5 g. of wet resin were taken, after being kept for ~1 hr. in a 0-1% solution of Lissapo] 
NDB (a salt-free commercial non-ionic detergent); centrifuging was carried out at room 
temperature for 1 hr. at ~200 g; the resin samples, after being weighed, were dried to constant 
weight at ca. 100° for 18—24 hr.; the corresponding average corrections for water held in the 
sinter and between the beads were 0-003 g. and 0-03 x wet weight of beads respectively. The 
accuracy of the measurement was about +3%, i.e., the same as that of the toluene-regain 
measurements on the original hydrocarbon polymers. 

(d) Total ion-exchange capacity. The exchangers are unifunctional and their ion-exchange 
capacity is wholly associated with sulphonic groups, The total number of exchangeable 
hydrogen ions was determined by stirring 0-5—1 g. of H*-resin with about 50 ml. of water 
containing about 1 g. of “‘ AnalaR ”’ sodium chloride and titrating the total acid liberated with 
0-1N-sodium hydroxide to phenolphthalein. Duplicate results agreed within 0-03 milliequiv./g. 


RESULTS AND DISCUSSION 


In linear macromolecules, substitution of alkyl groups in the side chain normally tends 
to reduce the density, the less efficient packing of the polymer chains more than offsetting 
the increase in molecular weight of the repeating unit. On the other hand copolymerisation 
of increasing amounts of divinylbenzene with styrene results in a slight but progressive 
increase in density from 1-049 g./c.c. for linear polystyrene to 1-054 g./c.c. at 17% viv 
divinylbenzene content. This discrepancy may be explained’ by the filling of some of the 
“holes ” in the comparatively loosely packed !° amorphous polystyrene structure by self- 
entanglement of the growing network. A necessary corollary is that the system is no 
longer topologically equivalent to a simple four-connected net. The deliberate introduc- 
tion of (formally) independent secondary and tertiary networks intermeshed with such a 
primary structure should therefore produce similar but more marked effects both on the 
swelling and the density of the resultant copolymer. 

Figs. 1 and 2 show the effect on copolymer density and toluene regain of the introduc- 
tion of secondary and tertiary interpenetrating networks made from the same monomer 
mixture as was used in forming the primary network. Although the networks are 
indistinguishable qualitatively and the overall divinylbenzene content of the copolymer is 
unchanged, there is a progressive increase in density and decrease in toluene regain. The 
similarity of curves B and C to A suggests that the differences between the intermeshed 
and primary copolymers are of degree rather than fundamental. 

Fig. 3 shows the relation between the toluene regain, and the v/v percentage (m,) of 
divinylbenzene isomers in the imbibed monomer mixture for different primary networks. 
[The nominal divinylbenzene content (m) of the primary network is expressed in the same way.] 

The increased entanglement is again shown by a lowering of the toluene regain of the 
copolymer. Where m, < n, the toluene regains of the secondary intermeshed copolymers 
are sensibly constant for a given primary matrix; where m, > n, the toluene regains 
decrease regularly with increasing m, in a manner similar to the decrease in regain with 
increasing cross-linker content described by Pepper. 

There appears to be no simple quantitative relation between the regain of an inter- 
meshed copolymer and the regains of its individual networks. However, it seems that the 
toluene regain of the intermeshed copolymer is governed by the network which has the 
higher divinylbenzene content and would, by itself, have the lower regain. The other 
network is therefore in general less fully extended than it would otherwise be, and the 


10 Heller and Thompson, J. Colloid Sci., 1951, 6, 57. 
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whole system must be one in which the swelling process is more complex than in a normal 

lymer. 
PT his has been confirmed by observing the swelling process in polarised light. Con- 
ventional cross-linked styrene copolymers, on swelling in toluene, show a characteristic 
sequence of coloured strain patterns when observed by white light between crossed 
polarising filters.6? The average time taken to complete the sequence from the initial 
penetration of solvent to the uniform dark grey field (which corresponds to a state of 
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balanced principal stresses), although not highly reproducible, gives a rough measure of 
the degree of entanglement of the network. All conventional materials showed the final 
balanced-stress pattern, although the relaxation times varied from about 4 min. for a 
1%, to about 4000 min. for a 10% divinylbenzene-styrene copolymer. All the inter- 
meshed copolymers, however, showed considerably longer relaxation times than their 
primary copolymers, and many never achieved the final balanced-stress state, the sequence 
being “ frozen” at one of the stages following complete penetration of solvent, sometimes 
with additional dark lines particularly characteristic of the copolymers containing three 
interpenetrating networks. 

If we assume with Blanchard and Wootton ‘ that the proportion of “ trapped entangle- 
ments” increases with increased cross-linking, the extension to a secondary copolymer 
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would require that the swelling be related to the divinylbenzene content of the secondary, 
network. However, there is an overriding requirement that the total volume swelling 
cannot appreciably exceed that of the primary network, unless disentanglement occurs, 
(It should be emphasised that this disentanglement would have to be reversible, since the 
toluene regain figures can be reproduced on the same sample of hydrocarbon copolymer 
beads.) Since at least part of the volume-swelling potential of the primary network is 
taken up with the volume occupied by the interpenetrating secondary copolymer, this is 
bound to reduce the regain figure, particularly as the density of the polymer itself is 
increased. These considerations provide at least a qualitative explanation for the 
results summarised in Fig. 3. 

Pepper ! has demonstrated an almost linear relation between the water regain and ion- 
exchange capacity of a styrene—divinylbenzene copolymer sulphonated to various extents, 
It follows that the specific water regain (that is, the weight-swelling in water of the sul- 
phonated copolymer divided by the ion-exchange capacity) is, to a first approximation, a 
constant for, and characteristic of, a given copolymer matrix. In the present work, the 
capacities of the several ion-exchange materials did not necessarily correspond to exact 
monosubstitution, and in consequence the specific water regain (g. of water/milliequiv.), 
rather than the water regain, has been taken as characteristic of the resin matrix. 

Pepper * has further shown that there is a smooth relation between the toluene regain 
of the parent hydrocarbon copolymer and the water regain of the monosulphonated 
product. Provided, therefore, that the net cross-linking of the resin is unchanged during 
the sulphonation, the specific water regain of the ion-exchanger and the toluene regain of 
the hydrocarbon copolymer provide independent criteria of the degree of cross-linking or 
entanglement of the polymer matrix. That this is true has already been demonstrated! 
for the primary copolymers; it has been confirmed for the. secondary and tertiary inter- 
meshed copolymers by sulphonation of the 2% divinylbenzene materials and plotting the 
specific water regain as a function of time. If the net cross-linking increased (e.g., by 
sulphone formation) the specific water regain would fall with time, whereas if it decreased 
the specific water regain would rise. The experimental results showed in each case merely 
a slight random variation (within the experimental error of the determination) about the 
mean value characteristic of the fully sulphonated product, and hence no net change in 
cross-linking, over a range of sulphonation times of 1—120 hr. and a range of capacities 
of 4-8—5-3 milliequiv./g. 

The apparent divinylbenzene contents of the intermeshed resins were calculated by 
these two methods, using Pepper’s figures +8 (see results in the Table). They show that 


Apparent DVB content 


Hydrocarbon copolymer Sulphonated copolymer (% viv) 





Nominal DVB content Toluene ‘Water Exchange Spec. water ‘Peon spec. Soeest 
of network (% v/v) * regain regain capacity regain water toluene 
(g-/g-) (g-/g-) (meq./g.) (g./meq.) regain regain 
3-38 10-5 5-66 1-85 1- 1-0 
2-44 5-24 5-27 0-995 


0-694 
0-534 
0-403 
0-419 
0-232 
0-329 
0-337 
0-216 
0-235 
0-215 
0-182 
0-182 
0-65 0-130 
0-66 0-132 10-2 14-0 


v/v% has been used throughout for practical reasons. 1-:0% v/v = 1:01% w/w = 0-82 mole %. 
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where swelling of the hydrocarbon matrix in toluene is restrained by additional network 
entanglement the water regain of the sulphonated materials is higher than would be 
expected from the toluene regain of the matrix; this suggests that the ionic forces involved 
in the water-swelling of the ion-exchanger can cause irreversible disentanglement which 
the van der Waals forces involved in the toluene-swelling process cannot. The discrepancy 
between the apparent divinylbenzene contents is thus a measure of this disentanglement ; 
it is particularly noticeable at the higher equivalent degrees of cross-linking, but while, 
in part, this might be ascribed to the flattening of the curve of regain against cross-linked 
content, it is in general too great to be accounted for in this way. 

The behaviour of the secondary intermeshed 7% divinylbenzene copolymer, which 
had a toluene regain equivalent to a conventional 14% v/v divinylbenzene copolymer and 
showed a specific water regain after sulphonation corresponding to that of a 10% v/v 
divinylbenzene copolymer, recalls a finding by Hale, Packham, and Pepper" that a conven- 
tional 15% cross-linked polystyrene monosulphonate underwent irreversible structural 
change, to a similar extent, on complete conversion into the tetraethylammonium form. 
The structural change postulated was the rupture of weak cross-links of unspecified type 
in order to make room for the bulky quaternary ammonium ion. However, the present 
work suggests an alternative mechanism, the partial but irreversible disentanglement of 
the complex network, under conditions of considerable osmotic stress. The actual energy 
required to rupture an individual C-C or O-O “ weak ” linkage introduced during poly- 
merisation 2 may be considerably less than the corresponding average bond energy (59 
and 35 kcal./mole, respectively 1%) but-it seems likely that the polymer—polymer interaction 
energies of the type involved in primary network entanglement would be still less. These 
points of entanglement correspond to the points of adhesion in the “ thermally fixed 
structure’ of Ueberreiter and Kanig,™ and may indeed be regarded as weak cross-links. 
They are probably strong enough to resist, not only toluene-swelling forces, but also the 
normal osmotic forces involved in hydration of the sulphonic acid groups. In inter- 
penetrating networks, the packing of the sulphonic acid groups is tighter and the hydration 
forces correspondingly greater, while the concentration, along the chains, of normal 
tetrafunctional cross-links corresponds to that of a comparatively lightly cross-linked 
material. In consequence, hydration rearranges the entanglements to a degree which 
solvation by toluene cannot, since the ionic forces vary inversely as r* while the van der 
Waals forces vary inversely as 7’. 

The results reported in this paper emphasise the importance of the entanglement 
concept for the physical properties of conventional cross-linked polymers, and show how it 
may be possible to modify physical properties by increasing the entanglement factor 
without necessarily increasing the concentration of covalent cross-links. With sulphonated 
copolymers, other properties, notably ion-exchange equilibria and kinetics, are affected by 
the cross-linking, and it is likely that these new sulphonic acid exchangers which differ in 
order of network entanglement may prove unconventional in their exchange behaviour also. 


The author is indebted to Dr. R. E. Kressman for advice and criticism, to Mr. R. F. Morgan 
and Mr. D. G. Smith for experimental assistance, and to the Directors of The Permutit Co. Ltd. 
for permission to publish this paper. 


RESEARCH LABORATORY, THE PERMUTIT Co. LTD., 
PONTYCLUN, GLAMORGAN. [Received, July 9th, 1959.) 


1 Hale, Packham, and Pepper, J., 1953, 850. 
12 Grassie, Chem. and Ind., 1957, 539. 

#8 Pauling, ‘‘ Nature of the Chemical Bond,” Cornell Univ. Press, New York, 2nd edn. 1949, p. 53. 
™ Ueberreiter and Kanig, J. Chem. Phys., 1950, 18, 399. 
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264. The Elucidation of the Mechanism of the von Richter 
Reaction by Use of Oxygen-18 as Tracer. 


By Davip SAMUEL. 


When substituted nitrobenzene derivatives are used in the von Richter 
reaction (formation of benzoic acids by the action of potassium cyanide in 
aqueous ethanol), the carboxyl group is found in the position ortho to that 
vacated by the nitro-group. -Bromo- and p-chloro-nitrobenzene have now 
been used in ethanol—water (the latter enriched in oxygen-18). The m-bromo- 
and m-chloro-benzoic acid formed were isolated and analysed for their 
isotopic oxygen content. The results confirm the mechanism suggested by 
Bunnett and his co-workers in which a cyclic intermediate ‘“ imino- 
anhydride ” (iminoisoxazoline) is formed. 


von RIcHTER! found that m-bromobenzoic acid is formed when #-bromonitrobenzene is 
heated with potassium cyanide in aqueous alcohol. Bunnett and his co-workers ** found 
this to be a general reaction for substituted aromatic nitro-compounds, though not always 
giving good yields. They investigated the effects of varying the substituents, the medium, 
and the conditions of the reaction. Under the optimum conditions (refluxing 48°, aqueous 
ethanol) #-chloronitrobenzene formed m-chlorobenzoic acid in about 40% yield, and 
nitrite was a by-product. 

For all substituted nitrobenzenes the carboxyl group entered the position ortho to that 
vacated by the nitro-group. Reactions of this type, in which the entering group takes a 
position other than that vacated by the leaving group, have been named “ cine” 
substitutions. Bunnett and his co-workers * found that ‘after reaction of nitrobenzene 
in D,O-C,H,°OD, the benzoic acid produced, contained (after equilibration of the carboxyl 
hydrogen atoms with ordinary water) 0-72 deuterium atom per molecule. The recovered 
nitrobenzene was nearly free from deuterium. Thus hydrogen atoms from the solvent 
become attached to the aromatic carbon in the course of the reaction. This exchange of 
hydrogen was confirmed * by using an aromatic nitro-compound labelled with deuterium 
in the aromatic ring and unlabelled solvent. 

Various mechanisms have been proposed for the von Richter reaction. von Richter 
himself } and Lobry de Bruyn and van Geuns 5 suggested the formation of an intermediate 
nitrobenzonitrile which loses the nitro-group as nitrite by an unspecified mechanism. The 
substituted benzonitrile is then hydrolysed to a benzoic acid. In no case has such an 
intermediate been isolated, though when aromatic nitriles are added to the reacting 
mixture ® they are rapidly hydrolysed to a mixture of acid and amide. 

On the basis of all the observed facts Bunnett and Rauhut ® proposed the annexed 
mechanism for the von Richter reaction. They suggested that step (1) is slow, its rate, and 
hence the over-all yield of acid, being affected by the other substituents. Step (3) involves 
the formation of an “ imino-anhydride ” (iminoisoxazoline) (III) which is hydrolysed in 
step (4) to a cyclic mixed anhydride (IV). Step (6) accounts for the exchange of deuterium 
between the aromatic ring and the solvent. Intermediates (III) and (IV) are of a novel 
type. The mechanism of the von Richter reaction has now been investigated by using 
as solvent a mixture of ethanol and water enriched in oxygen-18. Under the basic 
conditions of the reaction, there is no exchange between alcohol and water.’ If Bunnett’s 


1 yon Richter, Ber., 1871, 4, 21, 459, 553; 1874, 7, 1145; 1875, 8, 1418. 

* Bunnett, Cormack, and McKay, J. Org. Chem., 1950, 15, 481; Bunnett and Rauhut, ibid., 1956, 
21, 934; Bunnett, ibid., p. 939. 

* Bunnett, Rauhut, Knutson, and Bussel, J]. Amer. Chem. Soc., 1954, '70, 5755. 

* Bunnett and Zahler, Chem. Rev., 1951, 49, 382; Bunnett, Quart. Rev., 1958, 12, 1. 

* Lobry de Bruyn and Van Geuns, Rec. Trav. chim., 1904, 23, 26, 47. 

* Bunnett and Rauhut, J]. Org. Chem., 1956, 21, 944. 

7 Anbar, Dostrovsky, Samuel, and Yoffe, J., 1954, 3603. 
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mechanism is correct, the cyclic anhydride (IV) will contain one oxygen atom in the 
carbonyl group from the water in the solvent, formed by hydrolysis of the imino-anhydride 
(III), the “ bridging ” oxygen atom being one of those of the original nitro-group. In 
step (7) the carbon-nitrogen bond is broken and a carboxylic-nitrous anhydride (VIT) is 
formed. It has been shown’ that esters of nitrous acid are hydrolysed by nucleophilic 
attack on nitrogen (i.e., an SyX reaction) with N-O cleavage. It seems reasonable to 
suppose that mixed anhydrides will also be hydrolysed with N-O cleavage and the final 
product, a substituted benzoic acid, will contain one oxygen atom from the solvent enriched 
in 180 and one from the nitro-group with a normal #80 abundance. 


x x x 
= S 
ce > H = | 
CN 


NO. UN* 
2 -o Nvo- 


x 


(I) 
x 
Ht 
Y. age — 
C=O ¢c-O- 4 
fe) 


-O-N~—O -o-N— -O-N—O 
(IV) (V) (V1) 


p-Chloronitrobenzene was caused to react in refluxing 48% and in 95% ethanol, the 
latter in order to eliminate any confusion due to a 1:1 ratio of ethanol to ester in the 
solvent. The reaction was also run with p-bromonitrobenzene in a sealed tube in 48% 
aqueous ethanol at 150°. The products and unchanged starting material were isolated 
under conditions where no exchange of oxygen could occur, and were analysed for oxygen- 
18content. The results are in the Table, together with those calculated on the assumption 


At.% %O At. % 180 At. % #0 
in H,O in recovered in acid 
Expt. Nitro-compound Solvent Conditions of solvent nitro-cpd. Found Calc. 
p-C,H,Br-NO, 48% 150°, 1 hr. 1-53 0-20 0-84 0-86 
E 


A 
B  p-C,H,CL-NO, B. p., 18 hr. 1-53 0-20 0-83 0-86 
Cc “ 9 B. p., 48 hr. 1-32 0-23 0-70 0-76 


that one oxygen atom comes from the water in the solvent and one from the nitro-group. 
They show that there is virtually no exchange of oxygen between water and aromatic 
nitro-compounds under the conditions of the experiments, 

If the mechanisms proposed by von Richter ! and by Lobry de Bruyn and van Geuns 5 
were correct the benzoic acids formed should contain the same atom % 180 as the water in 
the solvent. The isotopic results therefore eliminate any mechanism involving the 
hydrolysis of an intermediate benzonitrile. The agreement between the observed and 
the calculated results confirms the mechanism proposed by Bunnett and Rauhut.® 


EXPERIMENTAL 


Materials.—p-Chloronitrobenzene aud p-bromonitrobenzene were commercial products, 
purified by recrystallization from ethanol. 

48Q-Enriched water (1-58 at. % 4%O) was obtained from the distillation plant of the Weizmann 
Institute of Science. Aqueous-ethanol solvents were made up by volume from this water and 
absolute ethanol. 
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Isotopic Analyses.—p-Chloronitrobenzene, p-bromonitrobenzene, and m-chlorobenzoic acig 
were analysed by an adaptation of the method of Anbar and Guttmann.* The compound 
(~20 mg.) is introduced into a borosilicate tube (2 ml.) with a break off-top and a seal-og 
constriction containing a 1: 1 mixture (~300 mg.) of mercuric chloride and mercuric cyanide, 
The tube and both the salts should be vacuum-dried and as free from absorbed moisture as pos. 
sible. The tube is evacuated and sealed off, then heated at 400° for 2 hr. After cooling, the 
tube is opened on a vacuum-line and the gases formed are condensed by cooling with liquid 
nitrogen into a second tube of the same design containing saturated zinc amalgam (~2 g.). The 
non-condensable gases formed are pumped off. The second tube is sealed off under a vacuum 
and heated at 200° for 2 hr. 

This treatment removes cyanogen, hydrogen chloride, and other impurities which react 
with the zinc. On cooling, the material is ready for analysis by mass-spectrometry. 

The atom % O was calculated from the peaks of masses 44 and 46 by means of 
the equation (used for fairly low concentrations of 1*Q) : 


Peak 46/Peak 44 


o/ 18 — 
Atom % "O = 3 Beak 46/Peak 44 





Water and the water in the aqueous-alcoholic mixtures were analysed by equilibration with 
carbon dioxide in a borosilicate tube at 70° for 12 hr. 

von Richter Reactions—Conditions and quantities were essentially those described by 
Bunnett and his co-workers * except that 4O-enriched water was used in the solvent and 
working up was modified to eliminate the possibility of exchange of oxygen during purification. 
Results are in the preceding Table. 

(A) p-Bromonitrobenzene (4 g.), potassium cyanide (2-6 g.), and 48% aqueous ethanol 
(25 ml., containing ™O-enriched water) were heated in a sealed tube for 1 hr. at 150°. On 
cooling, the dark red contents were made basic with potassium hydroxide and steam-distilled 
to remove unchanged starting material and ethanol. The solid p-bromonitrobenzene (1-1 g) 
was filtered off, recrystallised (m. p. 128—128-5°) from ethanol, and analysed for 0. The 
residual solution from the steam-distillation was cooled, made acid with aqueous nitric acid 
(1:1), and extracted rapidly six times with ether. The combined ether extracts were dried 
(Na,SO,) and the solvent was removed. The dark solid was then sublimed at ~110°/0-01 mm. 
The sublimed material (0-6 g.) was recrystallised from ether—hexane; it had m. p. 158—158-5° 
and was analysed for 10. 

(B) p-Chloronitrobenzene (3-15 g.) and potassium cyanide (10-3 g.) were refluxed in 48% 
ethanol (75 ml., containing 1*O-enriched water) for 18 hr. The dark red solution was worked 
up as described in (A). The recovered p-chloronitrobenzene (0-6 g.) was recrystallised (m. p. 
84—84-5°) from ethanol and analysed for 480. The m-chlorobenzoic acid was separated from 
tar, etc., by sublimation followed by recrystallisation (m. p. 156—157°) from ether—hexane and 
analysed for 180. 

(C) p-Chloronitrobenzene (3-15 g.) and potassium cyanide (20 g.) were refluxed in 95% 
ethanol (75 ml., containing #*O-enriched water) for 48 hr. A considerable part of the potassium 
cyanide remained unchanged. The dark red solution was decanted and worked up as described 
above. The recovered p-chloronitrobenzene (0-4 g.) was recrystallised (m. p. 156—157°), from 
ethanol, and m-chloronitrobenzene was sublimed and recrystallised (m. p. 156°) from ether- 
hexane before analysis for #0. 


Tue Isotope DEPARTMENT, THE WEIZMANN INSTITUTE OF SCIENCE, 
REHOVOTH, ISRAEL. (Received, July 21st, 1959.) 


8 Anbar and Guttmann, J. Internat. Appl. Radn. Isotopes, 1959, 4, 234. 
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265. Some z-Cyclopentadienyl-molybdenum and -tungsten 
Carbonyls. 


By E. W. ABEL, APAR SINGH, and G, WILKINSON. 


Some substituted binuclear cyclopentadienyl-molybdenum and -tungsten 
carbonyls have been made from the metal carbonyls and fulvenes. The 
corresponding mononuclear iodides and some alkyl derivatives have 
been obtained. 2-Cyclopentadienylmolybdenum-z-cyclopentadienyltungsten 
hexacarbony] is the first reported complex with a metal-metal bond between 
different transition-metal atoms. 


MoLYBDENUM and tungsten form? binuclear di(cyclopentadienylmetal tricarbonyls) 
(x-C;H,M(CO),],, and a methyl-substituted derivative was prepared * from methylcyclo- 
pentadiene. We now report the preparation of other substituted binuclear di(cyclo- 
pentadienylmetal carbonyls) from the simple carbonyls and various fulvenes; fulvenes 
were recently used as starting materials for the preparation of substituted ferrocenes.* 
Whereas the formation of the x-cyclopentadienyl compounds from cyclopentadiene 
required the loss of hydrogen in a manner as yet not fully understood, the formation of 
substituted x-cyclopentadienylmetal compounds from the fulvenes requires the uptake 
of hydrogen: 
2C,H=CRR’ + 2M(CO), + 2H —— [RR’HC'C5HM(CO)s, + 6CO . . - ~~ (I) 

Since high yields are obtained only with solvents, such as ethylene glycol dimethyl ether, 
from which hydrogen can be abstracted, the hydrogen is most likely derived from the 


solvent, though some abstraction from the excess of fulvene is also a possibility. The 
compounds prepared in this manner are listed in Table 1. 


TABLE 1. Di(substituted x-cyclopentadienylmetal tricarbonyls) [R*C;H,M(CO),]>. 
CO stretching modes (cm.~*) 


R M M. p. Colour (all strong) 
ee bsecanticdeceatecetassddaestecess Mo 200°* . Red 1967, 1916 
PP eed dv clnsbssisessss Ys Mo 163 Red 1964, 1916 
IED cusutnesectsakivasentecions Mo 170 Red 1964, 1913 
RII Rokcovicvanvensp+socpenhsiante Mo 152 Red 1962, 1916 
Ce olives cccdéckadose’ Mo 117—119 Red 1962, 1912 
NR iia bas Savescep endian escubs Mo 125 * Dark red 1962, 1912 
WEI. nesidcdesisecsccasioonssine Mo 203—205 Brown 1961, 1916 
p-MeO-C,H,CH, ............... Mo 103 * Brown 1961, 1916 
SPORTS v0.0 incassaacscacseoes Mo 180 Red 1961, 1911 
DET siadshcatsacaceatschedeueruateoet Ww 195 Red 1958, 1906 
te chavistagdishvorractebeobaanes WwW 184 Red 1960, 1905 


* Decomposition point. 


The tricarbonyl-x-cyclopentadienylmolybdenum halides have previously been made 
indirectly,? but we have now found that the metal-metal bond ° in bis(tricarbonyl-x-cyclo- 
pentadienylmolybdenum) is immediately cleaved by iodine in solution. In this way we 
have prepared some monomeric iodides (Table 2): 


[R°CsH,Mo(CO)s] + lp ——Be 2R'CsH,MO(CO)} . . . 2) 


The metal-metal bond can also be cleaved by sodium in tetrahydrofuran to give the 
corresponding sodium salts. 
Many compounds are now known in which an alkyl group is o-bonded to the metal of 


? Wilkinson, J. Amer. Chem. Soc., 1954, 76. 209. 
Piper and Wilkinson, J. Inorg. Nuclear Chem., 1956, 3, 104. 
Reynolds and Wilkinson, J. Inorg. Nuclear Chem., 1959, 9, 86. 
Knox and Pauson, Proc. Chem. Soc., 1958, 289. 
Wilson and Shoemaker, J. Chem. Phys., 1957, 27, 809. 
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the tricarbonyl-n-cyclopentadienylmolybdenum residue.2, No compounds were known, 
however, in which alkyl groups were attached directly to the metal, and also substituteg 
on the x-cyclopentadienyl ring. A number of these compounds have been obtained 
(Table 3) by the interaction of the sodium salts of the substituted tricarbonyl-z-cyclo- 
pentadienylmolybdenum and alkyl halides. 


TABLE 2. Tricarbonyl-(substituted x-cyclopentadienyl)molybdenum todides 
R-C;H,Mo(CO),I. ' 
CO stretching modes CO stretching modes 
M. p. (cm.-) (all strong) R M. p. (cm.“) (all strong) 
2052, 1974 76° 2052, 1974 
2051, 1974 p-MeO-C,HyCH, 78 2055, 1975 
2050, 1976 CHMePr® 2050, 1973 


The ring-substituted compounds described are very similar to the parent cyclopenta- 
dienyl compounds. There is a general tendency, however, for the ring substituent to 
cause a lowering in melting point, and even some liquid compounds were obtained. This 
trend has already been noted on methyl substitution.’ 

The infrared spectra of all the compounds have only two strong modes in the metal- 
carbonyl stretching region, this despite the presence of substituent groups on the cyclo- 
pentadienyl ring; it confirms the view*® that the number of infrared-active modes is 


TABLE 3. Alkyl-(substituted n-cyclopentadienyl)molybdenum tricarbonyls 
R-C;H,MoR’(CO)s. 
CO stretching modes CO stretching modes 
M. p. (cm.") (all strong) R R’ M. p. (cm.—) (all strong) 
~— 25° 2030, 1938 CHEt, ... Et Oil 2021, 1927 


~—15° 2025, 1931 CHPhMe Me Oil 2021, 1931 
Oil 2028, 1931 r 


dependent upon the local symmetry of the M(CO), group and not on the total symmetry 
of the molecule, owing essentially to free rotation about the metal-ring bond.”* The 
small variations observed in the CO stretching frequency may be explained by the variations 
in electron density on the ring and the metal atom, caused by substituents on the z-cyclo- 
pentadienyl ring. 

Reaction of the sodium salt of tricarbonylcyclopentadienylmolybdenum with tri- 
carbonylcyclopentadienyltungsten iodide gave x-cyclopentadienyltungsten-cyclopenta- 
dienylmolybdenum hexacarbonyl: 


a-CsHsMo(CO) Na + 2-CgH;W(CO) 3! ——t> Nal + 2-C5H5(CO)sMo*W(CO)g2-CsHs 


We believe this is the first carbonyl complex with a metal-metal bond between different 
transition metals. That it was not a mixture of the corresponding Mo—Mo and W-W 
compounds was evident as the compound was chromatographed twice (as a single band) 
and then shown to give the same analytical results. Further, the ultraviolet spectra 
of the binuclear x-cyclopentadienyl-molybdenum and -tungsten carbonyls have sharp 
absorption maxima at 386 and 360 my, respectively. An equimolar mixture of the com- 
pounds exhibits both of these peaks, whereas the molybdenum-tungsten compound has 
only one maximum at 374 mu. 


EXPERIMENTAL 


Microanalyses and Rast molecular-weight determinations were by the Microanalytical 
Laboratory of Imperial College. Infrared spectra were recorded on a Perkin-Elmer model 21 


* Cotton, Liehr, and Wilkinson, ]. Inorg. Nuclear Chem., 1955, 1, 175. 

? Wilkinson and Cotton, “ Progress in Inorganic Chemistry,” Interscience Publishers Inc., New 
York, 1959, Vol. I, Chap. 1. 

* Waugh and Cotton, personal communication. 
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double-beam spectrophotometer, in carbon tetrachloride and disulphide solution, and ultra- 
violet spectra were recorded in chloroform solution on a Perkin-Elmer model 4000 Spectracord. 

Dimethyl-, diethyl-, ethylmethyl-, and methylphenyl-fulvenes,® diphenylfulvene,” p- 
methoxybenzylidenefulvene,™ cyclohexylidene-, cyclopentadiene-,!* and ethyl-fulvene }* were 
prepared by previously described methods. All reactions were carried out under nitrogen, and 
purifications were by crystallisation, vacuum-sublimation, and chromatography on alumina. 

Interaction of Fulvenes with Molybdenum Hexacarbonyl.—The carbonyl (ca. 0-01 mole, 
1 mol.), the fulvene (1-5 mol.) and ethylene glycol dimethyl ether (50 ml.) were refluxed for 
6 hr., considerable amounts of carbon monoxide being evolved and the mixture becoming deep 
red. Volatile material was removed (60°/10 mm.), and the red residue extracted with petrol— 
benzene. After purification by chromatography on alumina the substituted bis(tricarbonyl- 
cyclopentadienylmolybdenum) formed fine red crystals from light petroleum (Table 4). 

Interaction of Fulvenes with Tungsten Hexacarbonyl.—In the same way as described above 
for the molybdenum analogues, we have prepared bis[tricarbonyl-r-(isopropylcyclopentadienyl) - 
tungsten] (10%) (Found: C, 34-6; H, 3-4; W, 48-2%; M, 723. C,,H,,0O,W, requires C, 35-2; 
H, 2:9; W, 49:1%; M, 750) and bis[tricarbonyl-x-(l-ethylpropylcyclopentadienyl)tungsten] (8%) 
(Found: C, 38-8; H, 2:8; W, 461%; M, 806. C,,.H,O,W, requires C, 38-6; H, 3-7; 
W, 45:7%; M, 795). 

Preparation of the Substituted Tricarbonylcyclopentadienylmolybdenum Iodides.—The 
substituted bis(tricarbonyl-z-cyclopentadienylmolybdenum) (0-005 mole, 1 mol.) in chloroform 
was added dropwise to iodine (1 mol.) in chloroform with constant shaking. The chloroform 
solution was then shaken with aqueous sodium thiosulphate; after separation, the chloroform 
was removed (20°/10 mm.), and the residue crystallized from light petroleum (Table 5). 


TABLE 4. [R°C;H,Mo(CO),]o. 
Yield M Found (%) Reqd. (%) 
Found’ Reqd. H Mo O Cc H Mo 
588 574 : 33-2 — 
619 574 33-6 16-9 45-9 
614 602 32-8 15-9 
678 630 30-9 14-9 
645 630 30-5 15-2 49-5 
702 698 27-8 55-0 
. 862 822 229 — 61:3 
p-MeO-C,H,-CH, 717 730 26-4 52-6 
Cyclohexyl 670 654 29-1 
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TABLE 5. R°C;H,Mo(CO),I. 
M Found (%) Reqd. (%) 
Found Reqd. C H Mo Oo Cc Mo 
422 414 32-1 ° 23-5 11-5 1- ° 23-2 ° — 
450 428 32-7 . 226 — 3: 22-4 29-7 
476 442 346 3- 220 — 5 . 21-7 28-7 
488 476 40-8 . 20-0 — = 0- . 20-2 26-7 
nee 9. y 
— 5. 


I 


| 


510 492 39-5 , 14-5 19-5 25-8 
416 442 340 3- 22-1 21-7 28-7 


bo to be to to 
Se399 
Soaro-1 


Preparation of the Metal-Alkyl Derivatives of Swubstituted-cyclopentadienylmolybdenum 
Tricarbonyls.—Bis[tricarbonyl-z-(isopropylcyclopentadienyl)molybdenum] (1-7 g., 1 mol.) in 
tetrahydrofuran (25 c.c.) was added to sodium shot (0-4 g.; 5 mol.) suspended in tetrahydrofuran 
(75 c.c.), and the solution refluxed gently with stirring (3 hr.); during this time a strong yellow 
coloration developed. After cooling, methyl iodide (2 ml.) was added dropwise and the mixture 
was refluxed for another hour. Removal of volatile matter (at 20°/10 mm.) left a dark oil 
which on sublimation gave pure tricarbonyl-n-(isopropylceyclopentadienyl) (methyl)molybdenum 
(70%) (Found: C, 48-1; H, 4-7; Mo, 30-8%; M, 295. C,,H,,MoO, requires C, 47-7; H, 4-6; 
Mo, 317%; M, 302). In a similar manner were prepared tricarbonylethyl-n-(isopropylcyclo- 
pentadienyl)molybdenum (60%) (Found:, C, 50-2; H, 5-2; Mo, 29-8%; M, 298. C,,H,,.MoO, 

® Crane, Boord, and Henne, J. Amer. Chem. Soc., 1945, 67, 1237. 

1° Thiele, Ber., 1900, 38, 672. 

1 Thiele and Balhorn, Annalen, 1906, 348, 10. 


* Kohler and Kable, J. Amer. Chem. Soc., 1935, 57, 917. 
18 Engler, Z. Elektrochem., 1912, 18, 946. 
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TABLE 6. Ultraviolet absorption spectra of the bis(substituted-n-cyclopentadienylmetal 
tricarbonyls) [R*C;H,M(CO)s]>. 
Absorption maximum Absorption maximum 

M A (mp) Emax. A (mp) Emax. 

386 22,000 510 2150 

393 15,070 510 3123 

395 15,050 515 1645 

400 18,060 517 1982 

398 19,240 512 3436 

394 13,900 512 2978 

390 18,750 513 2360 

395 16,340 513 2340 

360 16,700 490 1540 

365 26,250 492 4000 

365 31,300 493 3793 

374 17,000 498 2540 


requires C, 49-4; H, 5-1; Mo, 30-4%; M, 316); and tricarbonyl-x-(1-ethylpropylcyclopentadienyl). 
methylmolybdenum (60%) (Found: C, 52-1; H, 5-9; Mo, 28-2%, M, 315. C,,H,.MoO, requires 
C, 50-9; H, 5-5; Mo, 28-1%; M, 330). 

Preparation of n-Cyclopentadienylmolybdenum-n-Cyclopentadienyltungsten Hexacarbonyl.— 
Bis(tricarbonylcyclopentadienylmolybdenum) (1-30 g., 1 mol.) was added to sodium shot 
(0-49 g., 4 mol.) in tetrahydrofuran (100 c.c.) and the mixture refluxed (2 hr.). After cooling, 
the yellow solution was filtered from the excess of metal and added to tricarbonyl-z-cyclo- 
pentadienyltungsten chloride (1-96 g., 1 mol.) in tetrahydrofuran (30 c.c.). The yellow mixture 
gradually became red, and after 2 hours’ refluxing and subsequent cooling, volatile matter 
was removed (20°/10 mm.) and the crude product recrystallized from chloroform—petroleum. 
After chromatography (twice) in petroleum red crystals of x-cyclopentadienylmolybdenum- 
n-cyclopentadienyltungsten hexacarbonyl (1-0 g., 65%), m. p. 290° (Found: C, 32-0; H, 18; 
Mo, 16-75; W, 32-1%; M, 528. C,,H,.»MoWO, requires C, 33-2; H, 1-7; Mo, 16-6; W, 31-8% 
M, 578, were obtained. ° 


We thank the Ethyl Corporation (E. W. A.) for financial support and the Climax Molyb- 
denum Company for generous gifts of molybdenum and tungsten carbonyls. 
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266. The Chemistry of Gum Labdanum. Part IV.* The 
Structure of a New Diterpene Acid. 


By T. G. HALsatit and M. Moy te. 





A new diterpene acid isolated } from gum labdanum is 6-oxocativic acid 
(6-oxolabd-7-en-15-oic acid). 


THE acidic fraction 1 of gum labdanum contains labdanolic acid ? (I) and a new diterpene 
acid, C,5H,,03, which has an «$-unsaturated ketone grouping init. This acid has now been 
shown to be 6-oxocativic acid (II). 

The formula of the new acid, after allowance for one double bond and the two carbonyl 
groups, indicated that it was bicyclic. Its ultraviolet spectrum (Amsx, 2390 A; « 11,750) 
suggested that there were two alkyl substituents on the double bond of the «$-unsaturated 
ketone system and that the double bond was probably not exocyclic. In view of the 
occurrence of both labdanolic acid and the new keto-acid in gum labdanum a possible 
structure for the acid was (II). This is 6-oxocativic acid.’ 


* Part III, J., 1957, 4401. 


1 Cocker, Halsall, and Bowers, J., 1956, 4259. 
* Cocker and Halsall, J., 1956, 4262. 
* Cf. Zeiss and Grant, J. Amer. Chem. Soc., 1957, '79, 1201. 
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The keto-group of the new acid proved to be exceedingly inert. No carbonyl derivatives 
of the acid were obtained and an attempt to reduce the keto-group with lithium alu- 
minium hydride led to the reduction of the double bond instead. On catalytic hydro- 
genation of the acid only one mol. of hydrogen was taken up and a saturated keto-acid 
(III) was obtained. This confirms the absence of an isolated double bond. The keto- 
group of the saturated acid was also exceedingly unreactive but by Wolff—Kishner 








4 





OH 





(VIII) (VI; R=H) 
) (VIF; R=Me) 
CO,H 
Ho 
(IX; R= H) (XI) (XIl; R=Me, R’'=H) 
(X ; R= Me) (X11; R= H, R’= Me) 


reduction under very vigorous conditions dihydrocativic acid * (IV), characterised as its 
methyl ester, was obtained, the yield being about 60% after allowance for recovered 
keto-acid. This shows that the carbon skeleton of the new acid is the same as that of 
labdanolic acid and supports structure (II). The other possible structures for the acid 
which were considered were (XI), (XII), and (XIII). The last two are not consistent 
with the position of the peak in the ultraviolet spectrum—the calculated position would 
be 2420—2440 A—or, what is more important, with the inertness of the carbonyl group 
in the acid and its reduction products. Further, structure (XIII) can be excluded as it 
would require inversion at C,g) during conversion into dihydrocativic acid. Structure (XI) 
requires inversion at C,,) at some stage in the conversion of the acid into dihydrocativic 
acid. Arguments given below, concerning optical rotatory dispersion data, lead to the 
exclusion of structure (XI). In the subsequent discussion the chemistry of the acid, 
6-oxocativic acid [cativic acid is (XIV; R = H)],° is examined in terms of structure (II). 

The hydrogenation product from 6-oxocativic acid is (III), with the 20-methyl group 
axial, in view of conversion of the acid into dihydrocativic acid (IV). Structure (IIT) has 
three axial methyl groups situated 1:3 with respect to the carbonyl group and these 
along with the equatorial 18-methyl group will cause intense steric hindrance about the 
carbonyl group. In the corresponding 7-oxo-compound (XV) the keto-group would be 
much less hindered. 

Reduction of the double bond of 6-oxocativic acid with lithium in ammonia gave the 
saturated hydroxy-acid (VI) characterised as its methyl ester (VII). Oxidation of this 
followed by hydrolysis gave the acid (VIII) which differed, as would be expected, from 

xX 
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that obtained on hydrogenation of 6-oxocativic acid, the 20-methyl group being in the 
more stable equatorial position. Wolff—-Kishner reduction of the acid (VIII) gave 
86(H)-labdan-15-oic acid (IX), m. p. 86—88°, [«],, —6°. This acid was also obtained by 
dehydration of methyl 6a-hydroxy-86(H)-labdan-15-oate (VII) to methyl 88(H)-labd-5- 
en-15-oate (XVI) followed by hydrogenation and hydrolysis. 


CO,R CO.H * “CO,Me 
H 
: ° 
H H 


(XIV) (XV) (XVI) 


“co, 
H i: 


Ho HO 
(XVII) (XVIII) 


Hydrogenation of methyl labd-8(20)-en-15-oate has already been shown ® to give a 
mixture of methyl labdan-15-oate (V) and the 88(H)-isomer (X). The former was obtained 
crystalline from the mixture and the residues were hydrolysed to an acid characterised 
as its cyclohexylamine salt, [«],, +14°. Further investigation of this acid and its salt has 
shown that it was still impure and on further purification an acid, m. p. 82—84°, [a], +1°, 
was obtained. This is obviously mainly 88(H)-labdan-15-oic acid still contaminated 
with a little of the 8«(H)-isomer. Persistent efforts to remove the impurity were, however, 
unsuccessful. 

The optical rotatory dispersion curve * of 6-oxocativic acid (II) has a positive multiple 
Cotton effect {R.D. in dioxan (c 0-1): [M]% x 10, (7000 A) + 0-64°, (6890 A) + 1-15°, 
(3725 A) + 27-8°, (3650 A) + 22-1°, (3600 A) + 25-1°, (2925 A) — 60-59}. Compound 
(XVII) with an «$-unsaturated ketone grouping similar to that found in 6-oxocativic acid 
but with antipodal stereochemistry shows ‘ a similar but antipodal multiple Cotton effect 
with troughs at 3700 and 3590 A and a peak at 3075 A. 

The optical rotatory dispersion curves of the two saturated keto-acids (III) and (VIII) 
show single positive Cotton effects ¢ {(III) R.D. in methanol (c 0-1): [M] x 107, (3100 A) + 
29-0°, (2800 A) — 32-5°, (VIII) R.D. in methanol (c 0-04): [1] (3200 A) + 21-1°, (2700 A) — 
31-1°}. Application of the “ octant rule ” 5 to both these ketones predicts positive Cotton 
effects. For the corresponding keto-acids (e.g., XVIII) with a cis-ring fusion the “ octant 
rule” 5 predicts that the Cotton effect would be negative for both conformations of each 
acid. The rotatory dispersion curve in methanol of the similar ketone ® (XIX) derived 
from marrubiin also shows * a single positive Cotton effect. 

An attempt was made to prepare methyl 6-oxocativate from methyl cativate (XIV; 
R = Me) by oxidation at position 6 with selenium dioxide. However, infrared- and 
ultraviolet-spectroscopic examination of the two products indicated that they were the 
diene (XX) and the «$-unsaturated aldehyde (XXI). Oxidation of methyl cativate with 
potassium dichromate, followed by hydrolysis of the product, gave the «$-unsaturated 


* This curve was determined by Professor C. Dierassi. 
+t These curves were determined by Dr. W. Klyne. 


* Professor C. Djerassi, personal communication. 

5 Moffitt, Moscovitz, Woodward, Djerassi, and Klyne, unpublished work; cf. Djerassi, Cais, and 
Mitscher, J. Amer. Chem. Soc., 1959, 81, 2391. 

* Cocker, Cross, Duff, Edward, and Holley, J., 1953, 2540; Burn and Rigby, J., 1957, 2964. 
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keto-acid (XXII). This was also obtained by oxidation of methyl labd-8- and -8(20)-en- 
15-oate. - Hydrogenation of the acid (XXII) gave 7-oxolabdan-15-oic acid (XXIII) with 
the 20-methyl group axial. On treatment with alkali the acid underwent isomerisation 
at position 8 to give 7-oxo-86(H)-labdan-15-oic acid (XXIV) with the more stable 
equatorial methyl group. 


CO,Me CO,Me 
CHO 
H 


(XXII) yt 4 (XXII) 


CO,H CcO,Me CO,Me 
—_> 
OH : t 
H 


H 


(XXII; R= Me, R'=H) (XXV) (XXVI) (XXVII1) 
(XXIV ; R=H, R’= Me) oH, 


Cc 
1°) AcO ° 


4 
© (xxVvill) (XXIX) (XXX) 


Reduction of the keto-acid (XXII) with sodium borohydride gave the 7$-hydroxy-acid 
(XXV), dehydration of which with methanolic sulphuric acid gave the diene (XXVI). An 
attempt was made to form the epidioxide (XXVII) from this diene by photo-oxidation 
with oxygen in the presence of eosin. The epidioxide should rearrange with alkali to 
9-hydroxy-6-oxocativic acid (XXVIII) which might be reduced with zinc and acetic acid 
to 6-oxocativic acid.? The only compound isolated, however, was, not the epidioxide, 
but the dienone (XXIX; R= Me) characterised as the acid (XXIX; R=H) (Amz 
2470 A: « 16,400) which was also obtained by oxidation of methyl 7-oxolabd-8-en-15-oate 
with selenium dioxide followed by hydrolysis. Formation of the dienone is not unexpected. 
Photo-oxidation of lumisteryl acetate yields * the dieneone (XXX) (Amax. 2460 A; ¢ 11,800) 
as well as the 8-epidioxide. 


EXPERIMENTAL 


Rotations refer to solutions in CHCl, at room temperature. M. p.s were determined on a 
Kofler block and are corrected. The alumina used for chromatography (unless otherwise 
stated) was alumina of activity I—II which had been deactivated with 5% of 10% aqueous 
acetic acid. Light petroleum refers to the fraction with b. p. 60—80°. Unless otherwise stated, 
ultraviolet spectra were determined on ethanol solutions and infrared spectra on natural films. 

Isolation of 6-Oxocativic (6-Oxolabd-7-en-15-oic) Acid (I1).—The mixed methy] esters obtained 
by methylation of the acidic fraction of gum labdanum were separated by the chromatographic 
procedures described by Cocker, Halsall, and Bowers? to give a fraction consisting of a pale 
yellow oil with Am x 2385 A (e ~10,000). This fraction was dissolved in a small volume of 
methanol and cooled to —60°. The crystals which formed were separated by rapid filtration. 
This procedure was repeated twice, to give methyl 6-oxocativate (6-oxolabd-7-en-15-oate) as 
needles, m. p. 45—46°, [a], +13° (c 1-95) (Found: C, 75-35; H, 10-1. C,,H,,O, requires C, 75-4; 
H, 10-25%), Amax. 2390 A (e 11,750), Vmax 1738 and 1668 cm.*. 


? Cf. Halsall, Rodewald, and Willis, J., 1959, 2798. 
* Bladon, J., 1955, 2176. 
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The crystalline ester (5-0 g.), methanol (60 c.c.), and 11% potassium hydroxide solutiog 
(45 c.c.) were heated under reflux under nitrogen for 1-5 hr. The product was isolated by ether. 
extraction after acidification, and crystallised several times from benzene-light petroleum and 
then aqueous methanol to give 6-oxocativic (6-oxolabd-7-en-15-oic) acid as prisms (3-65 g,), 
m. p. 114—115°, [a], +13° (¢ 1-98) (Found: C, 75-1; H, 9-9. Calc. for CygH;,0,: C, 74-95; 
H, 10-05%), Amax. 2390 A (e 11,700), Vmax, (in CS,) 1708 and 1668cm."1. The cyclohexylamine salt 
was crystallised several times from ethyl acetate to give needles, [a], + 11° (c 1-12) (Found: 
C, 74:25; H, 10-65. C,,H,,O,N requires C, 74-4; H, 10-8%), Amax, 2390 A (e 11,000). 

Action of Lithium Aluminium Hydride on 6-Oxocativic Acid.—Lithium aluminium hydride 
was added at 0° to a stirred solution of 6-oxocativic acid (100 mg.) in tetrahydrofuran (20 c.c,), 
After being stirred at 0° for 3} hr., the mixture was decomposed with ethyl acetate and then 
with sulphuric acid, and the product was isolated with ether. The infrared spectrum of the 
product indicated that the double bond, but not the carbonyl group, of 6-oxocativic acid had 
been reduced, there being a strong band at 1710 cm.*! but no band at 1670 cm.*. 

Methyl 6-oxocativate (100 mg.) in ether (25 c.c.) was treated at 0° with lithium aluminium 
hydride (150 mg.). The mixture was heated under reflux for 1} hr., then kept overnight at 20°, 
It was decomposed with ethyl acetate, and then with dilute sulphuric acid, and the product was 
isolated with ether. Its infrared spectrum indicated complete reduction of the ester group 
(no band at 1740 cm.") and that the double bond of the af-unsaturated ketone group had been 
reduced rather than the carbonyl group (strong band at 1710 cm.1; very weak band at 1670 
cm.*). 

Hydrogenation of 6-Oxocativic Acid.—The acid (1-8 g.) in ethyl acetate (75 c.c.) was 
hydrogenated at atmospheric pressure in the presence of Adams catalyst (250 mg.). One mole 
of hydrogen was taken up during 15 min. After removal of the catalyst, evaporation under 
reduced pressure gave a solid which crystallised from aqueous methanol to give 6-ovolabdan-l5- 
oic acid (III) as needles, m. p. 66—68°, [a], +30° (c 1-73) (Found: C, 74-55; H, 10°55. CyoH;,0, 
requires C, 74-5; H, 10-65%). The cyclohexylamine salt (needles from ethyl acetate) had [a], 
-+- 29° (c 1-23) (Found: C, 74:15; H, 10-95; N, 3-4. C,,H,,O;N requires C, 74:05; H, 11-25; 
N, 3-3%). ne 

The acid with ethereal diazomethane gave a product which was adsorbed from light petroleum 
on alumina. Elution with benzene-light petroleum (1:2) gave methyl 6-oxolabdan-15-oate, 
b. p. 160° (bath)/0-5 mm., m,,!* 1-4940, [a],, +28° (c 1-46) (Found: C, 74:8; H, 10-8. C,,H,,0, 
requires C, 74-95; H, 108%), vmax. 1738 and 1712 cm. (no band at 3400 or 1668 cm.~}). 

Wolff—Kishner Reduction of 6-Oxolabdan-15-oic Acid.—The acid (750 mg.), diethylene 
glycol (25 c.c.), hydrazine (3-0 c.c.), and potassium hydroxide (2-0 g.) were heated under reflux 
(internal temperature 155—160°) for 5 hr. [The hydrazine was prepared as follows: 100% 
hydrazine hydrate (20 c.c.) and potassium hydroxide were heated under reflux for 3 hr. and then 
distilled: repetition of this process with the distillate gave a product, b. p. 113°/760 mm., which 
was used for the reduction.] Excess of hydrazine was distilled off and the mixture heated at 
225° for 5hr. The crude product was isolated with ether; with ethereal diazomethane it gave 
a product which was adsorbed from light petroleum on alumina (60 g.; 3% deactivated). 
Elution with light petroleum (250 c.c.) gave an oil (270 mg.) [fraction (i)]. Further elution 
with light petroleum gave nothing. Elution with light petroleum—benzene (2:1; 350 c.c.) gave 
an oil (305 mg.) [fraction (ii)]. 

The infrared spectrum of fraction (i) indicated that it was non-ketonic; that of fraction (ii) 
(Vmax, 1738 and 1715 cm.~!) indicated that it was methyl 6-oxolabdan-15-oate. Fraction (i) 
became semi-solid {{a],, + 16° (c 2-25)}. It was crystallised several times from methanol (cooling 
to —60°) to give methyl labdan-15-oate (dihydrocativate), m. p. and mixed m. p. 43—44’, 
[a],, +24° (c 1-91) (Found: C, 78-15; H, 11-9. Calc. for C,,H,,0,: C, 78-2; H, 119%). The 
yield was 60% after allowance for recovered starting material. The infrared spectrum of the 
methyl ester was identical with that of methyl dihydrocativate. 

Lithium—Ammonia Reduction of 6-Oxocativic Acid.—The acid (1-30 g.) and ether (75 c.c.) 
were added separately during 20 min. to a stirred solution of lithium (250 mg.) in ammonia 
(200 c.c.). After a further 20 minutes’ stirring, ethanol was added dropwise to discharge the 
blue colour. After evaporation of the ammonia, the product was isolated with ether and 
treated with diazomethane. The methylated product was adsorbed from light petroleum on 
alumina (60 g.; 3% deactivated). Elution with light petroleum—benzene (1:1) gave methyl 
6a-hydroxy-88(H)-labdan-15-oate (VII) as an oil (1-20 g.), ,,"* 1-4985, [a], +20° (c 2-14) (Found: 
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C, 744; H, 11-4. C,H sO, requires C, 74:5; H, 11-3%), vmax, 3500 (br.) cm.-! (OH) (no band 
due to «-unsaturated or saturated ketone). 

Hydrolysis of the ester gave the acid as a gum, [a],, +20° (c 2-12). The 2-amino-2-methyl- 
propan-1-ol salt was crystallised from ethyl acetate to constant rotation, giving needles, [a], 
+18° (c 1-20 in EtOH) (Found: C, 69-5; H, 11-25. C,,H,,O,N requires C, 69-7; H, 11-45%). 

6-Oxo0-88(H)-labdan-15-oic Acid (VIII).—(a) The above hydroxy-ester (1-00 g.) was oxidised 
in acetone with 8N-chromic acid according to the method of Bowers e¢ a/.® and the product was 
adsorbed from light petroleum on alumina (60 g.; 3% deactivated). Elution with light 
petroleum-benzene (2: 1) gave several identical fractions (940 mg.). The product crystallised 
readily in the absence of solvent but proved very soluble. The total product in methanol 
(5 c.c.) was cooled to —60° and the resulting crystals were rapidly filtered off. This process 
was repeated twice, to give methyl 6-ox0-88(H)-labdan-15-oate as needles, m. p. 64—65°, [a], +29° 
(c 2-26) (Found: C, 74-75; H, 11-05. C,,H3,0, requires C, 74-95; H, 108%), vmax. (melt) 1738 
and 1712 cm." 

Hydrolysis of the ester with 12% methanolic potassium hydroxide gave 6-ox0-88(H)-labdan- 
15-oic acid as needles (from aqueous methanol), m. p. 116—118°, [a], +31° (c 2-02) (Found: 
C, 74:5; H, 10-75. CoH ,0, requires C, 74-5; H, 10-65%). The cyclohexylamine salt was 
crystallised to constant rotation from ethyl acetate to give needles, {a],, + 28° (c 2-12) (Found: 
C, 74:2; H, 11-05. C,gH,,O,N requires C, 74-05; H, 11-25%). 

(b) In a subsequent experiment the hydroxy-ester was hydrolysed and then oxidised with 
8n-chromic acid—acetone to give 6-oxo-86(H)-labdan-15-oic acid as needles (from aqueous 
methanol), m. p. 116—118°. 

(c) The lithium-ammonia reduction of 6-oxocativic acid was repeated, but the excess of 
lithium was decomposed with ammonium chloride. The resulting acid was methylated, methyl 
6-oxo-88(H)-labdan-15-oate, m. p. 64—65°, being obtained. 

Wolff-Kishner Reduction of 6-Oxo0-88(H)-labdan-15-0ic Acid.—The acid (500 mg.), 100% 
hydrazine hydrate (2-0 c.c.), redistilled diethylene glycol (20 c.c.), and potassium hydroxide 
(1-5 g.) were heated under reflux for 3 hr. Excess of hydrazine was then distilled off until the 
internal temperature reached 220°. The mixture was then heated under reflux for 5 hr. at 225°. 
The product was isolated with ether and methylated with diazomethane, to give a product 
which was adsorbed from light petroleum on alumina (35 g.; 3% deactivated). Elution with 
light petroleum (150 c.c.) gave methyl 88(H)-labdan-15-oate (X) (400 mg.) as a mobile oil, »,™ 
1-4890, [a],,—6° (c 1-08) (Found: C, 78-5; H, 11-7, C,,H3,0, requires C, 78-2; H, 11-9%). 
It had no infrared band indicative of a ketone group. 

The ester was hydrolysed and converted into its cyclohexylamine salt, needles (from ethyl 
acetate), [a], —4° (c 2-02) (Found: C, 76-5; H, 11-8. CggH, gO,N requires C, 76-6; H, 121%), 
and 2-amino-2-methylpropan-1-ol salt, needles (from ethyl acetate), [a], —4° (c¢ 1-93) (Found: 
C, 72-55; H, 11-8. C,,H,,O,N requires C, 72-5; H, 11-9%). 

Regeneration of the acid from the salts, followed by crystallisation from aqueous methanol, 
gave 88(H)-labdan-15-oic acid (IX) as needles, m. p. 86—88°, [a],, —6° (c 2-10) (Found: C, 77-65; 
H, 11-85. C,)H,,0, requires C, 77-85; H, 11-75%). 

In a second experiment with 400 mg. of keto-acid the reduction was carried out by adding 
the potassium hydroxide after formation of the hydrazone. Working up as described above 
gave methyl 88(H)-labdan-15-oate as an oil (320 mg.), ,,"* 1-4890, [a],, —6° (c 2-05). Hydrolysis 
gave the acid characterised as its cyclohexylamine salt {needles, [a], —4° (c 2-04), from ethyl 
acetate}. 

Dehydration of Methyl 6a-Hydroxy-88(H)-labdan-15-oate (VII) with Thionyl Chloride.—The 
hydroxy-ester (250 mg.), thionyl chloride (2-0 c.c.), and benzene (30 c.c.) were heated under 
reflux for 3 hr. Excess of thionyl chloride was removed under reduced pressure. An ethereal 
solution of the residue was then washed thoroughly with sodium hydrogen carbonate solution. 
The product was adsorbed from light petroleum on alumina (40 g.; 3% deactivated). Elution 
with light petroleum gave three identical oily fractions (total 210 mg.). These were methyl 
88(H)-labd-5-en-15-oate, n,!* 1-4930, [a],, —59° (c 1-89) (Found: C, 79-25; H, 11-25. C,,Hy5,0, 
requires C, 78-7; H, 11-3%), vax. 795 tm.1 (-CH=C). It gave a positive tetranitromethane 
test. Hydrolysis gave the acid as a gum, characterised as its 2-amino-2-methylpropan-1-ol salt 
(needles from ethyl acetate), {a,, —54° (c 1-08) (Found: C, 72-6; H, 11-35. C,4H,,O,N requires 
C, 72-85; H, 11-45%). 

* Bowers, Halsall, Jones, and Lemin, J., 1953, 2655. 
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The crystalline ester (5-0 g.), methanol (60 c.c.), and 11% potassium hydroxide solution 
(45 c.c.) were heated under reflux under nitrogen for 1-5 hr. The product was isolated by ether. 
extraction after acidification, and crystallised several times from benzene-light petroleum and 
then aqueous methanol to give 6-oxocativic (6-oxolabd-7-en-15-oic) acid as prisms (3-65 g,), 
m. p. 114—115°, [a], +13° (c 1-98) (Found: C, 75-1; H, 9-9. Calc. for CygH;,0,: C, 74-95; 
H, 10-05%), Amax. 2390 A (e 11,700), vax (in CS,) 1708 and 1668cm."1. The cyclohexylamine sa 
was crystallised several times from ethyl acetate to give needles, [a], +11° (c 1-12) (Found: 
C, 74:25; H, 10-65. C,sH,,O,N requires C, 74-4; H, 10-8%), Amax, 2390 A (e 11,000). 

Action of Lithium Aluminium Hydride on 6-Oxocativic Acid.—Lithium aluminium hydride 
was added at 0° to a stirred solution of 6-oxocativic acid (100 mg.) in tetrahydrofuran (20 c.c,), 
After being stirred at 0° for 3} hr., the mixture was decomposed with ethyl acetate and then 
with sulphuric acid, and the product was isolated with ether. The infrared spectrum of the 
product indicated that the double bond, but not the carbonyl group, of 6-oxocativic acid had 
been reduced, there being a strong band at 1710 cm.*! but no band at 1670 cm.*. 

Methyl 6-oxocativate (100 mg.) in ether (25 c.c.) was treated at 0° with lithium aluminium 
hydride (150 mg.). The mixture was heated under reflux for 1} hr., then kept overnight at 20°, 
It was decomposed with ethyl acetate, and then with dilute sulphuric acid, and the product was 
isolated with ether. Its infrared spectrum indicated complete reduction of the ester group 
(no band at 1740 cm.~) and that the double bond of the af-unsaturated ketone group had been 
reduced rather than the carbonyl group (strong band at 1710 cm.1; very weak band at 1670 
cm.~). 

Hydrogenation of 6-Oxocativic Acid.—The acid (1-8 g.) in ethyl acetate (75 c.c.) was 
hydrogenated at atmospheric pressure in the presence of Adams catalyst (250 mg.). One mole 
of hydrogen was taken up during 15 min. After removal of the catalyst, evaporation under 
reduced pressure gave a solid which crystallised from aqueous methanol to give 6-ovolabdan-15- 
oic acid (III) as needles, m. p. 66—68°, [a],, +30° (c 1-73) (Found: C, 74-55; H, 10-55. C,.H;,0, 
requires C, 74-5; H, 10-65%). The cyclohexylamine salt (needles from ethyl acetate) had [a], 
+ 29° (c 1-23) (Found: C, 74:15; H, 10-95; N, 3-4. CgH,,O;N requires C, 74-05; H, 11-25; 
N, 3-3%). bi! 

The acid with ethereal diazomethane gave a product which was adsorbed from light petroleum 
on alumina. Elution with benzene-light petroleum (1:2) gave methyl 6-oxolabdan-15-oate, 
b. p. 160° (bath)/0-5 mm., m,,!* 1-4940, [aj,, +28° (c 1-46) (Found: C, 74:8; H, 10-8. C,,H,,0, 
requires C, 74-95; H, 10-8%), vmax. 1738 and 1712 cm. (no band at 3400 or 1668 cm.*). 

Wolff—Kishner Reduction of 6-Oxolabdan-15-oic Acid.—The acid (750 mg.), diethylene 
glycol (25 c.c.), hydrazine (3-0 c.c.), and potassium hydroxide (2-0 g.) were heated under reflux 
(internal temperature 155—160°) for 5 hr. [The hydrazine was prepared as follows: 100% 
hydrazine hydrate (20 c.c.) and potassium hydroxide were heated under reflux for 3 hr. and then 
distilled: repetition of this process with the distillate gave a product, b. p. 113°/760 mm., which 
was used for the reduction.] Excess of hydrazine was distilled off and the mixture heated at 
225° for 5hr. The crude product was isolated with ether; with ethereal diazomethane it gave 
a product which was adsorbed from light petroleum on alumina (60 g.; 3% deactivated). 
Elution with light petroleum (250 c.c.) gave an oil (270 mg.) [fraction (i)]. Further elution 
with light petroleum gave nothing. Elution with light petroleum—benzene (2:1; 350 c.c.) gave 
an oil (305 mg.) [fraction (ii)]. 

The infrared spectrum of fraction (i) indicated that it was non-ketonic; that of fraction (ii) 
(Vmax. 1738 and 1715 cm."1) indicated that it was methyl 6-oxolabdan-15-oate. Fraction (i) 
became semi-solid {{a],, + 16° (c 2-25)}. It was crystallised several times from methanol (cooling 
to —60°) to give methyl labdan-15-oate (dihydrocativate), m. p. and mixed m. p. 43—44°, 
[a], +24° (c 1-91) (Found: C, 78-15; H, 11-9. Calc. for C,,H,,0,: C, 78-2; H, 119%). The 
yield was 60% after allowance for recovered starting material. The infrared spectrum of the 
methyl ester was identical with that of methyl dihydrocativate. 

Lithium—Ammonia Reduction of 6-Oxocativic Acid.—The acid (1-30 g.) and ether (75 c.c.) 
were added separately during 20 min. to a stirred solution of lithium (250 mg.) in ammonia 
(200 c.c.). After a further 20 minutes’ stirring, ethanol was added dropwise to discharge the 
blue colour. After evaporation of the ammonia, the product was isolated with ether and 
treated with diazomethane. The methylated product was adsorbed from light petroleum on 
alumina (60 g.; 3% deactivated). Elution with light petroleum—benzene (1:1) gave methyl 
6a-hydroxy-88(H)-labdan-15-oate (VII) as an oil (1-20 g.), ,,1* 1-4985, [a], +20° (c 2-14) (Found: 
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C, 744; H, 11-4. C,H gO requires C, 745; H, 11-3%), vmax 3500 (br.) cm. (OH) (no band 
due to «$-tinsaturated or saturated ketone). , 
Hydrolysis of the ester gave the acid as a gum, [a], +20° (c 2-12). The 2-amino-2-methyl- 
n-1-ol salt was crystallised from ethyl acetate to constant rotation, giving needles, [a], 
+18° (c 1-20 in EtOH) (Found: C, 69-5; H, 11-25. C,,H,,O,N requires C, 69-7; H, 11-45%). 
6-Oxo-88(H)-labdan-15-oic Acid (VIII).—(a) The above hydroxy-ester (1-00 g.) was oxidised 
in acetone with 8n-chromic acid according to the method of Bowers e¢ al.* and the product was 
adsorbed from light petroleum on alumina (60 g.; 3% deactivated). Elution with light 
petroleum-benzene (2: 1) gave several identical fractions (940 mg.). The product crystallised 
readily in the absence of solvent but proved very soluble. The total product in methanol 
(5 c.c.) was cooled to —60° and the resulting crystals were rapidly filtered off. This process 
was repeated twice, to give methyl 6-ox0-88(H)-labdan-15-oate as needles, m. p. 64—65°, [a], + 29° 
(c 2-26) (Found: C, 74-75; H, 11-05. C,,H3,0, requires C, 74:95; H, 10-8%), vmax. (melt) 1738 
and 1712 cm.*. 

Hydrolysis of the ester with 12% methanolic potassium hydroxide gave 6-0x0-88(H)-labdan- 
15-oic acid as needles (from aqueous methanol), m. p. 116—118°, [a], +31° (c 2-02) (Found: 
C, 74:5; H, 10-75. CoH ,0, requires C, 74:5; H, 10-65%). The cyclohexylamine salt was 
crystallised to constant rotation from ethyl acetate to give needles, [a], +28° (c 2-12) (Found: 
C, 74:2; H, 11-05. C,gH,,O,N requires C, 74-05; H, 11-25%). 

(b) In a subsequent experiment the hydroxy-ester was hydrolysed and then oxidised with 
8n-chromic acid-acetone to give 6-oxo-88(H)-labdan-15-oic acid as needles (from aqueous 
methanol), m. p. 116—118°. 

(c) The lithium-ammonia reduction of 6-oxocativic acid was repeated, but the excess of 
lithium was decomposed with ammonium chloride, The resulting acid was methylated, methyl 
6-oxo-88(H)-labdan-15-oate, m. p. 64—65°, being obtained. 

Wolff-Kishner Reduction of 6-Ox0-88(H)-labdan-15-oic Acid.—The acid (500 mg.), 100% 
hydrazine hydrate (2-0 c.c.), redistilled diethylene glycol (20 c.c.), and potassium hydroxide 
(1-5 g.) were heated under reflux for 3 hr. Excess of hydrazine was then distilled off until the 
internal temperature reached 220°. The mixture was then heated under reflux for 5 hr. at 225°. 
The product was isolated with ether and methylated with diazomethane, to give a product 
which was adsorbed from light petroleum on alumina (35 g.; 3% deactivated). Elution with 
light petroleum (150 c.c.) gave methyl 88(H)-labdan-15-oate (X) (400 mg.) as a mobile oil, »,™* 
1-4890, [a],,—6° (c 1-08) (Found: C, 78:5; H, 11-7, C,,H3,0, requires C, 78-2; H, 11-9%). 
It had no infrared band indicative of a ketone group. 

The ester was hydrolysed and converted into its cyclohexylamine salt, needles (from ethyl 
acetate), [a], —4° (c 2-02) (Found: C, 76-5; H, 11-8. C,.H,yO,N requires C, 76-6; H, 12-1%), 
and 2-amino-2-methylpropan-1-ol salt, needles (from ethyl acetate), [a], —4° (¢ 1-93) (Found: 
C, 72-55; H, 11-8. C,,H,,O,N requires C, 72-5; H, 11-9%). 

Regeneration of the acid from the salts, followed by crystallisation from aqueous methanol, 
gave 88(H)-/abdan-15-oic acid (IX) as needles, m. p. 86—88°, [a],, —6° (c 2-10) (Found: C, 77-65; 
H, 11-85. C,.9H,,0, requires C, 77-85; H, 11-75%). 

In a second experiment with 400 mg. of keto-acid the reduction was carried out by adding 
the potassium hydroxide after formation of the hydrazone. Working up as described above 
gave methyl 88(H)-labdan-15-oate as an oil (320 mg.), m4 1-4890, [a],, —6° (c 2-05). Hydrolysis 
gave the acid characterised as its cyclohexylamine salt {needles, [a],, —4° (¢ 2-04), from ethyl 
acetate}. 

Dehydration of Methyl 6a-Hydroxy-88(H)-labdan-15-oate (VII) with Thionyl Chloride.—The 
hydroxy-ester (250 mg.), thionyl chloride (2-0 c.c.), and benzene (30 c.c.) were heated under 
reflux for 3 hr. Excess of thionyl chloride was removed under reduced pressure. An ethereal 
solution of the residue was then washed thoroughly with sodium hydrogen carbonate solution. 
The product was adsorbed from light petroleum on alumina (40 g.; 3% deactivated). Elution 
with light petroleum gave three identical oily fractions (total 210 mg.). These were methyl 
88(H)-labd-5-en-15-oate, n, 1-4930, fa],, —59° (c 1-89) (Found: C, 79-25; H, 11-25. C,H, 
requires C, 78-7; H, 11-3%), vax 795 ¢m.-? (-CH=C). It gave a positive tetranitromethane 
test. Hydrolysis gave the acid as a gum, characterised as its 2-amino-2-methylpropan-1-ol salt 
(needles from ethyl acetate), {a],, —54° (c 1-08) (Found: C, 72-6; H, 11-35. C,,H,,O,N requires 
C, 72-85; H, 11-45%). 


* Bowers, Halsall, Jones, and Lemin, J., 1953, 2555. 
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Hydrogenation of Methyl 88(H)-Labd-5-en-15-oate.—The ester was hydrogenated in acetic 
acid with Adams platinum catalyst, to give methyl 86(H)-labdan-15-oate as an oil, ,,"* 1-4865, 
(i, —6° (c 1-94). Hydrolysis gave the free acid whose cyclohexylamine salt (needles from 
ethyl acetate) had [a],, —4° (c 2-02). 

Attempted Preparation of Methyl 8B(H)-Labdan-15-oate from Labdanolic Acid.—The cyclo. 
hexylamine salt ({«],, +14°) obtained by Cocker and Halsall * from the hydrolysis product of 
the methyl esters remaining after removal of methyl labdan-15-oate from the product of the 
hydrogenation of methyl labd-8(20)-en-15-oate was decomposed with ethereal hydrogen chloride, 
The free acid was methylated with diazomethane, and the product crystallised from methanol, 
further methyl labdan-15-oate, m. p. and mixed m. p. 43—44”, [a],, + 25° (c 2-12), being obtained, 
The residue from the mother-liquors had [a], +8° (c 2-30). A methanolic solution of the 
residue was cooled to —60° to give a further crop of methyl labdan-15-oate and a residue with 
[a], +5° (c 2-12). 

The mixed esters (1700 mg.) with [a],, +8° to +5° were hydrolysed and the resulting acid 
was converted into its cyclohexylamine salt. Fractional crystallisation of this from chloroform 
gave three fractions: (i) 1200 mg., [a], +13° (c 1-30); (ii) 550 mg., (a), +8° (c 2-13); and (iii) 
330 mg., [a], +4° (c 2-10). Similar results were obtained on crystallisation from ethyl acetate 
and of the 2-amino-2-methylpropan-1-ol salt from chloroform or ethyl acetate. 

The cyclohexylamine salt, [a], +4°, was crystallised several times from light petroleum 
(b. p. 60—80°) to give needles, {«],, +10°. The combined mother-liquors were evaporated to 
dryness, and the acid was liberated and recrystallised from aqueous methanol to give needles, 
m. p. 82—84°, [a], +1° (c 2-10) (Found: C, 77-6; H, 11-8. Calc. for CygH,,0,: C, 77-85; 
H, 11-75%) 

Reduction of Methyl Labdan-15-oate with Lithium Aluminium Hydride.—The ester (500 mg.) 
and lithium aluminium hydride (100 mg.) in ether (25 c.c.) were kept at 20° for 12 hr. Working 
up in the usual manner gave /abdan-15-ol (needles from light petroleum), m. p. 47—48°, {a} 
+ 32° (c 1-98) (Found: C, 81-9; H, 13-05. C, 9H,,O requires C, 81-55; H, 13-0%). 

Oxidation of Methyl Cativate with Selenium Dioxide.—Methy] labd-7-en-15-oate (cativate) 
(300 mg.), selenium dioxide (400 mg.), and acetic acid (15 c.c:) were heated at 100° for 2 hr. 
After addition of water, ether-extraction afforded a product which was adsorbed from light 
petroleum on alumina (25 g.; 3% deactivated). Elution with light petroleum gave first mainly 
selenium and then an Oil, Ama. 2370 A (e 8000), vmx 1738 and 1600 cm.", indicative of methyl 
labd-7,9(11)-dien-15-oate. Elution with benzene afforded an oil, vyax 2710, 1738, and 1696 
cm."1, indicative of the unsaturated aldehyde, methyl 20-oxolabd-7-en-15-oate. 

Methyl 7-Oxolabd-8-en-15-oate.—Methyl labd-8-en-15-oate (10-7 g.), potassium dichromate 
(12-5 g.), and acetic acid (130 c.c.) were heated under reflux for 6 hr. After most of the acetic 
acid had been removed under reduced pressure, the mixture was diluted with water. The 
crude product was isolated by ether-extraction and was heated under reflux for 1} hr. with 
methanol (100 c.c.) and 2N-potassium hydroxide (100 c.c.) under nitrogen. The resulting acid 
was isolated with ether and crystallised several times from benzene-light petroleum to give 
7-oxolabd-8-en-15-oic acid (XXII) as needles (6-80 g.), m. p. 154—156° (softening ~151%), 
unchanged on further crystallisation from aqueous methanol, [a], +46° (c 1-98) (Found: C, 
74-95; H, 10-1. CygH,0, requires C, 74-95; H, 10-05%), Amax, 2495 A (e 13,700), Vinax, 1720— 
1710 (br.) (CO,H), 1668 («8-unsaturated C=O), and 1603 cm.*. 

In a subsequent experiment the crude oxo-ester was adsorbed from light petroleum on 
alumina (5% deactivated). Elution with light petroleum—benzene (1:2) afforded methyl 
7-oxolabd-8-en-15-oate as an oil, n,*° 1-5100, [aJ,, +43° (c 2-30) (Found: C, 75-6; H, 10-0. 
C,,H,,O; requires C, 75-4; H, 10-25%), vax 1738, 1668, and 1603 cm.1. The methyl ester 
gave an oxime which crystallised from aqueous methanol as needles, m. p. 123—124°, dmx 
2460 A (e 12,000), vmx. (in CHCl,) 1738 and 1620 cm.~ [lit.,2 m. p. 121-5—122°; Amax, 2460 A 
(e 12,500), Vmax 1735 and 1620 cm."). 

Oxidation of Methyl Cativate (XIV; R = Me) with Potassium Dichromate.—Methy] labd-7- 
en-15-oate (1-90 g.), potassium dichromate (2-50 g.), and acetic acid (25 c.c.) were heated under 
reflux for 3 hr. Ethanol was added to destroy excess of oxidant, the mixture was diluted with 
water, and the product isolated with ether. The product was adsorbed from light petroleum 
on alumina (80 g.; 3% deactivated). Elution with light petroleum (250 c.c.) gave methyl 
cativate (250 mg.). Further elution with light petroleum—benzene (2:1; 500 c.c.) gave methyl 
7-oxolabd-8-en-15-oate as a viscous oil (550 mg.), Amax. 2490 A (e 13,000), identical with the 
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methyl oxo-ester from methyl labd-8-en-15-oate. Hydrolysis with 2N-methanolic potassium 
hydroxide gave the corresponding acid, m. p. 154—156° (softening ~151°). . 

Oxidation of Methyl Labd-8(20)-en-15-oate with Potassium Dichromate.—Methyl labd-8(20)- 
en-15-oate (500 mg.), potassium dichromate (750 mg.) and acetic acid (12 c.c.) were heated at 
100° for 5 hr. Ethanol (2 c.c.) was added to decompose excess of oxidant. The product was 
isolated with ether and adsorbed from light petroleum on alumina (40 g.; 3% deactivated). 
Elution with light petroleum (200 c.c.) gave starting material (290 mg.). Further elution with 
light petroleum—benzene (2:1; 250 c.c.) gave methyl 7-oxolabd-8-en-15-oate, Amz 2490 A 
(e 13,000), as described above, hydrolysis of which gave the acid (needles from light petroleum— 
benzene), m. p. 154—156° (softening ~151°). 

Hydrogenation of 7-Oxolabd-8-en-15-oic Acid (XXII).—7-Oxolabd-8-en-15-oic acid (1-280 g.) 
in ethanol (50 c.c.) was added to pre-reduced 5% palladium-charcoal (250 mg.) in ethanol 
(25 c.c.). The uptake of hydrogen (1-0 mol.) was complete after approx. 5 min. The product 
was isolated in the usual manner and crystallised from aqueous methanol to give 7-oxvolabd-15- 
oic acid (XXIII) as prisms, m. p. 71—73°, [a], —25° (c 2-08) (Found: C, 74-9; H, 10-6. 
CypH,4O; requires C, 74-5; H, 10-65%). 

The acid with ethereal diazomethane gave a product which was adsorbed from light 
petroleum on alumina. Elution with light petroleum—benzene (3: 1) and crystallisation from 
aqueous methanol gave methyl 7-oxolabdan-15-oate as needles, m. p. 54—55°, [a], —23° (c 2-16) 
(Found: C, 74-9; H, 10-75. C,,H 4,0, requires C, 74:95; H, 10-8%), vmx. in Nujol 1738 and 
1708 cm.*1 (no band indicative of hydroxyl group or af-unsaturated ketone). 

Methyl 7-oxolabdan-15-oate (750 mg.) was heated under reflux for 3 hr. in methanol (12 c.c.) 
with 2n-potassium hydroxide (12 c.c.). The product was isolated with ether and crystallised 
several times from light petroleum to give 7-0v0-88(H)-labdan-15-oic acid (XXIV) as needles, 
m. p. 105—107°, {a],, —26° (c 2-02) (Found: C, 74:3; H, 10-45. C,9H,,O, requires C, 74-5; 
H, 10-65%). 

1-Hydroxylabd-8-en-15-oic Acid.—7-Oxolabd-8-en-15-oic acid (3-5 g.), sodium borohydride 
(recrystallised from isopropylamine) (750 mg.) and ethanol (75 c.c.) were heated under reflux 
for 8 hr. Sodium borohydride (500 mg.) was then added and refluxing continued for a further 
12 hr. The resulting 7-hydroxylabd-8-en-15-oic acid was isolated with ether but did not 
crystallise or form a crystalline salt with cyclohexylamine or 2-amino-2-methylpropan-1-ol. 
With ethereal diazomethane it gave, after distillation, methyl 78-hydroxylabd-8-en-15-oate, b. p. 
225° (bath) /0-5 mm., vmax, 3400 and 1738 cm. (no band at 1670 cm.~), no ultraviolet absorption 
above 2300 A (end absorption characteristic of a tetrasubstituted double bond: ¢€9;9) 5600; 
fa450 3750; E299 1800) (Found: C, 75-3; H, 10-6. C,,H;,0, requires C, 74-95; H, 10-8%). 

Methyl Labda-6,8-dien-15-oate.—78-Hydroxylabd-8-en-15-oic acid (3-5 g.), methanol (70 c.c.), 
and sulphuric acid (5 c.c.) were heated under reflux under nitrogen for 3 hr. The product was 
isolated with ether and adsorbed from light petroleum on deactivated alumina (150 g.). 
Elution with light petroleum (350 c.c.) and fractionation gave only methyl labda-6,8-dien-15-oate, 
b. p. 139—141°/0-1 mm., m1" 1-5050, [a], —93° (c 2-3), Amax. 2710 A (e 4600), vmax, 1738 cm.“ 
(Found: C, 79-5; H, 10-85. C,,H,,O, requires C, 79-2; H, 10-75%). 

Oxidation of Methyl Labda-6,8-dien-15-oate-—Sodium (75 mg.) was dissolved in dry ethanol 
(100c.c.). Eosin (350 mg.) and the diene ester (3-50 g.) in ethanol (25c.c.) wereadded. Oxygen 
was slowly bubbled through the mixture which was irradiated by a 500 w lamp, the heat from 
the lamp being sufficient to cause refluxing. After 12 hr. the solvent was removed under 
reduced pressure and the residue was co-distilled with benzene (2 x 50 c.c.). Extraction of 
the residue with light petroleum (3 x 50 c.c.) gave a clear oil (3-3 g.), Amax. 2460 A (ce 6100 on 
M 350), Vmax, 3450, 1738, 1658, 1625, and 1603cm."!. The oil was adsorbed from light petroleum 
on deactivated alumina (160 g.). Elution with the solvents indicated gave the following 
fractions: (i) light petroleum (300 c.c.), 910 mg.; (ii) benzene—light petroleum (1:4; 300 
c.c.), 395 mg.; (iii) benzene-light petroleum (2:3, 300 c.c.), 485 mg.; (iv) benzene—light 
petroleum (3:2; 300 c.c.), 470 mg.; (v) benzene (300 c.c.), 315 mg.; (vi) benzene (300 c.c.); 
270 mg.; (vii) ether (300 c.c.), 315 mg. Fractions (iv), (v), and (vi) had Ams, 2470 A (e 10,750, 
14,200, and 13,900). . 

Fractions (v) and (vi) were combined and heated under reflux under nitrogen with methanol 
(5 c.c.), water (5 c.c.), and potassium hydroxide (1-5 g.). The resulting acid was crystallised 
several times from light petroleum—benzene, to give needles, m. p. 142—144° (softening at 138°). 
Three further recrystallisations from aqueous methanol gave 17-oxolabda-5,8-dien-15-oic acid 
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(XXIX; R = H) as needles, m. p. 143—145° (softening ~139°) [undepressed on admixture with 
the acid prepared by selenium dioxide oxidation of methyl 7-oxolabd-8-en-15-oate (see below)}, 
[ai], —40° (c 2-08), Amax 2470 A (c 16,400) (Found: C, 75-3; H, 9-4. Cy9H 590, requires C, 75-45; 
H, 9-5%). 

The oily methyl ester had [a], —40° (c 2-12), vmax 1738, 1658, 1625, and 1605 cm. (Found: 
C, 75-7; H, 9-8. C,,H;,0, requires C, 75-85; H, 9-7%). 

Irradiation of the diene ester (1-0 g.) in ethanol (50 c.c.) containing eosin (100 mg.) in the 
presence of oxygen but in the absence of sodium for 12 hr. at room temperature gave the dienone 
again in 10% yield. 

Oxidation of Methyl 7-Oxolabd-8-en-15-oate by Selenium Dioxide.—The methy] ester (920 mg.) 
in t-butyl alcohol (25 c.c.) and acetic acid (0-4 c.c.) was heated under reflux under nitrogen, 
Selenium dioxide (600 mg.) was added and refluxing continued for 16 hr. More selenium 
dioxide (400 mg.) was then added and refluxing continued for a further 12 hr. The solvents 
were removed under reduced pressure and the residue was extracted with light petroleum. 
The light petroleum soluble fraction was heated under reflux for 1 hr. with freshly precipitated 
silver (2-0 g.) and benzene (30 c.c.). The benzene solution was separated from the silver, 
washed with potassium hydrogen carbonate solution, water, ammonium sulphide solution, 
ammonia, water, hydrochloric acid, and water, and then dried. The solvent was removed and 
the residue adsorbed from light petroleum on deactivated alumina (75 g.). Elution with light 
petroleum-benzene (1:1) gave several identical fractions (810 mg. total), with An x 2470 A 
(e 15,000), Vmax, 1738, 1660, 1625, and 1605 cm.-1. 

These fractions were hydrolysed under nitrogen with methanolic potassium hydroxide, 
The resulting acid crystallised from benzene-light petroleum to give 7-oxolabda-5,8-dien-15-oic 
acid as needles (670 mg.), m. p. and mixed m. p. 143—145° (softening ~140°). 


The authors thank Dr. H. H. Zeiss for a sample of cyclohexylamine cativate, Professor C. 
Djerassi and Dr. W. Klyne for determinations and discussions of optical rotatory dispersion 
data, and Professor E. R. H. Jones for his interest. One of them (M. M.) is indebted to the 
Royal Commissioners for the Exhibition of 1851 for the award of an Overseas Scholarship. 
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267. Oxidation by Persulphate. Part II.* Oxidation Effects with a 
Methyl Group and Some Substituted Methyl Groups on a Benzene 
Nucleus. 





By R. G. R. Bacon and J. R. Doccarr. 


Reaction with aqueous persulphate may result in oxygenation, coupling, 
or fission of C-C bonds in methyl or substituted-methyl groups attached to a 
benzene nucleus. Catalytic amounts of silver ion greatly increase the oxidis- 
ing power of the reagent: toluene thus gives benzaldehyde (50%), together 
with coupled products which include bibenzyl; benzyl alcohol is rapidly 
oxidised to benzaldehyde and the latter is relatively slowly oxidised to benzoic 
acid; phenylacetic acid is quantitatively decarboxylated, and gives benz- 
aldehyde and bibenzyl. Silver catalysis is ineffective for benzyl chloride, 
but uncatalysed oxidation gives products which include 2,4-dichlorophenol. 
A mixture of chloride ion and persulphate is a chlorinating agent; this is 
demonstrated in chlorinations of toluene and of acetanilide. 


OxIDATION of phenols by aqueous persulphate solution containing catalytic amounts of 
silver ions ¢ was described in Part I.* A radical mechanism was suggested, the first step 
being an electron-transfer, giving bivalent silver: Agt + S,0,2- —» Ag** + SO," + 
SO,?-. Evidence in favour of this step has since been published.1_ We now describe 


* Part I, J., 1954, 2275 (under the title of ‘‘ Oxidation Studies ”’). 
+ The reagent is symbolised throughout this paper as S,O,?-Ag*. 
1 Bawn and Margerison, Trans. Faraday Soc., 1955, 51, 925. 
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oxidations involving a methyl group or substituted-methyl group attached to a benzene 
nucleus. The results, which raise several mechanistic problems, provide examples of 
oxygenation, coupling, and cleavage of the substituent groups. 

Toluene and its Oxidation Products.—In reactions of toluene with common liquid-phase 
oxidants, such as aqueous permanganate,” the step Ph-CHO —» Ph-CO,H occurs more 
rapidly than earlier steps, making benzoic acid the chief product. Chromyl chloride, or 
chromium trioxide in the presence of acetic anhydride, gives benzaldehyde through 
hydrolysable intermediates. Direct production of the aldehyde has, however, been 
reported ® for oxidations in the liquid phase with Mn!’, Mn™, and Ce", and the effect of 
S,0,2--Ag* proved similar to these multivalent-metal reagents. It rapidly oxidised a 
stirred suspension of toluene at 60°, giving a complex product with a marked predominance 
of benzaldehyde (~50%) over benzoic acid (~10%), even though air was present. Form- 
ation of benzaldehyde by the reagent had been noted by Austin,* though Law and Perkin ® 
had stated that the process required a strongly acid medium and gave variable results. 
We found no need for addition of acid and found results reproducible. At the acid 
concentration advocated by Law and Perkin (4N) a complicating factor would be the 
conversion of perdisulphate into permonosulphate (Caro’s acid). This possibility is also 
present whenever high concentrations of aqueous persulphate are used, for the oxidant 
develops acidity owing to the overall change: 


S,0,"- + H,O — 250,- + 2H++0 


About 20% of the oxidation product consisted of bibenzyl, from oxidative coupling 
between methyl groups, mixed with other hydrocarbons, which have not yet been 
identified. Results reported for toluene with other oxidants suggest the possible presence 
of (a) the isomeric phenyltolylmethanes (benzyltoluenes), Ph-CH,°C,H,Me, from oxidative 
coupling between a methyl group and an aromatic nucleus, (b) trimers, tetramers, etc., 
resulting from further coupling reactions. The former have been observed in oxidations 


of toluene under acidic conditions with manganese dioxide,’ ceric oxide,® and dichromate.® 
Bibenzyl was reported when toluene was oxidised with boiling aqueous persulphate 
without addition of metal-ion catalyst. On re-examining oxidation under these conditions 
we found that attack on toluene was slow; some of the persulphate solution decomposed 
to oxygen, and the ratio of dimers and other polymers to oxygenated products was higher 
than it was in the catalysed oxidations. 

Benzyl radicals could be formed as intermediates by reaction (1), in which the catalyst 
Ag* is regenerated. Alternatively, they could result from reaction (2): 


Ag*+ + PhCH, —— Agt+ Ht+ PhCH, . . . . -..-. . Gl) 
SO,4"~ (or HO*) + Ph°CH, ——t HSO,~ (or HO) + PhrCHy - - - - - - @ 


(Hydroxyl radicals have been suggested as products of reaction of SO,*~ or Ag** with 
water.) 

Reaction (1) is similar to those postulated by Waters 4 and by Cullis and Ladbury ? 
for oxidations of toluene by CrO, or Mn** respectively. The benzyl radicals may be 
consumed (a) by coupling, (b) by substitution reactions in a nucleus or methyl group, 


? Cullis and Ladbury, J., 1955, 555. 

* Ferguson, Chem. Rev., 1946, 38, 227; Bayer, ‘‘ Methoden der Organischen Chemie” (Houben- 
Weyl), G. Thieme, Stuttgart, 4th edn., 1954, Vol. VII, Pt. 1, p. 135. 

* Austin, J., 1911, 99, 262. 

5 Law and Perkin, J., 1907, 91, 258. 

® Kolthoff and Miller, J. Amer. Chem! Soc., 1951, 78, 3055; Bacon and Hill, unpublished data. 

7 Weiler, Ber., 1900, 38, 464. 

* Meister, Lucius, and Bruning, G.P. 158,609/1902. 

* Abell, J., 1951, 1379. 

© Moritz and Wolffenstein, Ber., 1899, 32, 432, 2531. 

| Waters, J., 1946, 1151. 
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(c) by oxygenation processes, of uncertain mechanism but presumably involving water as 
the source of oxygen: Ph-CH,» —» Ph-CH,-OH —» Ph-CHO —» Ph:CO,H. 

The coupling reactions of toluene in aqueous-phase oxidations find parallels in homolytic 
reactions of toluene in non-aqueous systems. Thus, toluene gives bibenzyl by pyrolysis 2 
and, along with higher polymers, by reaction with radicals during decomposition of some 
peroxides.8 Side-chain coupling, however, is easier in the case of ethylbenzene or iso. 
propylbenzene.*¥* Attack on toluene by phenyl radicals, formed from benzoyl peroxide, 
produces little or no bibenzyl, but produces the methylbiphenyl isomers, C,H,Me:Ph, 
By analogy, the formation of phenyltolylmethanes in pein pina oxidations may be 
due to nuclear substitution by benzyl radicals. 

In the absence of other oxidisable compounds, Ag** and water give oxygen, possibly 
through intermediate hydroxyl radicals,} but otherwise oxygen may be transferred to 
organic compounds present in the system. Above, we have suggested the successive 
formation of alcohol, aldehyde, and acid, though benzyl alcohol is so easily oxidised that 
its isolation from toluene is exceptional and never occurs in good yield. We have not 
isolated it when using S,0,*-—Ag* but we have observed the step -CH, —» —CH,;0H, 
under similar conditions of oxidation, in the case of 2,4,6-trimethylphenol (Part III, 
following paper). 

Observations on rates of oxidation of benzyl alcohol and of benzaldehyde by 
S,0,?"—Ag* confirmed that the step -CH,~OH —» -CHO is considerably faster than 
-CHO —» -CO,H. For example, benzaldehyde was obtained from the alcohol in yields 
of 80% or more at 20—30°, even when excess of oxidant was present, while conversion of 
aldehyde into benzoic acid and resins was only about half complete under similar conditions 
at 60° and was accompanied by evolution of oxygen. Benzoic acid was slowly oxidised to 
resins. We have obtained aldehydes and ketones in good yield (unpublished work) fron 
several alcohols of types Ar-CH,-OH and Ar‘CHR-OH, in which respect the reagent 
provides an alternative to others recently advocated, such as manganese dioxide ™ or 
dinitrogen tetroxide.” 

Bibenzyl or benzyl sulphate ion might be considered as possible intermediates in the 
formation of oxygenated products from toluene. Bibenzyl must be excluded because it 
proved to be inert under the conditions we employed. The sulphate might be 
formed in the steps: SO,~ + Ph*CH,* —» Ph:CH,°SO,- or S,0,2- + Ph-CH,*—» 
Ph-CH,°SO,- + SO,°~, and its formation is plausible in view of the known '* conversion 
CHMe,°CO,H —» CHMe,°SO,-, effected by S,0,2-—-Agt. However, under the usual 
oxidation conditions, the slowness of conversion of sodium benzyl sulphate into benz- 
aldehyde indicated that this is unlikely to be the main route from toluene to aldehyde. 
Under the same conditions sodium toluene-w-sulphonate showed little change; this failure 
may be associated with precipitation of the silver. 

S-Benzylthiuronium persulphate, briefly reported earlier,’ was incidentally examined. 
Like some other persulphates of organic bases,” it is sparingly soluble in water and when 
heated in water it decomposes to S-benzylthiuronium sulphate. 

Oxidation of Phenylacetic Acid.—When oxidised under similar conditions to toluene, 
this acid underwent rapid and almost quantitative decarboxylation. Oxygenation, giving 
mainly benzaldehyde, occurred to about the same extent (~50%) as with toluene, but the 


12 Szwarc, J. Chem. Phys., 1948, 16, 128. 

18 Farmer and Moore, J., 1951, 131; Ford and Mackay, J., 1957, 4620; cf. Rust, Seubold, and 
Vaughan, J. Amer. Chem. Soc., 1948, 70, 95. 

14 Hey, Pengilly, and Williams, J., 1955, 6; 1956, 1463. 

18 Kharasch, McBay, and Urry, J. Org. Chem., 1945, 10, 401. 

16 Turner, J. Amer. Chem. Soc., 1954, 76, 5175; Highet and Wildman, ibid., 1955, 77, 4399. 

17 Field and Grundy, J., 1955, 1110. 

18 Bacon and Bott, Chem. and Ind., 1953, 1285. 

19 Chabrier, Bull. Soc. chim. France, 1947, 14, 797. 

2 Vitali, Boll. Chim.-farm., 1903, 42, 273; Wolffenstein and Wolff, Ber., 1908, 41, 717. 
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yield of bibenzyl (up to 25%) was much greater. If hydrogen abstraction occurs in the 
carboxyl group, possible steps are: 
Ph*CHy*CO,H + X*——p> PhCH,°CO,° + HX 
Ph*CH,°CO,* ——t PhCH,* + CO, 
Ph°CH,* —— coupled and oxygenated products 


Attack by X- on the a-methylene group seems less likely, since diphenylsuccinic acid would 
be expected * from the intermediate radical HO,C-CHPh:. 

Electrolytic oxidation of carboxylate ions ** also involves decarboxylation, formation 
of both coupled and oxygenated products, and probable participation of radicals as inter- 
mediates. Electrolysis of alkali-metal salts of phenylacetic acid* thus gives mainly 
bibenzyl (Kolbe coupling reaction), with a little benzyl alcohol (Hofer—Moest hydroxyl- 
ation). The results of the non-catalysed oxidation of many carboxylic acids by aqueous 
persulphate show striking similarities to the results of electrolytic oxidations, as is known 
from the work of Fichter and his co-workers. They do not appear to have used metal-ion 
catalysts or to have examined the non-catalysed oxidation of phenylacetic acid by 
persulphate. 

Oxidation of Benzyl Chloride. Chlorinations with Mixtures of Chloride and Persulphate 
Ions.—Precipitation as chloride destroys the catalytic effect of silver ions on persulphate 
oxidations. Benzyl chloride, readily yielding chloride ion, was therefore not responsive 
to catalysis, but with aqueous persulphate at 90°, in the absence of silver, a complicated 
reaction occurred, giving chlorine, oxygenated products (mainly benzoic acid), and a 
substantial phenolic fraction from which 2,4-dichlorophenol was isolated. Although the 
yield of the purified dichlorophenol was only about 3%, experience suggests that even 
this small quantity might not have been isolated if the nucleus had not been protected 
from further oxidation by the entry of chlorine. In the formation of this product a 
carbon side-chain has been replaced by a phenolic hydroxyl group. Many such cleavage 
reactions are known, brought about by other peroxidic oxidants, and they have generally 
been interpreted by ionic mechanisms.™ 

The nuclear chlorination accompanying the formation of phenol is due to chlorine 
molecules (or possibly chlorine atoms) from the oxidation of chloride ions: 2Cl~ + 
S,0,2-> —» Cl, + 2S0,2-. Substitutions by “ nascent halogen ’’ have long been known 
for various other halide-oxidant mixtures. We tested chloride—persulphate mixtures in 
chlorinations of acetanilide and of toluene. The process, at least for acetanilide, was 
favoured by high concentration of acid and, by variation in acidity, could be regulated 
to produce #-chloro- or 2,4-dichloro-acetanilide. The only conditions examined for 
toluene involved persulphate and dilute hydrochloric acid at 90°, 7.e., at the temperature 
used in oxidation of benzyl chloride. The resulting chlorinated hydrocarbons contained 
comparable amounts of chlorine in the methyl group and the nucleus. 


EXPERIMENTAL 


Procedure for Oxidations.—Aqueous sodium persulphate, the organic compound, and aqueous 
silver nitrate were added in that order to the reaction flask. The mixture was efficiently 


* Later work (with R. W. Bott) has shown that persulphate readily converts ethyl phenylacetate or 
benzyl cyanide into ethyl diphenylsuccinate or diphenylsuccinonitrile. 


*1 Weedon, Quart. Rev., 1952, 6, 380. 
Fed an Fichter and Stenzl, Helv. Chim. Acta, 1939, 22, 970; Linstead, Shephard, and Weedon, J., 1952, 
* Fichter et al., Helv. Chim. Acta, 1929, 12, 993; 1932, 15, 885, 996; 1933, 16, 338; 1935, 18, 704, 
1276; 1936, 19, 149. 
* Leffler, Chem. Rev., 1949, 45, 385; Waters, Gilman’s “‘ Organic Chemistry,” Wiley and Sons, 
New York, 1953, Vol. IV, p. 1120; Hassall, Org. Reactions, 1957, 9, 73. 
¥ iH ““Methoden der Organischen Chemie,” G. Thieme, Leipzig, 3rd edn., 1930, 
ol. III, p. ‘ 
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stirred, and approximate constancy of temperature was maintained by preheating of reagents 
and adjustment of bath-temperature during reaction. Evolution of oxygen was measured in 
an attached gas-burette. Typical titration data (ferrous and permanganate method) in absence 
of an organic compound were: 


Residual persulphate (initially 1-25m-Na,S,O,, 0-01m-AgNO,). 


60 120 180 240 300 
80 67 55 45 37 
62 36 20 10 3 


After an oxidation the product was extracted into benzene or ether and separated into alkali- 
soluble and alkali-insoluble fractions. When benzaldehyde was present it was estimated, 
in benzene solution, by mixing aliquot parts with ~100% excess of freshly prepared 2N-ethanolic 
hydroxylamine hydrochloride, leaving the mixture for at least 3 hr. at ~20°, and determining 
hydrochloric acid by potentiometric titration with ethanolic potassium hydroxide. Results 
obtained with known amounts of benzaldehyde were correct to within 1% of theory and were 
not significantly affected by the presence of benzoic acid in substantial concentration. 

Oxidation of Toluene.—(a) In a typical experiment, toluene (69 g., 0-75 mole) was vigorously 
stirred for 2 hr. at 60° with sodium persulphate (360 g., 1-5 moles) in aqueous 0-01m-silver 
nitrate (600 ml.). Most of the reaction occurred during the first 30 min. No oxygen was 
evolved, and practically all the persulphate was consumed. Except for 0-5 g. of resin, the 
product dissolved in benzene to give a brown solution, the alkaline extract of which yielded, on 
acidification, benzoic acid (8-3 g., 9%) and resin (8-2 g.). The neutral fraction contained 
40-6 g. (51%) of benzaldehyde by analysis, and when distilled yielded unchanged toluene (2 g.), 
benzaldehyde (40 g.), a series of oils, b. p. 150—230°/20 mm. (9 g.), and resin (4:5 g.). The 
lower-boiling of the oily fractions deposited bibenzyl (2 g., 3%), m. p. and mixed m. p. 52—53° 
after recrystallisation from ethanol. Only traces of crystals were obtained from the other 
fractions; benzoic acid was the only identified product when these fractions were oxidised by 
permanganate. S 

Inadequate stirring led to low conversions of toluene. With efficient stirring, conversion 
was practically complete with 2 mol. of persulphate, but was only ~50% with 1 mol. and ~33% 
with 0-5 mol. Addition of an equivalent amount of sodium chloride destroyed the catalytic 
effect of the silver and resulted, e.g., in 92% of the persulphate being unchanged after 
2 hr. at 60°. 

(b) Oxidation in absence of silver catalyst was typically carried out by stirring toluene 
(11-5 g., 0-125 mole) and sodium persulphate (0-25 mole) in water (100 ml.) for 2 hr. at 90°. 
Consumption of persulphate was 95%, of which 21% gave oxygen. The product contained 
unchanged toluene (8-1 g., 70%), benzaldehyde (2% by titration), benzoic acid (1-8 g., 12%), 
bibenzyl and accompanying neutral products (1-6 g., 14%), benzene-insoluble resin (0-5 g.), and 
a trace of a phenol. 

Stability of Bibenzyl_—Treatment of bibenzyl with S,O,27--Ag*t under the conditions 
described for toluene resulted in decomposition of 80% of the persulphate, continuous evolution 
of oxygen, and recovery of unchanged bibenzyl (98%). 

Oxidation of Benzyl Alcohol.—Oxidation was rapid at 20—40° and very vigorous at 60°. 
Typically, benzyl alcohol (13-5 g., 0-125 mole) was stirred for 2 hr. at 30° with sodium 
persulphate (60 g., 0-25 mole) and silver nitrate (0-17 g., 0-001 mole) in water (100 ml.). No 
oxygen was evolved, 64% of the persulphate was decomposed, and the products were 
benzaldehyde (83% by analysis, 75% when isolated by distillation), benzoic acid (1-2 g., 8%), 
and resin (1-2 g.). 

Oxidation of Benzaldehyde.—With S,0,*-—Ag*, under the conditions used for benzyl alcohol, 
stirring for 2 hr. at 60° resulted in 82% consumption of persulphate, of which 35% gave oxygen. 
The product contained unchanged aldehyde (42%), benzoic acid (4-4 g., 29%), and resin (24% 
of initial weight of aldehyde). The resin was not readily soluble in benzene but soluble in 
acetone, ethanol, and aqueous sodium hydroxide; analyses of fractions indicated compositions 
(CH g-5-¢-¢O2-6-s-8)n- 

Oxidation of Benzoic Acid.—Stirring benzoic acid (15-3 g., 0-125 mole) for 2 hr. at 60° with 
sodium persulphate (0-5 mole) and silver nitrate (0-001 mole) in water (500 ml.) resulted in 63% 


% Cf. Wild, ‘‘ Estimation of Organic Compounds,” Cambridge Univ. Press, 1953. 
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consumption of persulphate, of which 26% gave oxygen. Resulting resin (4-4 g.), soluble in 
acetone, had the approximate composition (C,H,O,.;),. Unchanged benzoic acid (9-5 g.) was 
recovered by extraction of the solution with ether. 

Oxidation of Phenylacetic Acid.—Phenylacetic acid (34 g., 0-25 mole) was similarly oxidised 
with sodium persulphate (0-5 mole) and silver nitrate (0-002 mole) in water (200 ml.). Con- 
sumption of persulphate was 96%, carbon dioxide was evolved in 97% of the theoretical volume, 
and analysis of the resulting red-brown oil showed a 48% yield of benzaldehyde. From the com- 
bined products of three such oxidations, 14 g. of acidic material, comprising benzoic acid (4% 
yield) and resin, were extracted. Distillation of the neutral fraction yielded benzaldehyde (32 
g., 40%), bibenzyl (14 g., 24%), m. p. and mixed m. p. 50—52° after one recrystallisation 
from ethanol (Found: C, 92-3; H, 7-6. Calc. for C,,H,,: C, 92-3; H, 7-7%), and resins (9 g.). 

Oxidation of Sodium Benzyl Sulphate.—Chlorosulphonic acid (0-5 mole) was added dropwise 
to a stirred and ice-cooled mixture of benzyl alcohol (0-5 mole) and triethylamine (1 mole) 
diluted with chloroform. WNeutralisation with concentrated aqueous sodium hydroxide 
precipitated leaflets of sodium benzyl sulphate, m. p. 183-5—184-5° from aqueous ethanol. 
This salt (10-5 g., 0-05 mole) was treated for 2 hr. at 60° with sodium persulphate (0-1 mole) 
in 60 ml. of 0-007M-aqueous silver nitrate; 62% of the persulphate was unchanged and 
benzaldehyde (17%), benzoic acid (3%), and resin (1-6 g.) resulted. 

Oxidation of Sodium Toluene-w-sulphonate.—When this salt ?? was treated under the same 
conditions as the preceding one, a white precipitate, apparently the silver sulphonate, im- 
mediately appeared. Only 8% of the persulphate was decomposed and only 1:5% of 
benzaldehyde was found on analysis. Oxidation for 2 hr. at 90° in the absence of silver 
afforded only benzoic acid (3%). . 

Oxidation of Benzyl Chloride.—This oxidation by persulphate, in presence of silver nitrate, 
during 2 hr. at 60°, led to 87% decomposition of persulphate and a 4% yield of benzaldehyde, 
corresponding figures in the absence of silver nitrate being 92% and 3%. At 90° in absence of 
silver, decomposition of persulphate was 91%, of which 33% led to evolution of oxygen. In 
2 hr. at 90° in 2n-sulphuric acid, benzyl chloride gave chloride ion (determined potentio- 
metrically), corresponding with 47% hydrolysis. 

Benzyl chloride (95 g., 0-75 mole) was stirred at 90° with sodium persulphate (1-5 moles) in 
water (600 ml.), the reagent being added in portions during 0-5 hr., and stirring was continued 
for 1-5 hr. longer. The evolved oxygen contained chlorine; residual chloride ion in the 
aqueous phase was equivalent to 2% of the benzyl chloride. Nearly all the red-brown organic 
layer dissolved in benzene, and extraction of this solution with 2Nn-sodium hydroxide, followed 
by treatment of the extract with carbon dioxide and then with acid, yielded a brown, partly 
crystalline phenolic fraction (9-7 g.), benzoic acid (16-8 g., 20%), and resin (2-6 g.). Distillation 
of the phenolic fraction at 16 mm. yielded colourless needles of 2,4-dichlorophenol (3-4 g., 
3%), m. p. 42—43° (Found: C, 44:3; H, 2-5; Cl, 43-5. Calc. for C,H,OCI,: C, 44-2; H, 2-5; 
Cl, 43-5%). This was characterised as 2,4-dichlorophenoxyacetic acid, m. p. 137—138° (Found: 
C, 43-8; H, 2-6; Cl, 32-4. Calc. for C,H,O,Cl,: C, 43-5; H, 2-7; Cl, 32-1%), and as the 
benzoate, m. p. and mixed m. p. 93—94° (Found: C, 58-3; H, 3-1. Calc. for C,;H,O,Cl,: C, 
58-4; H, 3-0%). Distillation of the neutral fraction (45 g.) yielded unchanged benzyl chloride 
(35%), benzaldehyde (6%), and higher-boiling products (5 g.), which, when oxidised with 
aqueous permanganate, yielded benzoic acid and a little p-chlorobenzoic acid. 

Chlorination of Toluene.—Toluene (11-5 g., 0-125 mole) was stirred with sodium persulphate 
(0-25 mole) in water (100 ml.) for 2 hr. at 90°, and concentrated hydrochloric acid (0-5 mole) was 
added during the first 15 min. The product contained unchanged toluene, chlorinated hydro- 
carbons (8—9 g.), b. p. mainly 50—110°/16 mm., benzaldehyde (2—4% by analysis), a trace of 
phenolic material, and an acid fraction (0-2 g.) which was essentially p-chlorobenzoic acid. 
When concentrated aqueous sodium chloride (0-5 mole) replaced the hydrochloric acid, 10— 
12 g. of chlorinated hydrocarbon were obtained. Benzyl chloride underwent chlorination about 
as readily as toluene. Benzaldehyde gave only a little benzoic acid. 

The mixture of chlorinated hydrocarbons obtained from toluene was shown by the following 
tests to contain both nuclear and sidesxchain chlorine. (a) Boiling ethanolic silver nitrate gave 
silver chloride equivalent to a 55% content of benzyl chloride or a 70% content of chlorobenzyl 
chlorides. (b) Treatment with thiourea, followed by picric acid, gave a mixture of thiuronium 
picrates containing 5% of combined (nuclear-bound) chlorine. Recrystallisation yielded a 


#7 Johnson and Ambler, J. Amer. Chem. Soc., 1914, 36, 372. 
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fraction, m. p. 209—210° (decomp.), which corresponded in analysis with a chlorobenzy}- 
thiuronium picrate. (c) Conversion into quaternary salts with hexamethylenetetramine like. 
wise gave a mixture, analysis of which indicated the presence of about equal parts by weight of 
the benzyl chloride derivative and chlorobenzyl chloride derivatives. (d) Fractions obtained by 
distillation of the crude chlorinated hydrocarbons yielded o- and p-chlorobenzoic acids, in 
approximately equal quantities, after oxidation by aqueous permanganate. 

Chlorination of Acetanilide.—(a) A solution of acetanilide (81 g., 0-6 mole) in concentrated 
hydrochloric acid (4 1.) was stirred at ~10° while sodium persulphate (1-25 moles) in water 
(800 ml.) was added during 40 min. The crystalline precipitate which had then appeared 
increased in bulk while the solution was stirred for 2 hr. at 20° and left overnight. Filtration 
gave 2,4-dichloroacetanilide (89 g., 73%) as prisms, m. p. 143° (lit., 145°), raised to 144° in one 
recrystallisation from ethanol; hydrolysis gave 2,4-dichloroaniline (93%), m. p. 63° (lit., 63°). 
An identical result was obtained when the persulphate was replaced by an equivalent amount 
of hydrogen peroxide. 

(6) A solution of acetanilide (13-5 g., 0-1 mole) in 5-5Nn-hydrochloric acid (500 ml.) was 
stirred at 35—40° while sodium persulphate (0-21 mole) in water (150 ml.) was added during 
15min. The precipitate, isolated after stirring had been continued for 1 hr. longer, was impure 
p-chloroacetanilide (48%) and yielded the pure compound in needles, m. p. 178° (lit., 179°), 
by one recrystallisation from ethanol. An identical result was obtained when the persulphate 
was replaced by an equivalent amount of hydrogen peroxide.** After a longer period of reaction 
a less pure product was obtained in greater quantity. 

(c) When reaction was attempted under the conditions described in (b), except that 5-5y- 
sodium chloride replaced the hydrochloric acid, the acetanilide was largely undissolved and was 
recovered practically unchanged after 4 hr. at 40—60°. 

Benzylthiuronium Persulphate-——A mixture of equal volumes of aqueous 0-5m-benzyl- 
thiuronium chloride and 0-25m-sodium persulphate gave a precipitate of benzylthiuronium 
persulphate, (C,H,,N,S),S,0,, in 86—88% yield, as leaflets, m. p. 166—168°; other samples 
varied in the range 165—170° (decomp.). Chabrier 1 recorded m. p. 180° (decomp.) and 200°. 
The salt gave the usual colour reactions of persulphates with aromatic amines and phenols, and 
reacted with potassium iodide in warm aqueous ethanol, yielding iodine equivalent to an S,0, 
content of 35-3% (Calc.: 365%). It recrystallised unchanged in m. p. from aqueous acetone 


below 40°, but a solution in boiling aqueous ethancl deposited needles of benzylthiuronium 
sulphate,”® (CsH,,N,S),SO,, m. p. 185—187° (decomp.), identical with the salt precipitated 
from aqueous solutions of benzylthiuronium chloride with sodium sulphate or sodium hydrogen 
sulphate; the chloride and 10m-sulphuric acid gave the hydrogen sulphate, C,H,,N,S,HSO,, 
m. p. 140—144° (decomp.). When the persulphate was decomposed in boiling aqueous 
ethanol the solution yielded barium sulphate equivalent to an S,O, content of 35-8%. 


We thank Monsanto Chemicals Ltd. for a maintenance grant (to J. R. D.). 
QUEEN’s UNIVERSITY, BELFAST. (Received, August 5th, 1959.] 


*%8 Cf. Leulier, Bull. Soc. chim. France, 1924, 35, 1 
2° Lecher ef al., Annalen, 1925, 445, 35; Bolliger, ine. Chim. Acta, 1951, 34, 916. 
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268. Oxidation by Persulphate. Part III.* Silver-catalysed _ 
Oxidation of the Six Dimethylphenols and of 2,4,6-Trimethylphenol. 
By R. G. R. Bacon and D. J. Munro. 


On treatment in aqueous solution with the reagent S,O,?-—Ag*, dimethyl- 

phenols readily undergo nuclear oxidative coupling and oxygenation, while 

the para-methyl group of 2,4,6-trimethylphenol undergoes hydroxylation, 

coupling, and removal. The following crystalline products are obtained: 

2,2’-dihydroxy-3,3’,5,5’-tetramethylbipheny] (from 2,4-dimethylphenol) ; 2,5- 

dimethyl-p-benzoquinone (from 2,5-dimethylphenol); 2,6-dimethyl-p-benzo- 

quinone, 4,4’-dihydroxy-3,3’,5,5’-tetramethylbiphenyl and the corresponding 

diphenoquinone (from 2,6-dimethylphenol); a tetrahydrotetramethyloxodi- 

benzofuran (from 3,4-dimethylphenol); 4,4’-dihydroxy-3,3’,5,5’-tetramethyl- 

diphenylmethane, 4-hydroxy-3,5-dimethylbenzyl alcohol, and the corre- 

sponding aldehyde (from 2,4,6-trimethylphenol); none from 2,3- and 

3,5-dimethylphenol. The resins accompanying these products appear to be 

formed by oxidative coupling of 2—4 phenol molecules, with incorporation of 

some oxygen. Comparisons are made with results reported for dimethyl- 

and 2,4,6-trimethyl-phenols in other oxidation reactions of a presumed 

radical character. 
On treatment with the aqueous “ redox ’’-type oxidant S,0,?-—Ag*, phenol and o- and 
m-cresol yielded only resins, but #-cresol also gave crystalline fractions (~30%), comprising. 
ortho-linked dimeric and trimeric cresol and the dimeric ketone (I).1_ Oxidations of the 
six dimethylphenols and of 2,4,6-trimethylphenol, carried out in a similar manner, are now 
reported. The phenols, sodium persulphate, and silver nitrate were in homogeneous 
aqueous solution (0-01—0-05m in phenol), at a molecular ratio of 1:1:0-1, and 
consumption of persulphate was complete in about a day at 40°. Resinous products were 
again prominent, but in the cases of 2,6-, 2,4-, and 3,4-dimethylphenol and 2,4,6-trimethyl- 
phenol crystalline products were isolated in yields of 70%, 18%, 12%, and 35% respec- 
tively. For these four phenols, the presence of ortho- and para-methyl groups had there- 
fore somewhat simplified the usual complex course of oxidation. Some of the identified 
products were due to oxidative coupling, others to oxygenation processes. 

The presumed radical character of oxidations by S,0,?-—Ag*, attributed to the species 
Ag**, SO,*-, or HO, was discussed in the preceding paper. The powerful effect of the 
reagent in initiating the polymerisation of acrylonitrile ? is in harmony with this view. 
As is shown below, the crystalline products from the phenols proved to be largely the same 
as those described for oxidations in aqueous media with a ferrous salt and hydrogen 
peroxide,’ or with ferricyanide * or ferric chloride. The initial step in all cases appears to 
be removal of hydrogen from the phenol by a radical or multivalent metal ion: RH + 
X*-—» R-+ HX; RH-+ M**—»R:-+ Ht + M+, Coupling reactions of the 
resulting aryloxy-radicals R- have been discussed elsewhere.*-5 

Oxidations of members of this group of phenols by lead tetra-acetate,®? benzoyl 
peroxide,®.%1° acetyl peroxide," and t-butyl hydroperoxide !* have also been described. 


* Part II, preceding paper. 


1 Bacon, Grime, and Munro, J., 1954, 2275. 

* Bacon, Quart. Rev., 1955, 9, 287. 

* Cosgrove and Waters, J., 1951, 1726. 

* Haynes, Turner, and Waters, J., 1956, 2823. 

’ Barton, Deflorin, and Edwards, J., 1956, 530. 

* Wessely and Sinwel, Monatsh., 1950, 81, 1055. 

? Cavill, Cole, Gilham, and McHugh, J., 1954, 2785. 

® Cosgrove and Waters, J., 1949, 3189. 

® Cosgrove and Waters, J., 1951, 388. 

1° Walling and Hodgdon, J. Amer. Chem. Soc., 1958, 80, 228. 

11 Wessely and Schinzel, Monatsh., 1953, 84, 425. 

1% Bickel and Kooyman, J., 1953, 3211; cf. Campbell and Coppinger, J. Amer. Chem. Soc., 1952, 
74, 1469; Cook, J. Org. Chem., 1953, 18, 261. 
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These oxidations are conducted in organic solvents, are generally assumed to involve 
radical mechanisms, and result, to some extent, in similar products to the aqueous oxid- 
ations, but they differ from the latter in yielding major amounts of 2- or 4-acyloxycyclo- 
hexadien-l-ones, incorporating acyloxy-groups from the reagents. A parallel to this in 
aqueous oxidations is found in Bamberger’s report that permonosulphuric acid may cause 
incorporation of hydroxyl groups, giving 4-hydroxydien-l-ones (“ quinols’’), but the 
yields he recorded were very small, and indeed the effect described for 2,4,6-trimethyl- 
phenol #8 could not be confirmed when re-examined by Cosgrove and Waters.® So far as 
our own observations go, oxygenation effects between aromatic compounds and aqueous 
persulphate may take the form of phenol-formation (¢.g., from benzyl chloride; see 
Part II), quinone-formation (¢.g., from 2,6-dimethylphenol), and entry of oxygen into a 
side chain (e.g., in 2,4,6-trimethylphenol and the compounds discussed in Part II); these 
reactions presumably involve participation of water at some stage. 

With 2,6-dimethylphenol and S,0,?-—-Ag*, the major reaction was nuclear coupling, 
giving a mixture (~60%) of 4,4’-dihydroxy-3,3’,5,5’-tetramethylbiphenyl (II) and the 
corresponding 3,3’,5,5’-tetramethyldiphenoquinone. The accompanying nuclear oxygen- 
ation gave 2,6-dimethyl-p-benzoquinone (~10%). The diphenoquinone, with or without 
the intermediate diphenol (II), has been reported from oxidations by Fe?*—H,0,,° alkaline 
ferricyanide,* benzoyl or acetyl peroxide,®! lead tetra-acetate,’ chromic acid, and other 
oxidants. 2,6-Dimethyl-p-benzoquinone is a minor product in the oxidation by 
Fe**—-H,0,,° but is formed quantitatively with potassium nitrosodisulphonate.® 


TIN 2Q abi ot HS 


ome (III) 


With 2,4-dimethylphenol and S,0,?-—Ag*, nuclear coupling was again the main 
identified mode of reaction, giving 2,2’-dihydroxy-3,3’,5,5’-tetramethylbiphenyl (III). 
This is likewise produced in oxidations conducted electrolytically,® or with alkaline ferti- 
cyanide,* Fe?*—H,0,,° air and ferric chloride,” sulphuryl chloride and zinc chloride," or 
lead tetra-acetate.? About three-quarters of the alkali-soluble material obtained with 
S,0,?"—Ag* was approximately trimeric in average composition and was oxygenated to 
the extent of about one atom per trimeric molecule. We did not obtain from the neutral 
portion of the product any of the ketonic dimer which Waters and his co-workers isolated 
in very low yield when using ferricyanide * or Fe?*—H,O,° as oxidants, but we did obtain 
non-homogeneous, bright yellow, crystalline material (~2%); analysis of one fraction of 
it corresponded with the composition C,,H,,0,. 

With 3,4-dimethylphenol and S,0,?-—Ag*, 75%, of the product was alkali-soluble but, 
apart from traces of unidentified crystals, it was resinous, approximately dimeric in average 
composition, and slightly oxygenated. The neutral fraction furnished in 13% yield a 
crystalline ketonic dimer, m. p. 157—158°, 1.¢., a tetrahydrotetramethyloxodibenzofuran 
homologous with the well-known ketone obtained from -cresol with S,0,?-—Ag* and 
with several other oxidants,! and recently shown 5 to have the structure (I). After our 
experiments had been carried out, the same ketone was reported by Haynes, Turner, and 
Waters * from oxidation of 3,4-dimethylphenol with alkaline ferricyanide. As in our 
experiments, only one of the possible isomers was isolated. We found that the ketone 

Bamberger, Ber., 1903, 36, 2028. 

Auwers and von Markovits, Ber., 1905, 38, 226. 
Teuber and Rau, Chem. Ber., 1953, 86, 1036. 
Fichter and Meyer, Helv. Chim. Acta, 1925, 8, 74. 


Erdtman, Svensk Kem. Tidskr., 1935, 47, 223. 
Bowden and Reece, J., 1950, 1686. 
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underwent change in m. p. on a column of alumina, though not on silica, gave afi ultra- 
violet absorption spectrum almost coincident with that of the compound (I), and was 
converted by hydrobromic acid into a presumed dihydroxytetramethylbipheny]l. 

Oxidation of 2,3-, 2,5-, and 3,5-dimethylphenol with S,0,?-—Ag* gave resins, except 
that the product from the 2,5-isomer included 1% of 2,5-dimethyl-p-benzoquinone. The 
resins were mainly alkali-soluble and were mixtures of dimeric, trimeric, and higher 
dehydro-polymers, modified by a little oxygenation. 

When 2,4,6-trimethylphenol (IV; R = Me) was treated with S,0,?"—Agt, oxidation 
occurred in the para-methyl group, giving 4-hydroxy-3,5-dimethylbenzyl alcohol (IV; 
R = CH,OH) (22%) and 4,4’-dihydroxy-3,3’,5,5’-tetramethyldiphenylmethane (V) (13%). 
The products were identical with authentic samples prepared from 2,6-dimethylphenol 
and formaldehyde. The production of an alcohol, in appreciable yield, is noteworthy, 
since oxidation of a methyl substituent is rarely halted at the methylol stage (cf. Part Ii). 
Our observation supports Bamberger’s claim ™ that traces of the alcohol are obtained 
when the oxidant for 2,4,6-trimethylphenol is permonosulphuric acid. There appears to 
be no other reported method for the conversion of (IV; R = Me) into (IV; R = CH,°OH), 
but diacetyl peroxide gives a high yield of the corresponding acetate (IV; R = CH,*OAc). 
However, Haynes, Turner, and Waters * discovered a similar case of side-chain hydroxyl- 
ation when they converted (IV; R = CH,Ph) into (IV; R = CHPh-OH) with aqueous 


OS TN 


(IV) Me 


alkaline ferricyanide. Along with the alcohol we obtained a very small amount of the 
corresponding aldehyde (IV; R = CHO), which is the known product of oxidation of 
2,4,6-trimethylphenol by ethyl nitrite #® or by hydrogen peroxide and peroxidase.” The 
other main product (V) obtained with S,0,?-—-Ag* results from an oxidative coupling in 
which a para-methyl group is eliminated. The resulting diphenylmethane derivative had 
previously been reported * as a minor product (2%) in oxidation of 2,4,6-trimethylphenol 
with Fe®*-H,0,, in which it was accompanied by an unidentified diphenol (15%). We did 
not isolate this diphenol from oxidation by S,0,?-—Ag*, nor did we observe the dibenzyl- 
and stilbene-type products of oxidative coupling which have been reported from reactions 
of 2,4,6-trimethylphenol with silver oxide,” benzoyl peroxide,® acetyl peroxide," or t-butyl 
hydroperoxide.” 


EXPERIMENTAL 


The dimethylphenols were commercial samples, purified to constant m. p. The m. p.s of 
derived dimethylphenoxyacetic acids were essentially the same as those given in the literature. 
Samples of 2,4,6-trimethylphenol, synthesised from mesitylene, gave 2,4,6-trimethylphenoxy- 
acetic acid, m. p. 152-5—153° (from benzene) (lit.,2* 131-5°) (Found: C, 68-2; H, 7-3. Calc. 
for C,,H,,0,: C, 68-0; H, 7-2%). The benzoate had m. p. 54-5—55-5° (from light petroleum) 
{lit.,2* 61-5—62-5°) (Found: C, 80-1; H, 6-7. Calc. for C,,H,,O,: C, 80-0; H, 6.7%). The 
derived phenylurethane had m. p. 142—143° (from light petroleum), in agreement with 
Auwers *4 and others (Found: C, 75-7; H, 6-7; N, 5-4. Calc. for C,,H,,O,N: C, 75-3; H, 6-7; 
N, 5-5%). The rates of formation of the 2,6- and 2,4-dimethylphenoxyacetic acids were lower 
than those of the other isomers, and reaction was slower still with 2,4,6-trimethylphenol. These 
results are similar to those observed in the acetylation of these phenols.* 


1® Thiele and Eichwede, Annalen, 1900, 311, 363. 

*° Booth and Saunders, Nature, 1950, 165, 567. 

*1 Goldschmidt and Bernard, Ber., 1923, 66, 1963. 

#2 Steinkopf and Hépner, J. prakt. Chem., 1926, 118, 154. 
*3 von Auwers and Mauss, Annalen, 1928, 464, 293. 

*4 Auwers, Ber., 1899, $2, 17. 

*° Bassett and O'Leary, J., 1932, 2046. 
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All oxidations were carried out with thermostatic control at 40°. Aqueous solutions of the 
phenol, sodium persulphate, and silver nitrate, already at 40°, were mixed in the mol. ratio 
1:1:0-1. To allow for differences in solubility, the concentration of the phenols in the mixed 
solution was varied as follows: 3,5-dimethylphenol, 0-05m; 2,6- and 3,4-dimethylphenol, 
0-04m; 2,3- and 2,5-dimethylphenol, 0-033mM; 2,4-dimethylphenol, 0-0lm; 2,4,6-trimethyl- 
phenol, 0-008m. Some rate measurements were carried out by potentiometric titration of the 
acid liberated in the decomposition of the persulphate. 2,6-Dimethylphenol, 2,4,6-trimethyl- 
phenol, and 2,4-dimethylphenol showed 50% persulphate decomposition in 2, 4, and 5 hr., and 
substantially complete decomposition in 12, 20, and 30 hr., respectively. All oxidations were 
conducted for at least as long as was needed for complete consumption of persulphate. The 
oxidation products were mainly insoluble in water and their precipitation began almost im- 
mediately after mixing of the reagents. After isolation and drying, the precipitates were 
separated into neutral and alkali-soluble fractions and the filtrates were thoroughly extracted 
with ether. 

Oxidation of 2,6-Dimethylphenol._—An aqueous solution (5 1.), containing 24-4 g. (0-2 mole) 
of the phenol yielded 17-6 g. of almost black precipitate (A), separated into an ether-insoluble 
fraction (B) (12-1 g.; ~50% yield), a semi-crystalline ether-soluble phenolic fraction (C) (3-2 g.), 
and a resinous ether-soluble neutral fraction (D) (2-4 g.). (B) contained a little free 3,3’,5,5’- 
tetramethyldiphenoquinone, but otherwise consisted of the quinhydrone of this compound, 
which crystallised from acetic acid in lustrous, dark blue-green plates, m. p. 200—210° 
(decomp.), varying with rate of heating (Found: C, 79-8; H, 7-1. Calc. for C;,.H;,0,: C, 79-7; 
H, 7:1%). The quinol moiety of the quinhydrone was separated with aqueous sodium 
hydroxide, leaving the diphenoquinone (6-3 g.), which crystallised from acetic acid in red 
needles, m. p. ~211° (decomp.) (Found: C, 79-9; H, 6-8. Calc. for C,,H,,O,: C, 80-0; H, 
6-7%). The fraction (C) was freed from 2,6-dimethylphenol (0-1 g.) and chromatographed on 
silica gel to yield 4,4’-dihydroxy-3,3’,5,5’-tetramethylbiphenyl (II) (1-9 g., 8%). After 
recrystallisation from xylene and vacuum-sublimation this was obtained in pale yellow needles, 
m. p. and mixed m. p. 221-5—223°; the sample with which it was compared was prepared by 
reduction with zinc and acetic acid of the diphenoquinone made by the method of Auwers and 
von Markovits * (Found: C, 79-3; H, 7-7. Calc. for C,,H,,0,: C, 79-3; H, 7-4%). The 
diacetate had m. p. 177-5—178° (lit.,44 174—175°) (Found: C, 73-2; H, 6-9. Calc. for 
CyoH,,0,: C, 73-6; H, 68%). The fraction (D) appeared to contain lightly oxygenated 
polymers formed from three or more phenol units. 

The deep yellow filtrate from (A) yielded a red semi-crystalline extract with ether. Its 
quinone content, determined by analysis,** corresponded with a 13% yield. After removal of 
unchanged phenol from the extract with aqueous alkali, 2,6-dimethyl-p-benzoquinone was 
obtained in yellow needles (1-3 g., 10%), m. p. 71—72°, not depressed by admixture with an 
authentic sample.?” Reduction with sodium dithionite yielded 1,4-dihydroxy-2,6-dimethyl- 
benzene, m. p. 153°. 

Oxidation of 2,4-Dimethylphenol.—An aqueous solution (10 1.) containing 12-2 g. (0-1 mole) 
of the phenol yielded 9-5 g. of yellow precipitate. Ether-extraction of the filtrate yielded a red 
oil (2-2 g.), and the precipitate was separated into neutral (A) (2-0 g.) and alkali-soluble resin 
(B) (7-5 g.). Chromatography of (B) on silica gel with benzene containing increasing pro- 
portions of ether gave crystalline fractions (4-8 g.), which, when recrystallised from aqueous 
ethanol and then from benzene, yielded 2-1 g. (16%) of 2,2’-dihydroxy-3,3’,5,5’-tetramethyl- 
biphenyl (III) as needles, m. p. 136—136-5° after vacuum-sublimation (Found: C, 79-5; H, 
75. Calc. for C,,H,,0,: C, 79-3; H, 7-4%). It gave a diacetate, m. p. 110—110-5° (Found: 
C, 73-8; H, 6-8. Calc. for Cy5H,,0,: C, 73-6; H, 6-8%) (reported m. p.s vary from 134° to 138° 
for the phenol and from 107-5° to 109° for its diacetate). Further elution with benzene and 
ether gave non-crystalline material [Found for the mixture: C, 76-3; H, 68%; M (Rast 
method), 422. Trimers with one extra oxygen atom per mol., C.,4H,,0,, would require C, 76-1; 
H, 6:9%; M, 362]. 

Benzene solutions of (A) very slowly deposited yellow crystals (0-11 g., 1%). Duplicate 
oxidations at 20° or 40° gave rise to similar products (l—2%), isolated by chromatography on 
silica gel. When sublimed at 160—210°/0-05—0-001 mm., these products yielded yellow 
crystalline fractions of varying m. p., ¢.g., 237—239° (Found: C, 76-4; H, 64%; M, 340) and 

% Willstatter and Majima, Ber., 1910, 43, 1171. 

#7 Smith, Opie, Wawzoenek, and Prichard, J. Org. Chem., 1939, 4, 318. 
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226—236° (Found: C, 78-0; H, 7:-4%; M, 270). A typical ultraviolet absorption curve (in 
cyclohexane) showed maxima at 235 (log ¢ 4-27) and 308 mu (log « 3-69); reported maxima * 
for dimethyl-p-benzoquinones in n-hexane are ~250 (log ¢ 4-3), ~303 (log ¢ 2-5), and ~430 my 
log ¢ 1-3). 

ay oh of 3,4-Dimethylphenol.—An aqueous solution (10 1.) containing 48-8 g. (0-4 mole) 
of the phenol yielded quantitatively a pale brown precipitate, from which a semi-crystalline 
neutral fraction (25—35% in various runs) was separated. When purified by recrystallisation 
from benzene, light petroleum, and ethanol, or by chromatography, a tetrahydrotetramethyl- 
oxodibenzofuran was obtained (yield ~12%) as needles, m. p. 155—157°. The purest sample, 
resulting from vacuum-sublimation, had m. p. 157—158° (Found: C, 79-3; H, 7-6. Calc. for 
CygH,,0,: C, 79°3; H, 7-5%); Haynes, Turner, and Waters * give m. p. 156°. The ketone was 
isolated in similar yield at 40° from oxidation of a 0-1m-solution in aqueous acetone (1: 1 by 
vol.). The pure ketone was somewhat labile on chromatography on alumina, yielding a little 
resin and crystalline fractions, m. p. 137—152°; it was not significantly affected by silica gel. 
Besides the semicarbazone,‘ it formed an oxime, m. p. 209—211° (from methanol) (Found: C, 
741; H, 7-4; N, 5:5. CygH,,O,N requires C, 74-6; H, 7-4; N, 54%). The absorption 
spectrum of the ketone in cyclohexane showed sharp maxima at 223 and 300 my (log ¢ 4-40 and’ 
3-72); the absorption curve for tetrahydrodimethyloxodibenzofuran (I) was practically identical 
and likewise showed maxima at 223 and 300 my (log ¢ 4:38 and 3-62). When refluxed with 48% 
hydrobromic acid, the tetramethyl ketone yielded a phenol which crystallised from aqueous 
methanol in needles, m. p. 149—151° (Haynes ef al. give 152—154°), but it was difficult to 
purify, as were its derivatives. 

The resinous alkali-soluble portion of the oxidation product (75%) was freed from un- 
changed phenol (25%) and chromatographed on silica gel or distilled at 0-05 mm. By either 
method only traces of crystalline material were obtained. Analysis and molecular weights of 
resulting resinous fractions indicated that they were dimeric or of higher complexity, and were 
slightly oxygenated. 

Oxidation of 2,3-, 2,5-, and 3,5-Dimethylphenols.—The precipitates obtained in these oxid- 
ations amounted to 97—100% of the weight of the phenols. The neutral fractions from the 
2,3-, 2,5-, and 3,5-isomer constituted 13, 18, and 4% respectively of the total products. Neither 
the neutral nor the alkali-soluble products of the oxidations yielded any pure crystalline com- 
pound when chromatographed on silica gel. Typical analyses were as follows (average 
compositions calc. on a C,-basis) : 

Average 
C (%) H(%) M (Rast) composition 

Fraction from chromatography of alkali-soluble resin 

from 3,5-dimethylphenol 72-1 7-1 314 (CgHy.30,.7) 0-4 
Fraction from chromatography of neutral resin from 

2,5-dimethylphenol 78-1 7-0 381 Coli idins 
Alkali-soluble resin from 2,5-dimethylphenol; frac- 

tion insoluble in benzene 6-9 456 (CgHy.2O).2)5-5 


When ether-extracted, the aqueous filtrates from the oxidation products of 2,3- or 3,5-di- 
methylphenol yielded small amounts of oils, but 2,5-dimethylphenol yielded a red, partly 
crystalline product (0-5 g., 4%), analysis of which * indicated a 30% content of quinone, 
Removal of phenol from the red product with aqueous alkali, followed by vacuum sublimation, 
gave pure 2,5-dimethyl-p-benzoquinone, m. p. 123-5—124°, not depressed by an authentic 
sample.?? 

Oxidation of 2,4,6-Trimethylphenol_—An aqueous solution (12 1.), containing 13-6 g. (0-1 mole) 
of the phenol, yielded 4-3 g. of a light brown precipitate (A) and a pale yellow filtrate, which, on 
exhaustive ether extraction, furnished 8-6 g. of a mixture (B) of brown oil and crystals. 
Practically all of (A) dissolved in aqueous alkali, and, when chromatographed on silica gel with 
benzene-ether (9: 1), yielded mainly crystalline fractions. When recrystallised from ethanol, 
these fractions afforded 4,4’-dihydroxy-3,3’,5,5’-tetramethyldiphenylmethane (V) (1-7 g., 13%) 
in pale yellow needles, m. p. 175-5—176° (Found: C, 79-8; H, 7-9. Calc. for C,,H40,: 
C, 79-7; H, 78%); the m. p. was undepressed by admixture with a sample prepared by 
Auwers’s method.*® The derived diacetate had m. p. 146°; Auwers ® gives 142°, Cosgrove 
and Waters * 143°. 


*® Braude, J., 1945, 490. 
*® Auwers, Ber., 1907, 40, 2524. 
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Steam-distillation of (B) removed unchanged phenol (7%) and left a semi-solid product, 
from which 4-hydroxy-3,5-dimethylbenzyl alcohol (3-3 g., 22%) was obtained on recrystallis- _ 
ation from benzene and light petroleum. It showed m. p. 104—104-5° after a second 
recrystallisation [Found: C, 71-5; H, 8-0%; M (Rast method), 158. Calc. for C,H,,0,: ¢, 
71-0; H, 79%; M, 152] and the m. p. was not depressed by admixture with an authentic 
sample prepared from 2,6-dimethylphenol and alkaline formaldehyde. The fraction (B) from 
another oxidation of the phenol was absorbed on silica gel from benzene-light petroleum (3: }) 
and was eluted with benzene containing increasing proportions of ether. Only the earliest 
fractions (40% of the sample) were crystalline. Recrystallisation of these from benzene and 
then ethanol yielded two pure products, each ~2% of (B). One provided more (0-1 g.) of the 
dihydroxytetramethyldiphenylmethane, m. p. and mixed m. p. 175-5—176°, and the other a 
sample (<0-1 g.) of 4-hydroxy-3,5-dimethylbenzaldehyde (Found: C, 72-2; H, 6-8. Calc. for 
C,H,,0,: C, 72-0; H, 67%). The m. p. of the latter, 112—113-5°, was not depressed by a 
sample prepared by oxidation of 2,4,6-trimethylphenol with ethyl nitrite.” 


We thank The Chemical Society for a grant from the Research Fund, and Monsanto 
Chemicals Ltd. for a gift cf dimethylphenols. 


QUEEN’s UNIVERSITY, BELFAST. [Received, August 5th, 1959.) 





269. New Heteroaromatic Compounds. Part V.1 Some 
9,10-Boroxarophenanthrenes.? 


By M. J. S. Dewar and R. Dietz. 


The syntheses of some substituted 9,10-boroxarophenanthrenes are 
described. The aromaticity of this system is less pronounced than that of 
the 9,10-borazarophenanthrenes. 


AN earlier paper® in this series described 9,10-borazarophenanthrene.*? An analogous 
system is now described, derived from this by replacement of the annular nitrogen by 
oxygen. 

2-Hydroxybiphenyl reacted readily with an excess of boron trichloride, giving 
presumably * 2-biphenyl chloroboronite. In warm benzene or light petroleum containing 
aluminium chloride, this evolved nearly one mol. of hydrogen chloride. The product, 
containing equivalent amounts of boron and chlorine, was readily hydrolysed to an acid, 
C,,H,O,B, which when heated gave an anhydride, C,,H,,0,B,. 

Fusion of the acid with potassium hydroxide gave 2-hydroxybiphenyl and oxidation 
with hydrogen peroxide gave 2,2’-dihydroxybiphenyl. The formation of a monomethyl 
ester, both by crystallisation of the acid from methanol and by methanolysis of the chloro- 
compound, showed the acid to be monobasic. The absence of a phenolic hydroxyl group 
was shown by the infrared spectra of the anhydride and the methylester. The ultraviolet 
spectra of the acid and its anion, reversibly produced in ethanol, were quite unlike that of 
a substituted biphenyl (Fig. 1). The acid is therefore 9-hydroxy-9,10-boroxarophenan- 
threne (I; R= OH) and the chloro-compound and methyl ester are 9-chloro- and 
9-methoxy-9,10-boroxarophenanthrene (I; R = Cl and OMe respectively). 

Treatment of the crude chloro-compound with phenylmagnesium bromide gave 
9-phenyl-9,10-boroxarophenanthrene (I; R = Ph), spectrally very similar to 9-phenyl- 
9,10-borazarophenanthrene (Fig. 2). With two mols. of bromine in glacial acetic acid, 
9-hydroxy-9,10-boroxarophenanthrene gave the 1,3-dibromo-derivative (III): an excess 
of bromine produced 1,3,7-tribromo-9-hydroxy-9,10-boroxarophenanthrene (IV). The 


Part IV, Dewar and Kubba, Tetrahedron, in the press. 
For nomenclature see Dewar and Dietz, J., 1959, 2728. 


1 

2 

* Dewar, Kubba, and Pettit, J., 1958, 3073. 

* Colclough, Gerrard, and Lappert, J., 1956, 3006. 
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orientations of the substituents were proved by syntheses of identical bromo-compounds 
from 3,5-dibromo- and 3,5,4’-tribromo-2-hydroxybiphenyl. The ultraviolet spectra of 
the bromo-compounds resembled that of 9-hydroxy-9,10-boroxarophenanthrene, but 
showed bathochromic shifts. 

Although classically a monoester of a boronic acid, 9-hydroxy-9,10-boroxarophenan- 
threne has considerable stability. Oxidation with potassium permanganate and chromium 


& . BB 


(II) (UD ~ (IV) 


trioxide was difficult. Prolonged boiling with 10% aqueous potassium hydroxide failed 
to produce an ultraviolet spectrum different from that of the anion. Recovery was nearly 
quantitative after 10 hours’ boiling with 6n-hydrochloric acid. Deboronation took place 
in warm concentrated sulphuric acid. 

The ultraviolet spectrum of 9-phenyl-9,10-boroxarophenanthrene was reproducible in _ 
cyclohexane. In 95% ethanol, or in water, 9-phenyl-9,10-boroxarophenanthrene was 


Fic. 1. Ultraviolet spectra of 9-hydroxy- Fic. 2. Ultraviolet spectra of 9-phenyl-9,10- 
9,10-boroxarophenanthrene in 95% boroxarophenanthrene in cyclohexane ( ) 
ethanol ( ) and in 95% ethanol with and 9-phenyl-9,10-borazarophenanthrene in 
alkali (..... ). Ultraviolet spectrum cyclohexane (- ——-—) 
of 2-hydroxybiphenyl in cyclohexane 45 
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slowly oxidised and hydrolysed to 9-hydroxy-9,10-boroxarophenanthrene. Ultraviolet 
spectra measured during the conversion indicated that the boroxarophenanthrene ring 
remained intact. 

We attribute the stability of 9-hydroxy-9,10-boroxarophenanthrene to the contribution 
of the pseudoaromatic structure (II), which should, however, be less important than the 
corresponding 9,10-borazarophenanthrene structure, since oxygen is more electronegative 
than nitrogen. The aromatic character of the 9,10-boroxarophenanthrenes should there- 
fore be less pronounced than that of the 9,10-borazarophenanthrenes. This is clearly 
reflected in the relative stabilities of the 9-phenyl compounds. Of interest in this connexion 
is the 9,10-borathiarophenanthrene system, on which work is now in progress. 

Letsinger and Nazy 5 showed that tolan-2,2’-diboronic acid was isomerised in alkali to a 
compound which could be formulated as (V) or (VI) and had unusual properties. They 
preferred the formulation (V), by analogy with the compound (VII) which Snyder, Reedy, 
and Lennarz * reported to be remarkably stable to hydrolysis. Our work suggests that the 


* Letsinger and Nazy, J. Amer. Chem. Soc., 1959, 81, 3013. 
* Snyder, Reedy, and Lennarz, J. Amer. Chem. Soc., 1958, 80, 835. 
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isomerisation product may well have been (VII), owing its stability to the presence of an 
aromatic boron-containing ring. 


CH 
i i fe) 
aed B(OH), B-° ~—- B(OH), B* 


i ' - 
OH (Vv) OH (VI) OH win) 


EXPERIMENTAL 

9-Chloro-9,10-borazarophenanthrene.—2-Hydroxybiphenyl 6-9 g., 0-041 mole) in dry 
methylene chloride (50 ml.) was added slowly to boron trichloride (9-6 g., 0-082 mole) at —70°, 
Hydrogen chloride (1-40 g., 93%), absorbed on soda-asbestos, was evolved while the mixture 
was allowed to warm to 15°. Removal of solvent and excess of boron trichloride at room 
temperature and 0-1 mm. left a dark viscous oil. Dry light petroleum (b. p. 40—60°; 70 ml.) 
and aluminium chloride (0-05 g.) were added, and the mixture was refluxed. Hydrogen chloride 
(1-05 g., 70%), which was evolved in 2 hr., was swept from the apparatus with dry nitrogen and 
absorbed in water. No boric acid was detected on further titration in the presence of mannitol. 
The mixture was cooled and filtered under dry nitrogen. Solvent (ca. 30 ml.) was removed at 
15°/0:1 mm. until a dark red oil separated and solidified. Filtration and evaporation of the 
filtrate to dryness yielded 9-chloro-9,10-borazarophenanthrene (5-8 g., 66%) (Found, by direct 
hydrolysis and titration: Cl, 15-8; B, 4-8. C,,H,OBCI requires Cl, 16-6; B, 5-1%). After 
sublimation at 85°/0-2 mm., this material softened at 72—73° and decomposed at 115—120° 
without melting. 

9-Hydroxy-9,10-boroxarophenanthrene.—A solution of the crude chloro-compound in light 
petroleum was diluted with an equal volume of ether and washed with water. Slow removal of 
solvent resulted in crystallisation of 9-hydroxy-9,10-boroxarophenanthrene (4-8 g., 60%), m. p. 
200—203°. Recrystallisation from benzene raised the m. p. to 205—206-5° (Found: C, 72-6; 
H, 46%; M,179. C,,H,O,B requires C, 73-5; H, 4.6%; M, 196). 

The anhydride, of identical m. p., was formed on 2 hours’ heating at 140°/0-1 mm. (Found: 
C, 76-5; H, 4:3; B, 5-4. C,,H,,0O,B, requires C, 76-6; H, 4-3; B, 58%). The neutralisation 
equivalent, found by potentiometric titration in aqueous ethanol, was 184 (C,,H,,0,B, 
requires equiv., 187). 

9-Methoxy-9,10-boroxarophenanthrene.—(a) The methyl ester, m. p. 63-5—64-5, was formed 
quantitatively by crystallisation of 9-hydroxy-9,10-boroxarophenanthrene from methanol 
(Found: C, 74:3; H, 53%; M, 197. C,,;H,,0,B requires C, 74:3; H, 5:3%; M, 210). 
Hydrolysis to the hydroxy-compound took place overnight in air. 

(b) Excess of dry methanol in methylene chloride (10 ml.) was added slowly at —70° to 
9-chloro-9,10-boroxarophenanthrene (0-83 g.) in dry methylene chloride (10 ml.). After 
removal of all matter volatile at 20°/0-1 mm., the methyl ester remained (0-81 g., 98%), having 
m. p. and mixed m. p. 63—64-5°. 

9-Phenyl-9,10-boroxarophenanthrene.—9-Chloro-9,10-boroxarophenanthrene was _ prepared 
from 2-hydroxybiphenyl (6 g., 0-035 mole), cyclisation being effected in dry benzene at 60°. 
The mixture was cooled and phenylmagnesium bromide, from bromobenzene (5-6 g., 0-036 mole) 
and magnesium (0-9 g.) was added dropwise in ether at room temperature under nitrogen. 
After 2 hours’ refluxing and then cooling, the mixture was hydrolysed by brief shaking with 
dilute hydrochloric acid. The organic layer was separated, dried, and evaporated under 
nitrogen. Crystallisation from light petroleum under nitrogen yielded 9-phenyl-9,10-boroxaro- 
phenanthrene (4-6 g., 51%), m. p. 82—83° (Found: C, 84-3; H, 5-1; B, 39%; M, 249. 
C,,H,,OB requires C, 84-4; H, 5-1; B, 43%; M, 256). 

1,3-Dibromo-9-hydroxy-9,10-boroxarophenanthrene.—(a) Bromine (3-2 g., 0-02 mole) in glacial 
acetic acid (10 ml.) was added to 9-hydroxy-9,10-boroxarophenanthrene (2 g., 0-01 mole) in 
glacial acetic acid (50 ml.) at 50°. After 2 hr. at 80°, water was added to precipitate the crude 
dibromo-compound (3-0 g., 84%), m. p. 274—277°. Crystallisation from aqueous acetic acid 
raised the m. p. to 279—280-5° (Found: C, 40-6; H, 1-8; Br, 45-3%; M, 342. C,,H,O,Br,B 
requires C, 40-7; H, 2-0; Br, 45-2%; M, 354). 

(6) 3,5-Dibromo-2-hydroxybipheny] ? (0-6 g., 0-002 mole) was treated successively with boron 

7 Auwers and Wittig, ]. prakt. Chem., 1924, 108, 99. 
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trichloride and aluminium chloride as described for 2-hydroxybiphenyl, to give the —_——— 
dibromo-compound (0-33 g., 50%). 

1,3,7-Tribromo-9-ethoxy-9,10-boroxarophenanthrene.—(a) Bromine (6 g., 0-038 mole) in ponern 
acid (15 ml.) was added to 9-hydroxy-9,10-boroxarophenanthrene (2 g., 0-01 mole) in acetic 
acid (40 ml.) at 50°. The solution was heated at 100° until no further hydrogen bromide was 
evolved (3 hr.). Water was added to precipitate the crude tribromo-compound (4-0 g., 91%), 
m. p. >310°. Crystallisation from ethanol yielded the ethyl ester, m. p. 141—142° (Found: 
C, 36-2; H, 2-0; Br, 52-7. C,,H,,O,Br,B requires C, 36-5; H, 2-2; Br, 52-1%). 

(b) 3,5,4’-Tribromo-2-hydroxybiphenyl ’ (5 g., 0-012 mole) was treated successively with 
boron trichloride and aluminium chloride. Crystallisation from benzene gave the tribromo- 
compound (1-2 g., 23%), m. p. >310°. The infrared spectrum of this compound was identical 
with that of the product of the preceding reaction. On potentiometric titration in aqueous 
ethanol, the compound behaved as a monobasic acid of neutralisation equivalent 420 
(C,,H,Br,O0,B requires equiv., 433). 


We are grateful to the University of London for a grant for the purchase of apparatus and 
for the award of the William Lincoln Shelley Research Studentship (to R. D.). 


QurEeN Mary CoLiecE, Mire Enp Roap, 
Lonpon, E.1. [Received, October 12th, 1959.} 





270. Polar Effects of Alkyl Groups in the Absence of Vicinal 
Steric Effects. 


By C. W. L. BEvan. 


In replacement reactions of benzyl, phenyl and some related compounds 
the effect of a p-t-butyl group is similar to, but less than, that of a p-methyl 
group whether supply or removal of electrons is required. A large differenti- 
ation between the effects of these two groups on changing from bimolecular to 
unimolecular transition states is demonstrated and confirms the importance 
of the polarisability of alkyl groups. 

A tentative explanation is given for exceptional behaviour of 4-alkyl- 
benzyl fluorides in reaction with ethoxide ion. 


WE report a further study of the polar effects of methyl and t-butyl groups in nucleophilic 
replacement reactions where vicinal steric factors are absent. 
Reaction rates and conditions are summarised in Table 1. Reactions (1)—(8) are of 


TABLE 1. Reaction rates showing polar effects of 4-alkyl groups (k, in sec.1 mole* 1.; 
k, in sec.*). 
Temp. Rates for various p-substituents 
seen aes Solvent (°c) H Me 
Me,CO 0-0 10°k, = 2-89 4-23 
Bu'tOH 60-0 109k, = 3-75 5-03 
EtOH 25-1 1082, = 1-84 2-73 
EtOH 25-1 105k, = 3-72 5-85 
EtOH 118-0 10*k, = 5-38 5-49 
-CH,N*+C,H, + EtO- 20-0 10%, = 401 202 
R-C,H,CO,Et + OH- 25-1 10%, = 718 313 


R-C,H,COC] + EtOH 0-0 10°, = 7:89 4-49 
R-C,H,(NO,),Cl * + EtO- 50-0 10k, = 14:7 2-59 
R-C,H,-CH,Br + H,O............- . . 25-1 10%, = 3-68 213 


* 1-Chloro-2,6-dinitro. 


the type ArCabX + °Y—» ArCabY + °X (where the dots represent electrons). 
Reactions (1)—(7) are of the second order, as has been shown for the analogous reactions 
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of 4-alkylbenzyl bromides with pyridine in acetone } and of benzyl chloride with hydroxide 
ion in aqueous ethanol,? and for hydrolysis of ethyl p-alkylbenzoates.* In the solvolytic 
process (8), ethanol is in large excess and the reaction is of the first order. It is probable, 
however, that, as pointed out by Hughes,‘ this change is also substantially bimolecular, 
Reaction (10) is a first-order replacement at a saturated carbon atom under conditions 
especially conducive to a unimolecular mechanism.5 It was included to compare the 
effects of the two main substitution mechanisms, Sy2 and Syl. Reaction (9) is a second- 
order nucleophilic replacement at an aromatic carbon atom. 

Since the preliminary communication of these results by Bevan, Hughes, and Ingold, 
a number of reasons have been suggested for the varying order of effects of alkyl groups, 
Good summaries are provided by Schubert and Sweeney ? and by Berliner and Chen.® 

Reactions (1)—(4) are facilitated by electron-release; 4-methyl substituents in the 
benzyl group increase the reaction rate; -t-butyl substituents also increase it but to 
a smaller extent (see Table 1). 

In reactions (7)—(9) the rate is generally enhanced by electron-withdrawal; a -methyl 
group retards reaction; a p-t-butyl group also does this, but not to the same extent. 

Reaction (10), compared with, say, reaction (3), shows clearly the considerable polaris- 
ability of alkyl groups when called upon to supply electrons to a strongly electron-demand- 
ing reaction in which the transition state is, or approximates to, a carbonium ion. Here 
again, what a p-t-butyl group does a p-methyl group does better. 

Reaction (6) was shown, at least for the first 30% of change, to be of the first order 
with respect to each of the reagents (see Tables 2 and 3). 


TABLE 2. Determination of k, (1. sec. mole) for reactions of benzylpyridinium bromide 
and ethoxide ton in absolute ethanol. 


Initially, [bromide] = 0-0277m, [EtO-] = 0-0554m. Temp. 20-04°. Concns. in ml. of 0-01388N-NaOH 
per 4-98 ml. sample. . 
1275 1405 161 175-5 186-5 203-0 312-5 339-5 
18-31 18-17 18-01 17°81 17-78 1757 16-76 16-60 
8-37 8-23 8-07 7:87 7-84 7-63 6-82 6-66 
3-75 3-79 3-71 3-88 3-73 3-87 3-68 3-72 
Over 18—36% of reaction, average k, = 3-77 x 10-*1. mole™ sec.-. 
kh, at 20-0° = 3-77 x 10 1. sec. mole. 
hk, at 35-0° = 1-108 x 10-* 1. sec.-! mole. 
E = 12-8 kcal. mole; log,, B = 6-2. 


TABLE 3. Independence of k, (l. sec.+ mole) for reactions of benzylpyridinium bromide and 
ethoxide ton tn absolute ethanol of the concentration of the reagents. 


[Bromide] (m) [NaOEt] (m) 104k, at 20-04° 
0-0400 0-0400 3-92 
0-0277 0-0554 3-77 
0-0554 0-0277 3-78 


No method could be evolved for a satisfactory estimation of pyridine under the 
conditions of the reaction, so that the production or otherwise of benzyl ethyl ether was 
used as a criterion of whether reaction (6) involved replacement of —*+*NC;H, by OEFt, in 
a manner analogous to (1)—(5), or attack by ethoxide ion on the pyridine ring. 

After 25% reaction no benzyl ethyl ether was detected, by a method capable of 
estimating this compound in the reaction medium. 

An alternative possibility involves attack on the pyridine ring (cf. Bergstrom ® and 

1 Baker and Nathan, J., 1935, 1844. 

* Olivier and Weber, Rec. Trav. chim., 1934, 58, 869. 

* Various authors; reported by Day and Ingold, Trans. Faraday Soc., 1941, 37, 686. 

* Hughes, Trans. Faraday Soc., 1941, 37, 603. 

* Bateman and Hughes, J., 1940, 945. 

* Bevan, Hughes, and Ingold, Nature, 1953, 171, 301. 

7 Schubert and Sweeney, J. Org. Chem., 1956, 21, 119. 

* Berliner and Chen, ]. Amer. Chem. Soc., 1958, 80, 343. 

* Bergstrom, Chem. Rev., 1944, 35, 77. 
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Elderfield 1°). Electron release from R will inhibit the formation of structure (II), and the 
effects of alkyl groups on the rate of ring fission involving this as an intermediate. are 
consistent with the usual order of electron release, viz., p-methyl > #-t-butyl > H. 


l; i = 
RC,HyCH,-N+ N+ of —e RCH yCH-N 


Hor = (I) 


This observation removes the apparent exception noted by Streitwieser™ to the 
general picture of the accelerating effect of p-methyl groups on Sy2 reactions at a benzyl 
carbon atom. 

One further point concerns reaction (5), in which the usual order of electron release 
Me > But > H has changed to But > Me ~ H, with Me exerting only a very small effect 
(cf. Miller and Bernstein *). Further work is required before this result can properly be 
assessed, but it may be connected with entropy effects resulting from the relatively large 
solvation energy of the fluoride ion and the fact that the reaction was studied some 
hundred degrees above that for the analogous bromides and chlorides. Under these 
conditions it is possible that solvent effects would not be sufficient to reverse the inductive 
order of electron-release from alkyl groups by steric hindrance of solvation of the 
transition state. 


EXPERIMENTAL 


Maiterials.—All solids used in the kinetic measurements were recrystallised to constant 

m. p. from the appropriate solvent; liquids were purified by repeated distillation at reduced 
ressure. 

: Benzyl bromide. A commercial sample was dried (Na,CO,) and fractionated. The fraction 

boiling at 192° (uncorr.) was distilled at reduced pressure and stored in glass ampoules (b. p. 

84°/13 mm.) (Found: Br, 46-5. Calc. forC,H,Br: Br, 46-8%). 

4-Methylbenzyl bromide. p-Xylene was brominated by Atkinson and Thorpe’s method. 
The fraction of the product of b. p. 210—220° had m. p. 35-3° (from ethanol) (Found: Br, 43-1. 
Calc. for C,H,Br: Br, 43-2%). 

4-t-Butylbenzyl bromide. p-t-Butyltoluene, obtained by Verley’s method, was brominated 
and the named compound isolated as described by Baker and Nathan;' it had m. p. 15-2° (from 
ethanol) (Found: Br, 35-2. Calc. for C,,H,,Br: Br, 35-3%). 

Benzyl chloride. A commercial sample, dried (Na,CO,) and fractionated, had b. p. 
69°/15 mm. (Found: Cl, 28-3. Calc. for C,H,Cl: Cl, 28-1%). 

4-Methylbenzyl chloride. p-Xylene (100 g.), sulphuryl chloride (90 g.), and benzoyl peroxide 
(0-5 g.) in carbon tetrachloride (100 g.) were refluxed on a water-bath for 2 hr., the carbon tetra- 
chloride and excess of hydrocarbon were distilled off, and the residue was fractionated; the 
chloride had b. p. 92°/20 mm. (Found: Cl, 24-8. Calc. for CgH,Cl: Cl, 25-3%). 

4-t-Butylbenzyl chloride. t-Butylbenzene was chlorinated by Sommelet’s method.“ The 
product was fractionated, boiling at 114-5°/10 mm. (Found: C, 72-3; H, 8-8; Cl, 19-6. Calc. 
for C,,H,,Cl: C, 72-3; H, 8-22; Cl, 19-5%). 

Ethyl benzoate. A commercial sample, shaken with 15% aqueous potassium carbonate and 
fractionated, had b. p. 98°/19 mm., m,,** 1-5043. 

Ethyl p-toluate. Prepared from p-toluic acid by a method analogous to the above, the ester 
had b. p. 122°/18 mm., ,* 1-5060. 

Ethyl p-t-butylbenzoate. p-t-Butylbenzoic acid, prepared by oxidation of p-t-butyltoluene 
with chromic acid,4* was treated as for ethyl p-toluate. It gave the ester, b. p. 145°/7 mm., 
n,*® 1-4996. 

Benzoyl chloride. A commercial specimen (50 g.), refluxed with thionyl chloride (50 g.) for 


Elderfield, “‘ Heterocyclic Compounds,” Wiley, New York, 1950, Vol. I, p. 421. 
Streitwieser, Chem. Rev., 1956, 56, 571. 

Miller and Bernstein, J. Amer. Chem. Soc., 1948, 70, 3600. 

Atkinson and Thorpe, J., 1907, 91, 1695. 

Sommelet, Compt. rend., 1913, 157, 1445. 

Hickinbottom, ‘‘ Reactions of Organic Compounds,”” Longmans, 1936, p. 34. 
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2 hr. and twice fractionated, had b. p. 51-5°/2 mm. (Found: Cl, 25-2. Calc. for C;H;OCI: ¢], 
25-3%). 

p-Toluoyl chloride. This had b. p. 82°/5 mm. (Found: Cl, 22-8. Calc. for C,H,OCI: (1, 
22-9%). 

p-t-Butylbenzoyl chloride. p-t-Butylbenzoic acid, treated as for benzoyl chloride, gave the 
chloride, b. p. 114°/5 mm. (Found: Cl, 18-1. Calc. for C,,H,,OCI: Cl, 18-0%). 

1-Benzylpyridinium bromide. Equimolar proportions of purified pyridine and benzy] 
bromide were refluxed in absolute acetone. The precipitated crystals were filtered at the 
pump, washed repeatedly with acetone, and dried under vacuum (Found: Br, 31-8. Cale: for 
C,,H,,NBr: Br, 32-0%). 

1-4’-Methylbenzylpyridinium bromide. This was prepared analogously (Found: Br, 30-2. 
Calc. for C,;,H,,NBr: Br, 30-1%). 

1-4’-t-Butylbenzylpyridinium bromide was prepared similarly from p-t-butylbenzyl bromide 
(Found: Br, 26-0. C,,H, Br requires Br, 26-1%). 

1-Chloro-2,6-dinitrobenzene. o-Nitrophenol was nitrated by Kulikow and Panowa’s method 
and the 2,6-dinitrophenol was chlorinated by Kubota’s method; !” the product had m. p. 88-5° 
(from absolute ethanol) (Found: C, 36-4; H, 1-6; Cl, 17-2; N, 13-4. C,H,O,N,Cl requires C, 
36-4; H, 1-5; Cl, 17-5; N, 13-8%). 

1-Chloro-4-methyl-2,6-dinitrobenzene. Acet-p-toluidide was nitrated by the method of 
Brady e¢ al.,® and the resulting 2,6-dinitro-p-toluidine was converted into the chloro-compound 
by Welch’s method; # this had m. p. 114° (from absolute ethanol) (Found: C, 39-1; H, 2:5: 
Cl, 16-6; N, 12-8. C,H,O,N,Cl requires C, 38-8; H, 2-3; Cl, 16-4; N, 12-9%). 

1-Chloro-2,6-dinitro-4-t-butylbenzene. Friedel-Crafts reaction between phenol and t-butyl 
chloride gave p-t-butylphenol which was nitrated by Studer’s method,”° and chlorinated as in 
the case of 2,6-dinitrophenol; the product had m. p. 116-5° (from absolute ethanol) (Found: 
C, 46-6; H, 4-5; Cl, 13-7; N, 10-7. C, 9H,,O,N,Cl requires C, 46-2; H, 4-6; Cl, 13-7; N, 
108%). 

4-Alkylbenzyl fluorides. These compounds were prepared by the method of Ingold and 
Ingold.*4_ Contrary to the findings of Bernstein, Roth, and Miller,?* yields of 60% were 
obtained if before decomposition the quaternary fluoride was thoroughly anhydrous as indicated 
to be necessary by the former authors. 

Benzyl fluoride, prepared from benzyl bromide by the above method, had b. p. 39°/13 mm., 
n,,*° 1-4890 (Ingold and Ingold *! give n,*° 1-4892) (Found: C, 76-9; H, 6-5; F, 16-9. Cale. for 
C,H,F: C, 76-4; H, 6-4; F, 17-2%). 

4-Methylbenzyl fluoride, prepared analogously, had b. p. 60°/14 mm., ,,”° 1-4920 (Bernstein 
et al.** give n,,* 1-4918) (Found: C, 76-9; H, 7-8; F, 15-1. Calc. for C,H,F: C, 77-4; H, 7:3; 
F, 15-3%). 

4-t-Butylbenzyl fluoride, prepared analogously, had b. p. 90°/12 mm. (Found: C, 79-5; H, 
9-1; F, 11-4. (C,,H,,F requires C, 79-5; H, 9-0; F, 11-4%). 

Acetone. ‘‘ AnalaR”’ acetone was purified by Conant and Kirner’s method.” 

Ethyl alcohol. Commercial absolute ethyl alcohol was dried by Manske’s method.*4 

t-Butyl alcohol. Crystalline commercial t-butyl alcohol (2 1.) was warmed on a water-bath 
until about 0-5 1. was molten. This volume was rejected and the remainder was refluxed with 
sodium (5 g.) and distilled through an all-glass apparatus protected from moisture. An initial 
fraction of 150 ml. was rejected and the remainder, leaving an end-fraction of 150 ml., boiled 
at 82-8°/760 mm. 

Kinetic Measurements.—(a) Exchange reaction of 4-alkylbenzyl bromides with iodide ion. 
Sodium iodide, dried at 130° under a vacuum, was used. Solutions of the organic and inorganic 
halides were made up in pure acetone under anhydrous conditions. Aliquot parts were mixed 
at —80°, sealed, and immersed in a thermostat for definite periods. The reaction was stopped 


16 Kulikow and Panowa, Biochem. Z., 1932, 87, 246. 

17 Kubota, J. Chem. Soc. Japan, 1932, 58, 404. 

18 Brady, Day, and Rolt, J., 1922, 121, 528. 

18 Welch, J. Amer. Chem. Soc., 1941, 68, 3276. 

20 Studer, Ber., 1881, 14, 1474. 

21 Ingold and Ingold, J., 1928, 2249. 

*2 Bernstein, Roth, and Miller, J. Amer. Chem. Soc., 1948, 70, 2310. 
*3 Conant and Kirner, ]. Amer. Chem. Soc., 1924, 46, 245. 

24 Manske, ]. Amer. Chem. Soc., 1931, 58, 1106. 
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by cooling to —80° and the decrease in concentration of iodide ion was measured by Lang’s 
ethod.** , 

” (b) Reaction of 4-alkylbenzyl bromides and chlorides with sodium ethoxide. Solutions of 

known concentration in halide and sodium ethoxide were allowed to react in stoppered flasks 

immersed in a thermostat. Aliquot parts, withdrawn from time to time in a calibrated fast- 

delivery pipette, were run into 50 ml. of ice-cold acetone. This solution was titrated with 

standard hydrochloric acid (lacmoid). 

(c) Alkaline hydrolysis of ethyl 4-alkylbenzoates. The method was analogous to the above 
except that aliquot parts were run into a known excess of standard hydrochloric acid and 
titrated with standard carbonate-free sodium hydroxide in 85% ethanol to Bromothymol Blue. 
The solvent was 85% aqueous ethyl alcohol. 

(d) Alcoholysis of 4-alkylbenzoyl chlorides in absolute ethyl alcohol. Solutions of the organic 
chlorides of known strength in absolute ethanol were made up in stoppered flasks at thermostat 
temperature. Aliquot parts of the reaction mixture were run into 70 ml. of acetone at —80°, 
and titrated with carbonate-free sodium hydroxide (lacmoid). Constants were evaluated 
graphically. 

(e) Solvolysis of 4-alkylbenzyl bromides in (Kahlbaum) formic acid. Solutions of the organic 
bromides of known strength in formic acid were made up in stoppered flasks at thermostat 
temperature. Aliquot parts of the reaction mixture were run into 50 ml. of carbon tetra- 
chloride, which was twice extracted with distilled water. Bromide ion in the aqueous extract 
was estimated by Volhard’s method. 

(f) Reaction of 4-alkylbenzyl bromides with sodium t-butoxide in absolute alcohol. Constant- 
delivery pipettes kept in heating jackets at 35° were used to deliver solutions of the bromides 
and of sodium t-butoxide into tubes cooled to —80°. These were then sealed and the reaction 
rate measured in the usual way. Aliquot parts were analysed potentiometrically for 
bromide ion. 

(g) Decomposition of 1-4’-alkylbenzylpyridinium ethoxide in absolute ethyl alcohol. Solutions 
of the bromides and sodium ethoxide were found, on mixing, to develop a red colour which 
deepened considerably with time. The reaction was followed by determination of the decrease 
in concentration of the ethoxide ion. Appropriate volumes of standard bromide and sodium 
ethoxide solution were mixed in stoppered flasks immersed in the thermostat. Aliquot parts 
were withdrawn at intervals, run into a known excess of hydrochloric acid and titrated in a 
glass-electrode half-cell with carbonate-free sodium ethoxide solution. Maximum change of 
pH with added volume of ethoxide was determined as the end-point. Good second-order rate 
constants were obtained in the range 5—20% of reaction (cf. Table 2). 

(h) Reaction of 4-alkyl-1-chloro-2,6-dinitrobenzenes with sodium ethoxide in absolute ethanol. 
A method analogous to (e) was used. 

(i) Reaction of 4-alkylbenzyl fluorides with sodium ethoxide in absolute ethanol. Sealed tubes 
were used. Aliquot parts were titrated with hydrochloric acid, to a mixture of Cresol Red and 
Thymol Blue. 

Product Analysis for Reaction (6).—Benzyl] ethyl ether ** (2-94 g.) was dissolved in ethanol 
(1 1.), water (9 1.) was added, and the mixture continuously extracted with cyclohexane (1 1.) for 
72hr. The extract was fractionated from a Claisen flask through a vacuum-jacketed column, 
with pure diethyl phthalate as a chaser. This gave fractions (1) b. p. 90°, (2) b. p. 184—188° 
(2-36 g.), and (3) b. p. 188—288°. Repetition with 2-79 g. of benzyl ethyl ether gave a recovery 
of 2-43 g. (b. p. 185—190°). 

To a 0-0527N-solution of benzylpyridinium bromide (500 ml.) was added 0-0727N-sodium 
ethoxide (500 ml.), both being at 20-0°, and the mixture was kept at 20° for 194 min., corre- 
sponding to 25% reaction (i.e., 1-8 g. of benzyl ethyl] ether if it is a product). The reaction was 
stopped by the addition of a slight excess of hydrobromic acid. Water was added (9 1.) and 
continuous extraction with cyclohexane (1 1.) was carried out for 72 hr. Fractionation as above 
gave fractions (1) b. p. 90° and (2) b. p. 282—288°, but no benzyl ethyl ether. 


University CoLLEGE, Lonpon. 
UNIVERSITY COLLEGE, IBADAN, NIGERIA. (Received, November 3rd, 1958.] 


*5 Lang, Z. anorg. Chem., 1922, 122, 332; 1925, 142, 229, 279. 
*° Braun, Ber., 1910, 43, 1351. 
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271. The Mechanisms of N-Substitution in Glyoxaline Derivatives, 
Part I. Introduction, and Study of Prototropic Equilibria involving 
4(5)-Nitroglyoxaline. 

By A. Grimison, J. H. Ripp, and B. V. SMITH. 


The orientation of N-substitution in glyoxaline derivatives is discussed in 
terms of the reaction mechanism and the tautomeric equilibria involved. 
A spectrometric study of acid-base equilibria in aqueous solutions of 4(5)- 
nitroglyoxaline and its N-methyl derivatives is reported. The basicity of 
the 1,5-methyl derivative is greater than that of 4(5)-nitroglyoxaline, but the 
basicity of the 1,4-isomer is less; these results are related to the position of 
tautomeric equilibrium in the parent compound. 


THE mechanisms and orientation of N-substitution in glyoxaline derivatives were last 
discussed in detail by Pyman and his collaborators as part of the general problem of N- 
substitution in amidines.1 Their studies of N-methylation led to empirical rules for 
predicting the orientation, but their theoretical discussion of the results was limited by a 
lack of knowledge of the prototropic equilibria involved and by absence of kinetic inform- 
ation on the reaction mechanism. In consequence, the various factors that lead to the 
observed orientation are not fully understood. This group of papers is concerned with 
the prototropic equilibria involved in the N-methylation of 4(5)-nitroglyoxaline and with 
the dependence of the reaction mechanism on the acidity of the medium. In Part III, the 
conclusions drawn from this analysis are extended to other substituted glyoxalines and to 
substituted benzimidazoles. 


ee 


(II) S,2¢8 (111) 5,2! 


(1) Mechanisms of N-Substitution.—The possible mechanisms of N-substitution in these 
compounds have not been classified previously. In any conjugated heterocyclic compound 
containing an imino-group, there are two mechanisms of N-substitution that must be 
generally available. One involves the attack of an electrophilic species (X*) on the 
n-electrons of the conjugated system, leading to a transition state of type (I) (to 
simplify this discussion, proton transfers are not considered to be rate-determining). The 
rate of such a reaction should be related to the energy required to localise two x-electrons on 
the nitrogen atom. The other general mechanism involves the ionisation of the N-H bond 
followed by reaction of the conjugate base with the electrophilic reagent (transition 
state II). This mechanism presumably involves the o-electrons of the nitrogen atom. 
Further mechanisms are possible in derivatives of glyoxaline. One involves the attack 
by the electrophilic reagent at the tertiary nitrogen atom of the ring, followed by proton 
loss from the imino-group (transition state III). These transition states (I), (II), and (III) 
above have the characteristics designated in other connections by S,2, Sp2cB, and S,2’ 
respectively. Another possible mechanism of substitution in glyoxaline derivatives 
would be by an S,2-type transition state involving the conjugate acid of the substrate 
(mechanism Sg2cA). However, no evidence for this mechanism, or for other mechanisms 


1 Pyman, (a) J., 1922, 121, i. (b) J., 1923, 128, 367; (c) ibid., p. 3859; (d) Hazeldine, Pyman, 
and Winchester, /., ‘1924, 125, 1 
? Hofmann, “ Imidazole a a Derivatives, Part I,” Interscience Publ. Inc., New York, 1953, 


29. 
* Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” G. Bell and Sons Ltd., London, 1953, 
Chap. 6, 8, and 10. 
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involving the conjugate acids of the substrates, has been found in this work and they will 
not be considered further. ; 
The S,2’ mechanism appears to occur much more readily than the Sg2 mechanism for 
substitution in derivatives of glyoxaline. One illustration of this is the relative reactivity 
of pyrrole and glyoxaline towards methyl iodide. Substitution by the S,2 mechanism 
can occur in both substrates, although it should occur more slowly in glyoxaline because 
of the deactivating effect of the second nitrogen atom. However, glyoxaline reacts very 
readily with methyl iodide at room temperature,‘ giving the N-methyl derivative: pyrrole 
reacts much more slowly giving mainly C-methyl derivatives.5 For methylation, the 
energy barrier for S,2 substitution at nitrogen appears comparable with that for 
substitution at carbon. Reactions by the mechanisms Sg2 and S,2’ have the same 
kinetic form but, because of the apparent difficulty in observing the S_2 reaction on 
nitrogen, this kinetic form in the methylation of 4(5)-nitroglyoxaline is taken as evidence 
of the Sg2’ mechanism. 
st For substitution in a glyoxaline derivative, it is easy to show that the orientation 
J. should depend on the mechanism involved. The preferred position of substitution by the 
or S,2cB mechanism should be at the most nucleophilic nitrogen atom in the conjugate base. 
a In substitution by the S,2’ mechanism the problem is more complex; substitution must 
1- occur at an unprotonated nitrogen atom but the substrate will exist as a mixture of two 
e tautomeric forms and the expected relation between the basicity of a nitrogen atom and 
h its nucleophilic power suggests that the tautomer present in lower concentration will have 
h the higher rate coefficient for this mechanism of substitution. Because of the importance 
e of the tautomeric and acid-base equilibria, the study of the methylation of 4(5)-nitro- 
) glyoxaline was preceded by an examination of the equilibria involved. 


O,N N O,N NH O,N N O,N NMe 
l/ x . / A d » l A 
‘'N N N N 

H Me 


(IVa) (IVb) (V) (V1) 


(2) The Acidity and Basicity of 4(5)-Nitroglyoxaline.—The neutral molecule of 4(5)- 
nitroglyoxaline exists in solution as an equilibrium mixture of two tautomeric forms (IVa 
and IVb), both of which can add or lose a proton to form the common conjugate acid and 
conjugate base. The spectrum of 4(5)-nitroglyoxaline was investigated in ethanol and in 
a range of aqueous solvents varying in acidity from 0-1m-sodium hydroxide to 5m-perchloric 
acid. There is one main absorption band whose maximum varies from 350 to 270 my as 
the acidity is increased. The spectrum in ethanol is very similar to that in aqueous 
solutions at pH 5, and this was taken to be the spectrum of the neutral nitroglyoxaline 
molecule. In buffer solutions at pH values between 8 and 10, the spectra correspond to an 
equilibrium between the neutral molecule and the conjugate base, although below 250 mu 
the extinction coefficients were unexpectedly high. Conversion into the conjugate base 
appeared to be complete in 0-1mM-sodium hydroxide. The pK of the neutral molecule was 
calculated from the equation: ® 


—- = He eH DO CO DO OD he OD 


__ 


pH = pK + log {(cors — ea-)/(tax — tors)} 


where ops, ¢g-, and egy are the extinction coefficients, at the same wavelength, of the 
mixture, the conjugate base, and the neutral molecule respectively. Details are given in 
‘ the Experimental section and the result is included in Table 1. 


* Wallach, Ber., 1882, 15, 644. 
® Elderfield, ‘‘ Heterocyclic Compounds,” Wiley, New York, 1950, Vol. I, pp. 295—299. 
* Andon, Cox, and Herington, Trans. Faraday Soc., 1954, 50, 918. 





1354 Grimison, Ridd, and Smith: The Mechanisms of 


In acidic solutions the spectrum changes in a way consistent with an equilibrium 
between the neutral molecule(GH) and the conjugate acid(GH,*), conversion into the 
latter being effectively complete in 5m-perchloric acid. The pK of the conjugate acid was 
first calculated from the concentration ratio [GH,*]/[GH] and the H, acidity function of 


TABLE 1. The main absorption band and acid—base equilibria. 


Compound Medium Form* Amax.(mp) 10% pK 
4(5)-Nitroglyoxaline 0-Im-NaOH 350 10-19 9-30 
Buffer pH 4-7 297 6-40 

ev 269 7-04 —0-05 


1-Methyl-5-nitroglyoxaline 2-13 


: 303 837 4 

“-HCIO, 266 6-42 
300 7:27 

5é-HCIO, 269 716 } —083 


* CB, as conjugate base; N, as the neutral molecule; CA, as conjugate acid. 


1-Methyl-4-nitroglyoxaline 


the medium, but the pK values in hydrochloric acid and perchloric acid did not agree anda 
more detailed investigation showed that the protonation of 4(5)-nitroglyoxaline in hydro- 
chloric acid deviated significantly from that predicted by the H, acidity function. The 
pK was therefore determined by plotting log ((GH,*]/[GH]) — log [H*] against the molarity 
of the acid and extrapolating to zero concentration (cf. ref. 7). The linear extrapolation 
to obtain the pK is shown in the Figure, and details of the indicator ratios are given in 


+0°ST 


Plot for the determination of pK, values for 4(5)-nitrogly- 
oxaline and 1-methyl-4-nitroglyoxaline from measure- 
ments in perchloric acid and hydrochloric acid. 


4(5)-Nitroglyoxaline 
1-Methyl-4-nitroglyoxaline —-—-—-. 
Perchloric acid ©. 

Hydrochloric acid @. 





1 Ll 1 
os 0 1's 20 
Molarity of acid 





Table 2. The pK value obtained (—0-05) agrees with the measurements in both hydro- 
chloric and perchloric acid. 

After this work had been completed, values were reported for these two equilibrium 
constants which had been determined by a potentiometric method.§ The value obtained 
for the acidity of the neutral molecule (pK 9-1) is in fair agreement with our work, but that 
obtained for the acidity of the conjugate acid (pK 1-5) is not, and the discrepancy is far 
greater than the experimental error of our method. This discrepancy presumably arises 
from the known difficulties of potentiometric methods in studying the protonation of very 
weak bases. 

(3) The Basicity of the N-Methylnitroglyoxalines.—Substitution by a methyl group at 
either of the ring nitrogen atoms has little effect on the spectrum (Table 1) but it does 
change the basicity. 1-Methyl-4-nitroglyoxaline (V) (pK, —0-53) is a little less basic than 


7 Long and Paul, Chem. Rev., 1957, 57, 1. 
* Bruice and Schmir, J. Amer. Chem. Soc., 1958, 80, 148. 
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4(5)-nitroglyoxaline; the protonation was followed in the same way and the results are 
included in the Figure. 1-Methyl-5-nitroglyoxaline (VI) (pK, 2-13) is much more basic 
than 4(5)-nitroglyoxaline and the equilibrium was therefore studied in buffer solutions. 

The change in basicity of 2 pK units as a result of methylation is unusually large (for 
example, the pX’s of glyoxaline and N-methylglyoxaline differ by less than 0-1 unit *) 
but it can be understood if the predominant tautomeric form of the parent compound has 
structure (IVa). Then the comparison of the basicities of 1-methyl-5-nitro- and 4(5)- 
nitro-glyoxaline relates to different nitrogen atoms, and the large substituent effect of the 
methyl group can be explained by the fact that it releases the more basic nitrogen atom 
for protonation. 

The decrease in the basicity arising from substitution at the other nitrogen atom was 
unexpected, but it can be shown to be consistent with the above assumption and with the 
behaviour of glyoxaline. The basicities of glyoxaline and N-methylglyoxaline are almost 
identical,® but the interpretation of this fact is complicated by a statistical factor; the 
glyoxalinium ion has two equivalent ionisable protons, but the conjugate acid of N-methyl- 
glyoxaline has only one. This factor alone would cause the dissociation constant of the 
N-methylglyoxalinium ion to be half that of the unsubstituted compound; the pK, should 
therefore increase by 0-3 unit on methylation. Since this is not observed in the basicity of 
N-methylglyoxaline, the methyl group must effectively reduce the basicity of the other 
nitrogen atom by this amount. If, as assumed above, 4(5)-nitroglyoxaline in solution 
has structure (IVa), then, in the conjugate acid of 4(5)-nitroglyoxaline, the two ionisable 
protons are far from equivalent and in the comparison of the basicities of (IVa) and (V) 
the statistical factor is absent. It is reasonable therefore that the decrease in the basicity 
of the other nitrogen atom should be directly observed. 

This decrease in basicity is probably a consequence of the decreased solvation of the 
conjugate acid when an NH group is replaced by an NMe group (cf. ref. 10). It seems 
probable that this effect should operate about equally for substitution at the two nitrogen 
atoms, so that the acidity of the conjugate acids of the two N-methyl isomers should be 
proportional to the acidity of the respective protons in the conjugate acid of 4(5)-nitro- 
glyoxaline. If so, then the ratio of the concentrations of the two tautomeric forms of 
4(5)-nitroglyoxaline will be the ratio of the dissociation constants of the two N-methyl 
isomers. This argument suggests that in solutions of 4(5)-nitroglyoxaline structure (IVa) 
predominates by a factor of 400 over structure (IVb). This method of calculating 
tautomer ratios should be more accurate than the method based on the pK, of the 
unsubstituted compound and the pK, of one of the methyl derivatives." 

The greater stability of structure (IVa) than of (IVb) can be related to the qualitative 
theory of organic chemistry by considering the acidity of the two protons in the common 
conjugate acid. The electron-withdrawal by the nitro-group would be expected to cause 
the nearer imino-group to be the more acidic. This presumably outweighs any differential 
stability of the linear conjugated system in (IVb) over the branched conjugated system 
in (IVa). 

(4) Correlation of Protonation Equilibria with Hy.—The extent to which the protonation 
of substituted glyoxalines follows the acidity function Hy is of interest because 
glyoxalines are very different in structure from the aniline derivatives used in establishing 
the H, scale. Some values of the indicator ratios in the protonation of 4(5)-nitro- and 
1-methyl-4-nitro-glyoxaline are given in Table 2. These indicator ratios can be compared 
with those calculated from the pK, values in Table 1 and the appropriate Hy values.’ 
From such comparisons it seems that the protonation of 4(5)-nitroglyoxaline follows H, 
in perchloric acid, but deviates appreciably from H, in hydrochloric acid. In both acids, 
the protonation of 1-methyl-4-nitroglyoxaline increases more rapidly with acidity than 

* Bender and Turnquest, J. Amer. Chem. Soc., 1957, 79, 1656. 


1 Hall, J. Amer. Chem. Soc., 1957, '79, 5441. 
™ Albert, “‘ Heterocyclic Chemistry,” Univ. of London, 1959, p. 59; cf. Mason, J., 1958, 674. 
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does that of 4(5)-nitroglyoxaline. There is some evidence that N-methylation in aniline 
derivatives increases the dependence of the indicator ratio on the acidity of the medium; 
e.g., in the comparison of 2,4-dinitroaniline and NN-dimethylpicramide.’ 


TABLE 2. Protonation of 4(5)-nitroglyoxaline and 1-methyl-4-nitroglyoxaline in 
mineral actds. 


log ((GH,*)/([GH)]) 


4(5)-Nitroglyoxaline 1-Methyl-4-nitroglyoxaline 
clo, HCl HClO, HCl 

— 0-63 = —1-02 —- 

—0-25 -= — 0-69 —0-75 

—0-05 a —0-40 — 0-54 
0-18 





on 


—0-23 —0-40 


0-02 
0-30 0-13 —0-04 
0-24 


0-44 _ —0-09 
“—- nt 0-12 nalts 

0-74 0-43 0-34 0-08 
0-90 0-67 0-53 0-25 
1-20 _ 0-75 0-40 


60 09 00 tm tw HO OE 
SCASaAWS=1 


EXPERIMENTAL 


Materials.—4(5)-Nitroglyoxaline (m. p. 309°) was prepared by the method of Fargher and 
Pyman."* It was repeatedly crystallised from acetic acid and dried im vacuo at 100° for several 
hours. 1-Methyl-5-nitroglyoxaline (m. p. 55°) was prepared by a modification of the method of 
Hazeldine, Pyman, and Winchester,“ but with repeated crystallisation from light petroleum 
(b. p. 40—60°) replacing purification through the picrate. 1-Methyl-4-nitroglyoxaline (m. p. 
133°) was prepared by the method of Allsebrook, Gulland, and Story, and was repeatedly 
crystallised from benzene. : 

PH Measurements.—These were carried out with a Doran pH meter and conventional 
electrodes. Solutions were brought to 25° before use, and measurements were made by using 
an insulated cell in an air-jacket at the same temperature. Borate and carbonate buffer 
solutions were used at about pH 9, and partly neutralised mono-, di-, and tri-chloroacetic acid 
solutions were used at about pH 2. 

Spectrometric Measurements——These were carried out on a Unicam S.P. 500. In the 
measurements on buffer solutions, the cells were thermostatically maintained at 25°. The pK 
values for 4(5)-nitroglyoxaline at about pH 9 were based on optical densities at 340 and 360 my; 
the pK values for 1-methyl-4-nitroglyoxaline at about pH 2 were based on optical densities at 
260 and 310 my. A small ionic-strength correction was made to obtain the thermodynamic 
pX values listed in Table 1. Most of the measurements involving mineral acids were carried 
out at room temperature (~20°); comparative experiments showed that the difference between 
these results and those at 25° was negligible. The values of the indicator ratios in Table 2 are 
based on optical densities at 300 and 310 my. The spectra of the neutral molecules and the 
conjugate acids used in these calculations were obtained under the conditions listed in Table ], 
except that a small correction was applied to the spectrum of 1-methyl-4-nitroglyoxaline in 
5m-perchloric acid, because about 2% of the neutral molecule should then be present. 


Witt1am Ramsay AND Ratpu Forster LABORATORIES, 
UNIVERSITY COLLEGE, Lonpon, W.C.1. [Received, August 14th, 1959.) 


18 Fargher and Pyman, J., 1919, 115, 217. 
13 Allsebrook, Gulland, and Story, J., 1942, 232. 
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272. The Mechanisms of N-Substitution in Glyoxaline Derivatives. 
Part II.* The Methylation of 4(5)-Nitroglyoxaline by Methyl Sulphate. 
By A. Grimison, J. H. Ripp, and B. V. Smit. 


A kinetic study of the methylation of 4(5)-nitroglyoxaline by methyl 
sulphate in dilute homogeneous solutions indicates two reaction paths: 
one involves the conjugate base of 4(5)-nitroglyoxaline, and the other, 
studied with formic acid as solvent, involves the neutral molecule. The 
orientation of the methylation by these two reaction paths is related to the 
prototropic equilibria studied in Part I of this series.* 


In heterogeneous systems the orientation of the N-methylation of 4(5)-nitroglyoxaline 
is very sensitive to the pH of the medium.’ Similar orientational changes occur for 
methylation in dilute homogeneous solution, and their interpretation requires a knowledge 
of the prototropic equilibria and reaction mechanisms involved. The equilibria were 
discussed in Part I;* the present paper is concerned with the kinetic form of the 
methylation by methyl sulphate under various conditions. 

(1) Methylation in Alkaline Media.—The methylation of 4(5)-nitroglyoxaline by 
methyl sulphate occurs at a convenient rate in dilute aqueous sodium hydroxide containing 
10% of ethanol at 25°. Under these conditions, 4(5)-nitroglyoxaline is almost completely 
dissociated to the conjugate base (cf. Part I) and the mechanism should therefore be of 
the type designated Sy2cB. Some kinetic studies were carried out on the reaction to 
check the kinetic form and to determine the rate coefficients for reaction at the two nitrogen 
atoms. 

These kinetic studies were complicated by the simultaneous hydrolysis of the methyl 
sulphate to methyl hydrogen sulphate and methanol. Now methyl hydrogen sulphate 
is a strong acid, so reaction modifies both the methyl sulphate concentration and the pH. 
Interpretation of the kinetics was simplified by using a large excess of methyl sulphate 
over 4(5)-nitroglyoxaline; the corrections to be applied to take account of the hydrolysis 
of methyl sulphate are then rendered more certain. A brief study was made of this 
hydrolysis since the earlier work ? on it was not applicable to our conditions. The kinetic 
form in aqueous sodium hydroxide containing 10% of ethanol follows equation 1; at 25°, 
kh, = 1-7 x 10* sec.+, k, = 1-6 x 10? mole™ sec.* 1. 


Rate = k,[Me,SO,] + &,[Me,SO,[OH7] . ... . (I) 


The concurrent methylation of 4(5)-nitroglyoxaline was followed from the spectrum of 
the solutions. Details of a typical kinetic run are given in Table 1. The second column 
gives the observed nitroglyoxaline concentrations, and the third gives the instantaneous 
first-order rate coefficients (k,), calculated by dividing the instantaneous rate of methylation 
by the nitroglyoxaline concentration. The values of k, fall steadily during a kinetic run, 
but when they are divided by the instantaneous concentration of methyl sulphate (column 
4), the resulting second-order rate coefficients (k,) are effectively constant. This suggests 
that the reaction is of the first order with respect to both nitroglyoxaline and methyl 
sulphate. 

The run cited covers an appreciable change in pH, arising from the concurrent 
hydrolysis, and the constancy of the second-order rate coefficients is an indication that 
there is no pH-dependent term. To check this, kinetic runs were carried out with lower 
hydroxide-ion concentrations. The second-order rate coefficients were constant during 


* Part I, preceding paper. 


1 Forsyth and Pyman, J., 1925, 127, 573. 
* Klemenc, Monatsh., 1917, 38, 353; Pollak and Baar, ibid., p. 501. 
> es 
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TABLE 1. Instantaneous first-order and second-order rate coefficients for the methylation 
of 4(5)-nitroglyoxaline (GH) in 0-09m-sodium hydroxide at 25°. 


10%, 10°k, 
Time 10k, (mole Time 10*k, (mole 
(min.) 10‘(GH] (sec.-4) 10*[Me,SO,] sec.*1) (min.) 104(GH] (sec.') 10*[Me,SO,] sec. 1.) 
0 0-529 — 3-61 25 0-305 1-82 1-00 1-82 
5 0-459 4-24 2-65 1-60 30 0-294 1-50 0-83 1-76 
10 0-390 3-56 2-00 1-78 35 0-283 1-15 0-63 1-68 
15 0-349 2-60 1-61 1-61 45 0-266 0-78 0-50 1-57 
20 0-327 1-91 1-27 1-51 


a single run but there was a slight increase in the mean values as shown by the following 
figures: 

REEDED . ncivodssonnapdedidesscocesotenscsarahacesoees 0-09 0-06 0-03 

Big HURON © G0G.*. BL): cvoccoceicccccngsctonseeces 1-67 1-90 2-01 
This may be an ionic-strength effect, since the ionic strength was constant during a single 
run but varied with the initial concentration of sodium hydroxide. The absence of a 
significant pH-dependent term shows that the kinetic form is as equation 2. The reaction 
can be considered as a nucleophilic attack of the conjugate base of 4(5)-nitroglyoxaline 
(G~) on a neutral methyl sulphate molecule. 


Rate = k,{Me,SO,][G"] ie wis allege t 


The analysis of the isomeric ratio in the product was also carried out spectrometrically 
since, although the spectra of the two N-methyl isomers are similar, their basicities are 
not (Part I), and protonation causes a marked change in the spectrum. Thus in 0-1m- 
perchloric acid, 1-methyl-5-nitroglyoxaline is effectively present as the conjugate acid, but 
1-methyl-4-nitroglyoxaline is effectively present as the neutral molecule. The results 
showed that about 11% of the product was 1-methyl-5-nitroglyoxaline, and the remainder 
1-methyl-4-nitroglyoxaline. From this ratio, and from the value of k, in equation 2, it is 
possible to derive the rate coefficients for substitution at the two nitrogen atoms and these 
values are given in section 3. The value of k, in equation 2 is almost equal to that in 
equation 1; this shows that the hydroxide ion and the conjugate base of 4(5)-nitrogly- 
oxaline have almost identical nucleophilic power towards the carbon atoms in methyl 
sulphate. 

(2) Methylation in Acidic Media.—Experiments were carried out in aqueous acids in 
an attempt to observe a reaction path involving substitution in the neutral molecule of 
4(5)-nitroglyoxaline. Attempts to methylate 4(5)-nitroglyoxaline by methyl sulphate in 
aqueous hydrochloric acid were unsuccessful, presumably because the rate of hydrolysis 
of methyl sulphate greatly exceeded the rate of methylation. Some methylation could be 
observed in 50%, aqueous formic acid, but the kinetics of this reaction were complicated 
by concurrent hydrolysis of the methyl sulphate. Finally, anhydrous formic acid was 
found to be suitable, for the reaction of methyl sulphate with the medium was then 
greatly decreased. 

The methylation of 4(5)-nitroglyoxaline with 0-1M-methyl sulphate in anhydrous 
formic acid containing sodium formate was studied at 50°. The reaction is slow, the main 
initial product being 1-methyl-5-nitroglyoxaline, but, in contrast to the methylation in 
alkaline solution, the formation of the 1,3-dimethyl quaternary compound occurs sig- 
nificantly. Kinetic complications arising from the formation of the quaternary compound 
were avoided by studying the initial rates of reaction. The extent of methylation was 
determined from the spectrum of samples in alkaline solution, the measurements being 
limited to about 10% reaction. The sum of the calculated concentrations of 4(5)-nitro- 
glyoxaline and 1-methyl-5-nitroglyoxaline then agreed well with the initial concentration 
of 4(5)-nitroglyoxaline. 

Details of a kinetic run are given in the Experimental section. With a constant 
concentration of sodium formate, the reaction is of the first order both with respect to the 
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stoicheiometric concentration of 4(5)-nitroglyoxaline (GH) and with respect to methyl 
sulphate. The kinetic form is therefore as shown in equation 3. Evidence for the 
constancy of k, is given in Table 2. 


Rate = k,[GH][MeSO,) ....... 


TABLE 2. Methylation in anhydrous formic acid containing 1-0OM-sodium formate. 
Variation of the initial rate with the reactant concentration at 50°. 


108 x Initial 10® x Initial 

rate 10‘, rate 10*k, 

(mole (mole (mole (mole 

10°IGH] 10[Me,SO,] sec.? 1.) sec.1.) 10°[GH] 10[Me,SO,) sec.* 1.7%) . sec.* 1) 
8-52 1-06 11-0 1-22 2-35 1-06 3-21 1-29 
6°85 6 10-1 1-39 8-48 0-78 9-60 1-45 
5-25 5 7-58 1-36 oi 0-52 6-21 1-41 
4-09 am 6-22 1-43 * 0-23 2-65 1-36 


The variation of the reaction rate with the concentration of sodium formate gives 
further information on the reaction mechanism. The concept of acidity functions can be 
applied to formic acid media,’ and the value of the H, function appears to vary linearly 
with —log,) C+ where cq+ stands for the concentration of solvated hydrogen ions 
[H-CO,H,*]. Approximate H, values for formic acid solutions containing formate ions 
can therefore be calculated from the autoprotolysis constant of formic acid (10) and the 
value of H, in the pure acid* (—2-21). These values are included in Table 3; they 
overlap with those determined directly from indicator measurements. From the thermo- 
dynamic pK, of 4(5)-nitroglyoxaline in water (—0-05) and from the Hy, values in formic 
acid containing sodium formate, it is possible to calculate the fraction of unprotonated 
nitroglyoxaline molecules in the solution. The deviation of the protonation of 4(5)-nitro- 
glyoxaline from the conventional Hy scale in water is presumably unimportant here 
because of the proportionality of hy to cg+. 


TABLE 3. Methylation in anhydrous formic acid at 50°. Variation of the initial 
rate with the concentration of sodium formate. 


[GH] stoicn. = 8-52 x 10m [Me,SO,] = 0-106m 


10° x Initial rate 10*k, 104k,’ 

[H-CO,Na]} Hy, (mole sec.+ 1.4) (mole sec. 1.) 10°{GH]mo. (mole sec. 1.) 
1-00 +0-81 11-0 1-22 7:27 1-43 
0-50 +0-48 10-5 1-16 6-21 1-59 
0-25 —0-19 6-8 0-75 4-93 1-30 
0-10 —0-28 5-5 0-61 3-09 1-68 
0-05 —0-48 3-2 0-35 1-93 1-56 


In Table 3, the variation in k, (eqn. 3) with the concentration of sodium formate is 
compared with the related variation in the concentration of molecular 4(5)-nitrogly- 
oxaline (column 5). In the final column, values are given for a second-order rate co- 
efficient k,’ calculated from equation 3 but in terms of the concentration of molecular 
4(5)-nitroglyoxaline. The constancy of k,’ shows that only the unprotonated nitrogly- 
oxaline molecule is involved in the reaction, and, by the argument set out in Part I, 
section 1, the mechanism is therefore considered to be a S,2’ substitution. The results 
in Table 3 also show that the only effect of the formate ions on the reaction is through an 
alteration in the acidity of the medium; no base-catalysed proton-transfer appears to be 
involved. 

The formation of the 1,3-dimethyl quaternary compound was first suspected because 
the spectra of the product solutions did not vary with pH in the way expected for a mixture 
containing only 4(5)-nitroglyoxaline and its N-methyl derivatives. This was particularly 

* Hammett and Dietz, J. Amer. Chem. Soc., 1930, 52, 4795; Hammett and Deyrup, J. Amer. Chem. 


Soc., 1932, 54, 4239. 
* Long and Paul, Chem. Rev., 1957, 57, 1. 
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marked at temperatures above 50°. In the standard preparation of 1-methyl-5-nitrogly. 
oxaline,5 25% of the starting material is not accounted for, and it seems likely that the 
methosulphate can be formed in significant quantities. Some of the methosulphate was 
prepared by this reaction and a preliminary study was made of its properties. It is not 
stable in aqueous solutions for, when freshly prepared, the solution has a main absorption 
maximum at 2670 A, but this changes slowly and after six days the main maximum js 
at 3500 A. The change occurs much more rapidly in the presence of hydroxide ions, and 
presumably equilibria similar to those suggested for the quaternary benzimidazole com- 
pounds are involved.® 

Because of the ready formation of the quaternary compound, the products of the 
initial methylation were isolated chemically instead of being determined spectrometrically, 
By using excess of 4(5)-nitroglyoxaline and by recovering the unchanged material it was 
shown that at least 86° of the initial product was 1-methyl-5-nitroglyoxaline, and the 
percentage is probably higher because the only other material recovered was a yellow oil 
believed to be a decomposition product of the quaternary compound. No trace of l-methyl- 
4-nitroglyoxaline was observed. 

(3) Correlation of Rate Coefficients and Equilibrium Constants.—From the overall rate 





0-22x 10° 4x10" 
"TG O,N N O,N NH 
Co} / s\ / 
Sain / ZA 
=) ae ates 2 
1-78x 107 H <S-6X10° 
(1) ap on (qm) 
Sp2cB (aq. soln., 25°) Sp2’ (formic acid, 50°) 


Rate coefficients (mole! sec.-} |.) for methylation by methyl sulphate. 


coefficient for reaction through the conjugate base and from the corresponding product 
analysis it is possible to assign values to the rate coefficients for reaction at the two nitrogen 
atoms in the conjugate base and these are given in (I). The neutral molecule of 4(5)- 
nitroglyoxaline exists mainly as structure (II) (cf. Part I), and from the value of &, in 
equation 3 (when calculated for molecular nitroglyoxaline) and from the product analysis 
it is possible to calculate that the rate coefficient for the S,g2’ reaction of structure (II) is 
approximately as shown above. It is more difficult to obtain a value for the S,2’ reaction 
of structure (III), but from the fact that less than 10% of the 1,5-methyl derivative is 
formed in acidic media, and from the relative concentrations of (II) and (III) (400: 1) we 
find that the rate coefficient cannot be greater than 5-6 x 10° mole sec.1 1. If, under 
the above conditions, the reactivity of both nitrogen atoms were reduced by the same 
factor in the transition from the Sg2cB to the S,2’ mechanism, the value would be 
1-1 x 10°. This would be consistent with the apparent absence of 1-methyl-4-nitrogly- 
oxaline in the product. 

The two tautomeric forms of the neutral molecule are in equilibrium with the common 
conjugate base and conjugate acid. Since the tautomer ratio is about 400: 1 in favour of 
structure (II), the basicity of the two nitrogen atoms in the conjugate base must differ by 
this factor, and the basicity of the two forms of the neutral molecule must differ by the 
same factor. Comparison of the rate coefficients for the reaction of the two nitrogen 
atoms by both the Sg2cB mechanism and the S,2’ mechanism shows that the ratio of 
their nucleophilic reactivities is much less than the ratio of their basicities; thus, for the 
S,2cB mechanism, the two ratios are 8 and 400 respectively. If there is a linear free-energy 
relation between the reaction rates and the relevant equilibria, an equation of the form 


* Hazeldine, Pyman, and Winchester, J., 1924, 125, 1431. 
* Hofmann, “ Imidazole and its Derivatives, Part I,’’ Interscience Publ. Inc., New York, 1953, 
p. 281. 
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kocK~ should hold, where & is a rate constant and K is the acidic equilibrium constant for 
protonation of the same nitrogen atom. The above values for the relative reactivity of the 
two nitrogen atoms in both the S,2cB and the Sg2’ mechanisms are then consistent with 
a= 03. 

The rate coefficients for the reaction of the same nitrogen atom in the conjugate base 
and the neutral molecule are also consistent with this equation. Thus the basicity of the 
nitrogen atom nearer to the nitro-group varies by a factor * of 5 x 10® when the other 
nitrogen atom is protonated. The exact comparison of the rate coefficients is complicated 
by the 25° difference in temperature, but if this is considered to be equivalent to a power 
of ten then the rate coefficients differ by a factor of 1-5 x 10. 

The above calculation is only intended as a useful guide in understanding the reaction. 
However it does show that the observed orientations and the relative reactivity of the 
neutral molecule and the conjugate base can be considered to be derived from a simple 
relationship between the basicity of a nitrogen atom and its nucleophilic power.? Some 
general consequences of this relationship in the methylation of glyoxaline derivatives are 
discussed in Part III (following paper). 


EXPERIMENTAL 


The general experimental technique and the preparation of 4(5)-nitroglyoxaline and its 
derivatives were as described in Part I. Formic acid (‘‘ AnalaR ”’) was dried over boric oxide 
and fractionated. The fraction boiling at 101°/760 mm. was collected and stored in the dark. 
The purity was checked by freezing-point measurements (f. p. 839°). Methyl sulphate 
(reagent grade) was fractionated under reduced pressure and the main fraction (b. p. 76°/15 
mm.) was collected. 

Spectrometric Analysis of the Reaction Mixture.—This was limited to conditions where the 
spectrum of the product solutions showed that the concentration of the 1,3-dimethyl quaternary 
compound was negligible; only the absorption of 4(5)-nitroglyoxaline and its N-methyl 
derivatives need then be considered. The spectra of the two N-methyl compounds are similar, 
and where one predominated the extent of reaction was determined from the spectrum in 
alkaline solution, where the remaining 4(5)-nitroglyoxaline showed the characteristic spectrum 
of the conjugate base. The extinction coefficients of the pure compounds at the wavelengths 
used in analysing the reaction mixtures are giveh in Table 4. From the values there listed for 
the compounds in 0-1m-sodium hydroxide, and from the optical density of the reaction mixture 
at 3000 and 3500 A, it is possible to calculate independently the concentration of the remaining 
4(5)-nitroglyoxaline and that of the N-methyl derivative. In all the kinetic runs reported here, 
the sum of these two concentrations agreed well with the initial concentration of 4(5)-nitrogly- 
oxaline. 


TABLE 4. Extinction coefficients (x 10°) used in the analysis of reaction mixtures. 





Medium 
0-Im-NaOH * 0-Im-HCI1O, 
Compound at 3000A at3500A at2650A at 3000A 
4(5)-Nitroglyoxaline ...........sssessesseeeeeevees 2-64 10-19 2-92 6-02 
1-Methyl-4-nitroglyoxaline ............s.sess00+ 7:27 0-851 2-76 7-08 
1-Methyl-5-nitroglyoxaline ............s.sss0e0s 8-37 1-34 6-17 1-93 


* These values are not very sensitive to the pH when this is above 12. 


To determine the ratio of substitution at the two nitrogen atoms, as used in the analysis of 
the product from alkaline methylation, the spectrum of the reaction mixture in 0-1m-perchloric 
acid was also studied. This medium is sufficiently acidic effectively to protonate 1-methyl-5- 
nitroglyoxaline, but not 1-methyl-4-nitro- or 4(5)-nitro-glyoxaline. The appropriate extinction 
coefficients are listed in Table 4. From these values and from the optical density of the reaction 

* The equilibrium constants for the addition of the first and the second proton to the conjugate 


base differ by a factor of 2 x 10* (Part I), but the first proton goes on the other nitrogen atom and so 
this value has to be divided by the tautomer ratio to obtain the factor above. 


* Cf. Bruice and Schmir, J. Amer. Chem. Soc., 1958, 80, 148. 
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mixture at the wavelengths and under the conditions shown in Table 4, four simultaneous 
equations can be set up and solved to give the three unknown concentrations. The sum of 
these again agreed with the initial concentration of 4(5)-nitroglyoxaline. 

Chemical Analysis of the Reaction Mixture.—This was applied to the product from methyl. 
ation in anhydrous formic acid. 4(5)-Nitroglyoxaline (1-65 g.) was heated with methyl sulphate 
(1 ml.) in anhydrous formic acid (50 ml.) for several hours at 35° in a sealed tube. The formic 
acid was then removed under reduced pressure, and the residue treated with water. The 
remaining nitroglyoxaline (1-0 g.) did not dissolve and was filtered off. The filtrate was just 
neutralised with solid sodium carbonate, and the solution was then evaporated to dryness 
under reduced pressure. The residue was extracted with ether, and the ether was then removed, 
leaving 1-methyl-5-nitroglyoxaline (0-62 g.), m. p. 53-4° (Found: C, 38-0; H, 4:0; N, 32-8, 
Calc. for C,H,;N,O,: C, 37-8; H, 4-0; N, 330%). A small quantity of the residue was insoluble 
in ether, and on recrystallisation from ethanol gave a yellow compound (~0-05 g.), presumably 
a breakdown product of the quaternary compound. There was no evidence for 1-methyl-4- 
nitroglyoxaline; if present, this compound would also have been in the ether-insoluble residue. 

Kinetic Runs.—The kinetic runs involving methylation in alkali were followed directly 
from the change in the spectrum of the reaction mixture when contained in an optical cell 
maintained at 25°. Experiments on the methylation of the monomethy] derivatives indicated 
that no significant dimethylation should occur during a kinetic run. The kinetic runs with 
anhydrous formic acid as solvent were carried out by the conventional technique using sealed 
glass tubes containing aliquot parts of the reaction mixture thermostatically maintained at 50°, 
Tubes were transferred to a mixture of solid carbon dioxide and ethanol at suitable times; after 
warming to room temperature samples (0-98 ml.) were run into aqueous solutions containing 
sufficient sodium hydroxide to bring the pH to 13. The volume was made up to 100 ml. and 
the absorption spectrum was measured against an equivalent solution containing sodium 
formate. Examples of the observed optical densities and the calculated concentrations are 
given in Table 5. The kinetic study was based on the initial rates of methylation and limited 
to the first 10% reaction to avoid difficulties arising from the formation of the quaternary 
compound. 


TABLE 5. Determination of initial rate of methylation in anhydrous formic acid 
containing M-sodium formate at 50°. 
Initial concentrations: [GH] = 8-52 x 10-°m; [Me,SO,] = 0-106m. 


Optical density* Calc. concn. (x 10%) 

Time (min.) 300 my 350 my GH GMe 
0° 0-213 0-847 8-55 (0) 

30 0-229 0-830 8-35 0-18 

60 0-237 0-815 8-19 0-33 

108 0-244 0-790 7-92 0-52 


Calc. initial rate of methylation = 11 x 10° mole sec. 1.71, 


* In alkali, after dilution of the reaction mixture by a factor of 103. * An arbitrary zero, taken 
about 5 min. after immersion in the thermostat bath. 


The ancillary investigation into the hydrolysis of methyl sulphate in aqueous solutions 
containing 10% ethanol was carried out by extracting samples, diluting them with acetone, 
and titrating the acid formed. Fulier details are given elsewhere.® 

Preparation of 1,3-Dimethyl-4-nitroglyoxalinium Methyl Sulphate.—4(5)-Nitroglyoxaline 
(10 g.) was heated with dimethyl sulphate (22 g.) in a sealed tube at 100° for 3hr. The mixture 
was cooled and dissolved in ethanol; ether was then slowly added to precipitate 1,3-dimethyl-4- 
nitroglyoxalinium methyl sulphate. WRecrystallised from ethanol-ether, this had m. p. 165° 
(Found: C, 28-6; H, 4-4; N, 16-6; S, 12-5. C,H,,N,0,S requires C, 28-5; H, 4-4; N, 16-6; 
S, 126%). The picrate was prepared by heating a concentrated aqueous solution of the metho- 
sulphate and sodium picrate; it recrystallised from water as yellow needles, m. p. 138—139° 
(Found: C, 36-1; H, 3-5; N, 23-0. C,,H,N,O, requires C, 35-6; H, 3-0; N, 22-7%). 

WILt1AM RAMSAY AND RALPH ForsTER LABORATORIES, 

UNIVERSITY COLLEGE, Lonpon, W.C.1. [Received, August 14th, 1959.) 


® Grimison, M.Sc. Thesis, London, 1956. 
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273. The Mechanisms of N-Substitution in Glyoxaline Derivatives. 
Part III.* Factors determining the Orientation of N-Methylation in 
Substituted Glyoxalines and Benzimidazoles. 

By J. H. Rip and B. V. Situ. 


The analysis of the orientation of N-substitution in 4(5)-nitroglyoxaline 
in terms of the reaction mechanisms and the prototropic equilibria is 
generalised to provide an account of the expected orientation in substituted 
glyoxalines and benzimidazoles. Evidence on the tautomeric equilibria 
in these compounds is obtained from basicity measurements, and the isomer 
ratios in the products of methylation are estimated from the infrared spectra. 
Previous values for the isomer ratios in some substituted benzimidazoles are 
shown to be incorrect. The revised values, and the reported isomer ratios 
in substituted glyoxalines, are shown to be largely consistent with the 
expected mechanisms and the expected positions of tautomeric equilibrium. 


In Part II * it was shown that the orientation of N-methylation in 4(5)-nitroglyoxaline 
in acidic and basic media could be understood from a knowledge of the prototropic 
equilibria involving the substrate, and from the mechanism of the reaction. The key to 
the problem is the apparent existence of a simple relation between the basicity of a nitrogen 
atom and its nucleophilic power. Some information on prototropic equilibria involving 
glyoxaline derivatives is available in the literature, and further results are reported in this 
paper. These results, when combined with some of the conclusions of Part II, lead to 
an account of the probable orientation of N-methylation in substituted glyoxalines and 
benzimidazoles. 

(1) Prototropic Equilibria.—The most important influence of a substituent on the 
orientation of N-methylation comes from its effect on the tautomer ratio (I: II), for this 
is a measure of the relative basicity of the nitrogen atoms and hence of their relative 
nucleophilic power (cf. Part II). Several considerations suggest that the conjugative 
interaction of the substituent with the ring is relatively unimportant in determining this 


H 
X—N X—NH N N 
VA NS 
< <> Sh iy, C1? 
H H 
(I) (i) (III) (IV) 


ratio. Thus the electrons directly involved in the proton transfer are in o-orbitals and are 
therefore not conjugated with the substituent. Also, any electron displacement involving 
the x-electrons would be expected to be relayed approximately equally to the two nitrogen 
atoms without the marked discrimination between different positions observed in alternant 
conjugated systems. Where the substituent has a x-orbital available for conjugation 
with the ring, one factor in the relative stability of the two isomers is the energy difference 
between the linear conjugated system in structure (II) and the branched conjugated 
system in structure (I); the former should be somewhat more stable. The tautomer ratio 
in 4(5)-phenylglyoxaline should give evidence on this point. The results in Table 1 show 
that the basicity of 1-methyl-4-phenylglyoxaline ¢ is a little less than that of the 
unmethylated compound. If structure (II) were much more stable than structure (I) 
for 4(5)-phenylglyoxaline, then the reverse order would have been expected, because 
protonation of the 1-methyl-4-phenyl-isomer would involve the more basic nitrogen atom. 
This supports the above argument that the difference in the x-electron energy in the two 
structures is not an important factor in determining the tautomeric ratio. 
* Part II, preceding paper. 


t Throughout this paper, and, e.g., in column headings of Tables, the N-methyl group is considered 
to be in position 1, independently of any other substituents. 
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TaBLe 1. The basicity of some substituted glyoxalines and benzimidazoles, 
N-Methy]! derivatives 


pK, pK, 
Compound pK, (4-isomer) (5-isomer) 
4(5)-Nitroglyoxaline ¢ S —0-53 2-13 
4(5)-Phenylglyoxaline ° , 5-78 — 
(5-isomer) (6-isomer) 
5(6)-Nitrobenzimidazole 3-48 3-40 3-67 
2-Methy1-5(6)-nitrobenzimidazole 4-37 4-40 4-20 
5(6)-Chlorobenzimidazole * ¢ (3-92) (3-88) (3-88) 
5(6)-Chloro-2-methylbenzimidazole * ¢ (4-71) (4-75) 4:75 
(4-isomer) (7-isomer) 
4(7)-Nitrobenzimidazole 3-33 3-86 3-25 
Values in parentheses are taken from the literature. 
* Determined in 50% aqueous ethanol; the other results refer to solutions in water. ¢ This series, 
Part I. * Kirby and Neuberger, Biochem. J., 1938, 32, 1146. * Davies, Mamalis, Petrow, and 
Sturgeon, J. Pharm. Pharmacol., 1951, 3, 420. 


The basicity of the N-methyl derivatives of 4(5)-nitroglyoxaline (Part I) suggests that, 
with this substituent, structure (I) predominates by a factor of 400 over structure (IT), and 
this can be understood from the inductive effect of the substituent on the acidity of the two 
protons in the conjugate acid. From the above arguments, it seems probable that other 
—TI substituents should modify the tautomeric ratio in the same way, irrespective of their 
conjugation with the ring. 

Some results for substituted benzimidazoles, included in Table 1, provide interesting 
evidence for the unimportance of conjugative interaction in determining the isomer ratio. 
They indicate that substituents in the 5(6)-position have a negligible effect on the relative 
basicity of the two N-methyl isomers, and that the tautomer ratio (III: IV) in the 
unmethylated benzimidazole therefore remains near unity.’ If conjugative interaction 
were important, then, for the nitro-substituent, structure (III) would be expected to be 
more stable, by analogy with the greater basicity of m-nitroaniline than of p-nitroaniline. 
These results in the benzimidazole series are in agreement with the conclusions of Roberts 
et al4* and Wepster ” that, where conjugative interaction is unimportant, the influence 
of an electron-withdrawing substituent on the basicity of amino-groups in the meta- and 
the para-position is almost equal. The inking CH group would also tend to equalise any 
differential effect of the nitro-group at the two ring-nitrogen atoms, but this cannot be the 
main cause of the equal tautomer ratios since this factor is also present in the substituted 
glyoxalines. 

The basicities of 4(7)-nitrobenzimidazole and its two N-methyl derivatives are included 
in Table 1. The fact that the 1-methyl-4-nitro- is more basic than the 1-methyl-7-nitro- 
isomer accords with other evidence? that in 4(7)-nitrobenzimidazole the predominant 
tautomeric form has the imino-hydrogen atom hydrogen-bonded to the nitro-group. 

(2) The Expected Orientation of N-Methylation.—The results obtained from the methyl- 
ation of 4(5)-nitroglyoxaline (Part II) suggested that only two mechanisms need to be 
considered; one designated Sy2cB involving the conjugate base, and the other designated 
Sy2’ involving the neutral molecule. The comparison of the complete set of rate co- 
efficients with the prototropic equilibria suggested a relation of the form koc K~* (a ~ 0:3) 
between the rate coefficient (k) for reaction at one nitrogen atom and the corresponding 
acid equilibrium constant (K). It seems probable that these mechanisms and this 
relation are generally applicable to N-methylation by methyl sulphate of glyoxaline 
derivatives. 

Consider first glyoxaline derivatives with —J substituents. The predominant tauto- 
meric form should be structure (I), and the nitrogen atom more distant from the substituent 

1 (a) Roberts, Clement, and Drysdale, J. Amer. Chem. Soc., 1951, 78, 2181; (b) Wepster, Rec. Trav. 
chim., 1956, 75, 1473; cf. Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,’’ Bell, London, 


1953, p. 732. 
* Rabinowitz and Wagner, J]. Amer. Chem. Soc., 1951, 78, 3030. 
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should therefore be the more basic. Hence, in the reaction by the Sg2cB mechanism, the 
main product should be the 4-isomer but the isomer ratio should be much less than the 
tautomer ratio. In reaction by the Sz2’ mechanism, the above relation between rates 
and equilibria indicates that the difference between the rate coefficients of the two 
tautomers should be much less than the difference between their concentrations; the 
predominant isomer should therefore by formed by an Sy2’ reaction of the predominant 
tautomer, and the isomer ratio should more nearly approach the tautomer ratio. The 
main product should then be the 5-isomer. In glyoxaline derivatives containing a 
+J substituent, the isomer ratios should be in the reverse order. 

In 4(5)-nitroglyoxaline, the rate coefficient for the methylation of the conjugate base 
is greater than that for the methylation of the neutral molecule by a factor of a thousand. 
In other substituted glyoxalines, this factor is probably similar; the transition from the 
S,2cB mechanism to the Sy2’ mechanism should therefore occur about 3 pH units below 
the acidic pK of the neutral molecule. The pK of glyoxaline * is about 14, and the pK 
of 4(5)-nitroglyoxaline is 9-3; hence for negatively substituted glyoxalines the transition 
between the two mechanisms should occur somewhere in the range pH 6—11. Thus it 
is possible to predict the main features of the orientation and the variation with pH. 

The relation kocK~™ leads to an interesting general conclusion. Where 0 < a < 1, 
then for any substituted glyoxaline a change from the S,2cB mechanism to the S»,2’ 
mechanism should always change the main product of substitution. This occurs because 
the most basic nitrogen atom in the conjugate base is necessarily blocked by a proton in 
the predominant tautomer of the neutral molecule, and where 0 < a < 1 the predominant 
tautomer determines the product. 

In 5(6)-substituted benzimidazoles, the equal concentrations of the two tautomeric 
forms indicate that the basicity of the nitrogen atoms must be very similar, and therefore 
that the nucleophilic power is probably also similar. Thus the isomer ratios for substitu- 
tion by the Sg2cB mechanism and the S,2’ mechanism should be near unity. 

(3) Comparison with the Experimental Results—The main results for the methylation 
of substituted glyoxalines and benzimidazoles by methyl sulphate under preparative 
conditions are set out in Table 2. Further results are available for methylation by methyl 


TABLE 2. Reported orientation of N-methylation by methyl sulphate under preparative 
conditions. 


Ratio, 4-isomer : 5-isomer 
Compound Me,SO, Me,SO,-NaOH 
4(5)-Nitroglyoxaline ¢* 1: 350 3:1 
2,4-Dibromo-5-methylglyoxaline ° * 1:45 1:1 
4(5)-Bromoglyoxaline * 1: 34 —_ 
4-Bromo-5-methylglyoxaline ° only 1,5-isomer 2:3 
4(5)-Phenylglyoxaline ¢ 5:1 


Ratio,t 5-isomer : 6-isomer 
5(6)-Nitro-2-methylbenzimidazole ¢ (1 : 100) (1: 5) 
5(6)-Bromo-2-methylbenzimidazole ¢ (1 : 50) 1:2 
2,5(6)-Dimethylbenzimidazole ¢ 1:10 1:1 
* Where the designation of the methyl isomer is ambiguous, it is based upon the italicized sub- 
stituent. 
+ Values in parentheses are criticised in section 3 of this paper. 
* Hazeldine, Pyman, and Winchester, J., 1924, 125, 1431. Forsyth and Pyman, /., 1925, 127, 
573. ¢ Phillips, J., 1931, 1143. 


sulphate in the absence of alkali, but they are consistent with those given in Table 2. 
The agreement of the predicted results with those obtained with 4(5)-nitroglyoxaline is 
to be expected; it illustrates only that the conditions of the preparative experiments give 
qualitatively the same orientation ‘as that observed in the kinetic experiments involving 


_ } Based on the figures in Part II, section 3, after allowance of a factor of ten for the 25° difference 
in temperature. 


* Walba and Isensee, J. Amer. Chem. Soc., 1955, 77, 5488; J. Org. Chem., 1956, 21, 702, 
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dilute homogeneous solutions. The comparison of the other results with those predicted 
brings out the following discrepancies: (1) The methylation of the halogenoglyoxalines in 
alkali leads to almost equal isomer ratios but not to the expected slight predominance 
of the 4-isomer.* This may be because the medium is heterogeneous and so permits sub- 
stitution to occur by the Sy2’ mechanism involving the substrate dissolved in the methy] 
sulphate phase. (2) Substitution in 4(5)-phenylglyoxaline leads mainly to the 1-methyl- 
4-phenyl-, and not to the l-methyl-5-phenyl-isomer as expected. However, with this 
substituent, there should be steric hindrance to reaction at the nitrogen atom nearest 
to the phenyl group. (3) The results for the substituted benzimidazoles are in com- 
plete disagreement with those predicted. No explanation could be found for this, and so 
the results were reinvestigated by infrared spectroscopy. 

The N-methyl derivatives of 2-methyl-5(6)-nitro-, 5(6)-nitro-, and 5(6)-bromo-2- 
methyl-benzimidazole were synthesised unambiguously and their infrared spectra deter- 
mined. These spectra were then compared with the spectrum of the mixture of two 
isomers obtained by methylation under the conditions used in preparative experiments. 
(In this work, and in the attempted chemical separation of the isomers, several new 
derivatives were prepared and these are described in the experimental section.) 

The reaction of 2-methyl-5(6)-nitrobenzimidazole with methyl sulphate led mainly to 
the quaternary compound, and this was recovered from the reaction as the alcohol base. 
The combined yield of the two methyl isomers was about 20%. In the presence of alkali, 
this yield increased to 90%. The comparison of the spectrum of the mixed monomethyl 
product in a Nujol mull with that of the pure methyl derivatives established the following 
points. The spectrum of the product is that expected for a mixture of the two methyl 
isomers in approximately equal amounts. No other compounds are present. The 
addition of alkali causes a small increase in the proportion of 1,2-dimethyl-5-nitro- 
benzimidazole. 

The infrared spectra in Nujol mulls can give only a qualitative estimate of the isomer 
ratio, and an attempt was made to improve this by chemical separation of the isomers, but 
without great success. A more accurate study of the isomer ratio was carried out for 
the methylation of 5(6)-nitrobenzimidazole, where the greater solubility of the methyl 
isomers permitted study of the infrared spectra in chloroform solution. 

Methylation of 5(6)-nitrobenzimidazole was first studied as described above for the 
2-methyl derivative, and with the same result, although the increase in the proportion 
of the 1-methyl-5-nitro-isomer in the presence of alkali was less marked. The infrared 
spectra were then determined for chloroform solutions at about 11-1 u, where the 1-methyl- 
5-nitro-isomer has an absorption peak absent in the 1-methyl-6-nitro-isomer and the 
solvent. Comparison of the absorption of the reaction mixtures at this wavelength with 
that of the pure 1-methyl-5-nitro-isomer showed that this isomer forms 50—60°%, of the 
product. The above range includes the results of a number of experiments, some carried 
out in the presence and some in the absence of alkali. The experiments in the absence of 
alkali led mainly to the quaternary compound but the isomer ratio was not very sensitive 
to the extent of this subsequent reaction; the observed isomer ratios should therefore be 
a reliable guide to the relative reactivity of the two nitrogen atoms in the glyoxaline ring. 

Methylation of 5(6)-bromo-2-methylbenzimidazole with methyl sulphate alone led to 
a 40% yield of the monomethyl derivatives. A comparison of the infrared spectrum of 
this mixture with that of the pure methyl isomers showed that the 5-bromo-1,2-dimethyl- 
isomer formed probably 60—70% of the product. 

The above results are sufficient to show that the orientation of these reactions under 
preparative conditions is largely consistent with the expected values. The results in 
parentheses in Table 2, suggesting the almost exclusive formation of the 6-isomers, must 
be incorrect. It is difficult to understand how these results were obtained in the earlier 


* This is on the assumption that the 4-bromine atom has a more important directive effect than the 
5-methyl group. The results with methyl sulphate alone suggest that this assumption is true. 
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work, because no details are given of the yields of the products or of the methods of 

ting the isomers. It is not easy to separate completely a mixture of the two 
N-methyl derivatives of the nitrobenzimidazoles by fractional crystallisation, although 
the isomers derived from 5(6)-bromo-2-methylbenzimidazole can be separated by crystal- 
lisation of the picrates. It may be significant that the values listed here for the melting 
points of 1,2-dimethyl-6-nitro- (252°) and 6-bromo-1,2-dimethyl-benzimidazole (146°) are 
different from those reported in the earlier work * (242° and 180° respectively). 

The analysis of the orientation of N-substitution set out in section 2 of this paper is 
based on a number of approximations. Thus the relation between the nucleophilic power 
and the basicity of the nitrogen atoms is unlikely to be exactly obeyed, particularly where 
the difference in basicity is slight or where proton acceptance by a nitrogen atom is 
stabilised by hydrogen bonding. Also, the discrepancies discussed above suggest that 
steric factors and the heterogeneity of the preparative conditions may influence the 
orientation. Nevertheless the reported isomer ratios for substitution in the glyoxalines, 
and the revised results for substitution in the benzimidazoles, do suggest that this analysis 
of the orientation in terms of mechanism and tautomeric equilibria can explain the main 
features of the results. This type of analysis should be of value is discussing the reactions 
of other compounds where N-substitution is complicated by prototropic equilibria. 


EXPERIMENTAL 


Materials.—Analytical data are given only for new compounds and where properties differ 
markedly from those previously reported; such data were obtained for almost all the other 
compounds mentioned and the agreement was satisfactory. 

4(5)-Phenylglyoxaline (m. p. 132—133°) was prepared by Weidenhagen and Herrmann’s 
method.’ It was methylated by methyl sulphate,* and 1-methyl-4-phenylglyoxaline was 
separated from the product as the picrate (m. p. 243°). 

5(6)-Nitrobenzimidazole was prepared by the nitration’ of benzimidazole. The product, 
after recrystallisation from water, had m. p. 205°. It was treated with two equivalents of 
methyl iodide in methanol at 130—140°, to give 1,3-dimethyl-5(6)-nitrobenzimidazolium 
iodide (m. p. 261—262°). Treating a cold aqueous solution of this iodide with alkali precipitated 
the ‘‘ carbinol base ’’ from the quaternary salt (m. p. 128° after recrystallisation from aqueous 
ethanol). 1-Methyl-5-nitrobenzimidazole was prepared by the method of Davies e¢ al.* from 
2-amino-N-methyl-4-nitroaniline. The product, after recrystallisation from acetone, had 
m. p. 210°. We are indebted to Dr. Montanari of Bologna for a sample of the corresponding 
6-nitro-isomer *® (m. p. 182°). 

2-Methy1-5(6)-nitrobenzimidazole, m. p. 221°, was prepared by nitration of 2-methylbenz- 
imidazole ? and from diacetyl-o-phenylenediamine by nitration and cyclisation.’ 

1,2-Dimethyl-5-nitrobenzimidazole, m. p. 229°, was prepared by the method of Fries e¢ al,44 
from 2-amino-N-methyl-4-nitroaniline. 1,2-Dimethyl-6-nitrobenzimidazole was prepared 
similarly from 2-amino-N-methyl-5-nitroaniline and also from the products of methylation of 
2-methyl-5(6)-nitrobenzimidazole by fractional precipitation and crystallisation. The products 
from the two preparations had the same infrared spectrum and m. p. (252°) (Found: C, 57-0; 
H, 5-2; N, 22-3. Calc. for C,H,N,O,: C, 56-5; H, 4:7; N, 220%). The intermediate nitro- 
aniline derivative was given to us by Dr. Montanari.® 

4(7)-Nitrobenzimidazole, m. p. 240° (from aqueous ethanol), was prepared from 2,6-dinitro- 
aniline by the method of van der Want." 1-Methyl-4-nitrobenzimidazole was given to us by 
Dr. Montanari. 1-Methyl-7-nitrobenzimidazole, m. p. 126°, was prepared from N-methyl- 
2,6-dinitroaniline by reduction with sodium sulphide and cyclisation with formic acid.° 


* Phillips, J., 1931, 1143. 

5 Weidenhagen and Herrmann, Ber., 1935, 68, 1953. 

* Hazeldine, Pyman, and Winchester, J., 1924, 125, 1431. 

” Fischer and Hess, Ber., 1903, 36, 3968. 

® Davies, Mamalis, Petrow, and Sturgeon, J. Pharm. Pharmacol., 1951, 8, 420. 
* Leandri, Mangini, Montanari, and Passerini, Gazzetta, 1955, 85, 773. 

© Phillips, J., 1928, 175. 

1 Fries, Modrow, Raéke, and Weber, Annalen, 1927, 454, 219. 

2 van der Want, Rec. Trav. chim., 1948, 67, 45. 
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5(6)-Bromo-2-methylbenzimidazole (m. p. 215°) was prepared from 4-bromo-2-nitroaniline 
by Remmers’s method.” 5-Bromo-1,2-dimethylbenzimidazole was prepared from 4-bromo- 
N-methyl-2-nitroaniline by reduction with tin and hydrochloric acid, followed by extraction 
with ether from an alkaline solution and cyclisation in acetic anhydride in the presence of 
hydrochloric acid. The product was precipitated with ammonia and had m. p. 139° (from 
aqueous ethanol). 6-Bromo- (m. p. 146°; lit.,* 180°) and 6-chloro-1,2-dimethylbenzimidazole 
(m. p. 157-5°) were prepared in the same way, starting with 5-bromo- and 5-chloro-N-methyl- 
2-nitroaniline respectively (Found: C, 48-4; H, 4-3; N, 12-5; Br, 36-0. Calc. for C,H,N,Br: 
C, 48-0; H, 4-0; N, 12-5; Br, 35-5%). 

Picrates (see Table 3) of substituted benzimidazoles were prepared from mixtures of reactants 
in hot water or ethanol—water and recrystallised from aqueous ethanol. Quaternary picrates 
were prepared from aqueous solutions of the iodide with sodium picrate. 

Nitration of 2-methyl- to give 2-methyl-5(6)-nitro-benzimidazole is complicated by the 
simultaneous formation of 2-methyl-5,6-dinitrobenzimidazole. This dinitro-compound was 


TABLE 3. Benzimidazole and benzimidazolium picrates. 
Found (%) Required (%) 
Substituents M. p. Formula > H N Cc H N 


Benzimidazole picrates 
2-Me-5(6)-NO, 
1,2-Me,-5-NO, 
6-Cl-1,2-Me, 
5(6)-Br-2-Me 
5-Br-1,2-Me, 
6-Br-1,2-Me, 

Benzimidazolium picrates 
1,3-Me,-5(6)-NO, C,5H,.N,O, . . , P 19-9 
1,2,3-Me,-5(6)-NO, CygH NO, 9, 3: , , . 19-3 
1,2,3-Me,-5,6-(NO,). CygH,,N,0;, : . +2 . 20-3 

* With decomp. -- 


to 
~ 


19-9 41-4 
19-7 — 
17-7 43-9 
15-7 38-2 
1 
1 


to 
os 


20-3 
(19-9) 
17-2 
15-9 
15-4 
154 


58 39-7 
5-7 39-7 


to tg ty 


ono 
bo ty bo ty 
aaweo 


also prepared by Kym and Ratner’s method, and used in the preparation of 1,2,3-trimethyl- 
5,6-dinitrobenzimidazolium iodide and the corresponding “‘ carbinol base.’’ The iodide was 
prepared by heating 2-methyl-5(6)-nitrobenzimidazole with two equivs. of methyl iodide at 
135° and formed yellow needles, m. p. 268° (from methanol) (Found: C, 32-3; H, 3-0; N, 
14-8; I, 32-5. C, 9H,,N,O,I requires C, 31-8; H, 2-9; N, 14-8; I, 33-6%). The “‘ carbinol base” 
was precipitated by the addition of alkali to an aqueous solution of the iodide and recrystallised 
from aqueous ethanol as yellow needles, m. p. 163—164° (Found: C, 45-4; H, 4:3; N, 19-6. 
Calc. for C,,H,,N,O,: C, 44-8; H, 4:5; N, 20-9%). 

Measurement of Dissociation Constants.—The pK, value of 1-methyl-4-phenylglyoxaline 
(5-78) was obtained by potentiometric titration of an aqueous solution of the base with hydro- 
chloric acid. The value for 6-chloro-1,2-dimethylbenzimidazole (4-75) was obtained similarly, 
but in a solution containing 50% by volume of ethanol. A Cambridge pH meter was used, 
after standardisation with phthalate and borate buffers. 


TABLE 4. Absorption maxima (my) and extinction coefficients of 2-methyl-5(6)-nitro- 
benzimidazole and tts N-methyl derivatives. 

In 0-1n-HCIO, ¢ At pH 8° In 0-1n-NaOH *¢ 

Benzimidazole p ny 10“e p ey 10“e p ary 10~e 


2-Methyl-5(6)-nitro- ... 226, 287 2-24, 0-968  228-5,317 1-99, 0-94 250, 367 =: 1-61, 1-14 
1,2-Dimethyl-5-nitro- 229-5,290 2-14,0-984 240, 320 1-62, 0-923 
1,2-Dimethyl-6-nitro- 230, 287 2-12, 0-968 239, 321 1-64, 1-06 


* Conjugate acid. * Neutral molecule. * Conjugate base. 


The other pK, values in Table 2 were obtained spectrometrically by the methods described 
in Part I for measurements in buffer solutions. The spectra of most of the compounds studied 
have already been described,® and our results for the positions of the maxima and the values 


13 Remmers, Ber., 1874, 7, 348. 
1 Kym and Ratner, Ber., 1912, 45, 3245. 
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of the extinction coefficients agreed with the published data. Information (Table 4) on the 
spectra of 2-methyl-5(6)-nitrobenzimidazole and the two N-methyl derivatives is new. . The 
spectra were measured in buffer solutions obtained by the partial neutralisation of acetic and 
chloroacetic acid. For each compound, the groups of spectra obtained at different pH values 

through isosbestic points indicating an absence of specific interaction with the buffer 
solutions. 

Determination of Isomer Ratios.—The following experiments with 5(6)-nitrobenzimidazole 
illustrate the method of methylation. For methylation in the absence of alkali, the benz- 
imidazole (~8 g.) was mixed with a slight excess of methyl sulphate. A vigorous reaction 
occurred on warming and a clear solution was formed. After 2—3 min., water was added 
and the solution was brought to pH 5. The mixture of the two methyl isomers (about 20% 
yield) was precipitated on storage. The precipitate was filtered off and washed with aqueous 
sodium hydroxide to remove unchanged starting material. Treating the filtrate with warm 
alkali gave a 70% yield of NN’-dimethyl-4-nitro-o-phenylenediamine (derived from the decom- 
position of the quaternary compound). In the presence of cold alkali, a similar yield of 
quaternary ‘‘ carbinol base ’’ was obtained. This was identified by comparison of the infrared 
spectrum with that of the “ carbinol base ’’ prepared from the quaternary iodide. The combined 
yields of the monomethyl isomers and the quaternary derivatives accounted for about 90% of 
the initial quantity of 5(6)-nitrobenzimidazole, 

In the experiments in basic media, 5(6)-nitrobenzimidazole (~3 g.) was treated in aqueous 
2n-sodium hydroxide (100 ml.) with a small excess of methyl sulphate. A mixture of the 
monomethyl compounds (yield about 70%) separated. The solids were filtered off and on 
further treatment of the filtrate with methyl sulphate, a 20% yield of NN’-dimethyl-4-nitro-o- 
phenylenediamine was obtained. _ 

The infrared spectra of the mixtures of methyl isomers and the reference compounds were 
first determined in a Nujol mull by conventional techniques with a Grubb-Parsons G2A instru- 
ment. Quantitative determination of isomer ratios in chloroform solution was based on the 
11-1 » absorption band of 1-methyl-5-nitrobenzimidazole. A cell of variable length was used, 
set at vernier readings of 0-4 and 0-8mm. The instrument was adjusted so that the percentage 
transmission was 100 at 11-1 » when the cell contained chloroform alone and the length was 
0-4mm. The amount of the l-methyl-5-nitro-isomer in the product was then determined from 
the relative absorption of a 1% solution of the reaction product and a 1% solution of the pure 
isomer. The following results illustrate the calculation: 


Vernier Transmission (%) Optical density 


setting (mm.) CHCl, _1-Me-5-NO, Mixture 1-Me-5-NO, Mixture _1-Me-5-NO, (%) 
0-4 100 72:5 83 0-141 0-081 57:5 
0-8 86 46-5 60-8 0-267 0-151 56-6 





The method was checked by separating about half of the 1-methyl-5-nitro-isomer from the 
reaction mixture by fractional crystallisation from acetone, and determining from the infrared 
spectrum the amount remaining. The sum of these quantities agreed with that determined 
directly. A set of values obtained in separate experiments for the percentage of this isomer in 
the product was: 


Me,SO, alone 52, 53, 58, 56-5 
Me,SO, + NaOH 57, 53, 58, 61, 61 


This scatter is probably mainly experimental error but may come in part from changes in the 
conditions since all the reaction mixtures were initially heterogeneous and the yields of mono- 
methyl compounds varied considerably. 
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274. Pteridine Studies. Part XI.1 The Decomposition of 
2-Hydroxypteridine by Alkali. 


By ADRIEN ALBERT and FRIEDRICH REICH. 


The purple substance obtained by the action of hot aqueous alkali on 
2-hydroxypteridine has been assigned the constitution (II). When air was 
not excluded, 2,4-dihydroxypteridine was formed. Similarly, the purple 
substance, upon alkaline aeration, gave two molecules of 2,4-dihydroxy- 
pteridine. A search revealed what variations in the structure of 2-hydroxy- 
pteridine are compatible with the formation of coloured substances by alkali. 

With acid, 2-hydroxypteridine gave a different, but possibly isomeric, 
purple substance. 


ALTHOUGH the effect of acid and alkali on 4-, 6-, and 7-hydroxypteridine has been fully 
described,? little is known of the effect of these reagents on the remaining isomer, 
2-hydroxypteridine (I). This substance has the composition C,H,ON, if dried at 180°; 
below this temperature it exists as a monohydrate,‘ the water of which is believed to be 
covalently added in the 3,4-position.5 

When 2-hydroxypteridine is refluxed with N-sodium carbonate in the absence of 
oxygen, a purple substance is produced with the empirical formula C,H,ON,, 1.e., identical 
with that of anhydrous 2-hydroxypteridine. The purple substance is practically insoluble 
in organic solvents, even in those which break hydrogen bonds, ¢.g., butyrolactone, 
dimethylformamide, and pyridine. It is quite insoluble in boiling water, in which 
2-hydroxypteridine has a solubility of 1 in 50. The molecular weight could not be 
determined. 


2o tee . One, OO. 
(I) C1 HOW se! (IV) 


N ann (IIT) 


When the purple substance was degraded by aeration in N-sodium hydroxide, 2,4-di- 
hydroxypteridine was produced in 83% yield. No other di-(and no tri- or tetra-)hydroxy- 
pteridine (all of which are known *) was formed. It is assumed that the new oxygen atom 
has entered at the site of a carbon-carbon linkage, a well-known occurrence (e.g., the 
commercial production of acetone and phenol by oxidation of isopropylbenzene). Accord- 
ingly, the purple substance is assigned the constitution, di-(1,4-dihydro-2-hydroxy-4- 
pteridinylidene) (II). This makes it isomeric with the orange substance (III) [or a 
tautomer of (III)] obtained * by the action of alkali on 6-hydroxypteridine. It had been 
assumed * that the production of compound (III) required reducing conditions, but it is 
now found that, as in the production of the purple compound (II), exclusion of oxygen is 
sufficient. The quantitative production of 6,7-dihydroxypteridine on alkaline aeration of 
the orange substance (III) provides a precedent for the similar production of 2,4-dihydroxy- 
pteridine from the purple substance (II). The spectrum of substance (II) is given in the 
Figure. 

1 Part X, Albert, Lister, and Pedersen, J., 1956, 4621. 

* Albert, J., 1955, 2690. 

—_— Ciba Symposium on the Chemistry and Biology of Pteridines, Churchill, London, 1954, 
p- 


* Albert, Brown, and Cheeseman, J., 1951, 474. 
* Brown and Mason, J., 1956, 3443. 
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A search was made to find what changes in the structure of 2-hydroxypteridine were 
compatible with the formation of a coloured substance in alkali. It was found that 
2-hydroxy-6,7-dimethylpteridine gave a purple substance in N-sodium carbonate, whereas 
no coloured substance could be obtained from 2-hydroxy-4,6,7-trimethylpteridine. The 
following similarly gave no coloured substance: 2-hydroxy-1,5,8- (IV) and 2-hydroxy- 
1,3,8-triazanaphthalene, 2-hydroxyquinazoline, 2-hydroxy-,* 2-hydroxy-4,5-dimethyl-,’ 
2-hydroxy-5-nitro-, and 2-hydroxy-4,5-diamino-pyrimidine.* The behaviour of the two 
methylated pteridines confirms structure (II); that of the other substances points to a 
requirement for four ring-nitrogen atoms. When 2-hydroxypteridine was aerated in 
alkaline solution, 2,4-dihydroxypteridine was formed, e.g., 75% yield in 11 days at 20°. 
When 2-hydroxypteridine was boiled for a few minutes with 10N-hydrochloric, or (prefer- 
ably) sulphuric, acid, a purple substance with the same empirical formula as (II) was 
produced. This is much more susceptible to alkaline oxidation, giving a mixture of 2,4- 
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and 2,7-dihydroxypteridine in equal proportions; no other polyhydroxypteridines could 

be detected. Although the alkali-produced substance is not converted by acid into the 

acid-produced substance, the spectrum of the latter in acid resembles that of the former, 

but it is not so sharply defined. ; 

The constitution (II), which had been suggested ® for this acid-produced material, is 
inappropriate in view of the production of 2,7-dihydroxypteridine on degradation, and in 
its place we suggest a constitution similar to (II) but 4,7’(instead of 4,4’)-linked. For such 
an intractable substance, however, this formulation can be no more than tentative. 

Other examples of the dimerisation of azanaphthalenes are (a) the substances analogous 
to (III), but with two less nitrogen atoms, produced during decarboxylations ® in the 
triazanaphthalene series, and (b) the biquinolyls (C,,H,,N,) of unknown orientation 
obtained by heating quinoline with acid or sodamide.® 

The mechanism of some of these dimerisations may be the attack of a carbanion on a 
cationoid position, as in the well-known reaction between the 2-quinolyl anion and m-di- 
nitrobenzene.!® 

EXPERIMENTAL 

Elementary analyses were carried out by the Analytical Section of this Department, under 
Dr. J. E. Fildes. 

Ultraviolet spectra refer to 10N-sulphuric acid solutions (italicised figures are shoulders). 

Purple Substance (11).—2-Hydroxypteridine monohydrate ¢ (0-33 g.) and N-sodium carbonate 
(4 ml.) were refluxed under nitrogen for 30 hr. The precipitate, filtered off at 100°, was stirred 

* Brown, Nature, 1950, 165, 1010. - 

? Sugasawa, Yamada, and Narahashi, J. Pharm. Soc. Japan, 1951, 71, 1345. 

® Clark-Lewis and Thompson, J., 1957, 430. 

* Claus, Ber., 1881, 14, 1939; Tschischibabin and Zatzepina, J. Russ. Phys. Chem. Soc., 1918, 50, 


555 (Chem. Abs., 1924, 18, 1502). 
* Brown and Hammick, /., 1949, 173. 
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with n-acetic acid (5 x 4 ml.) for 5 min. at 98° to decompose any sodium salt. The yield of 
4,4'-biptevidinylidene (II) was 85% (20% after 3 hours’ refluxing). The same substance, but 
less pure, was obtained by the action of boiling N-sodium hydroxide or ammonium hydrogen 
sulphide (Found, for material dried at 180°/0-01 mm.: C, 48-1; H, 3-2; N, 36-6. C,,H,O,N, 
requires C, 48-65; H, 2-7; N, 37-8%). It had Aggy 332, 565, 610(sh) mu). Material dried at 
110° gave similar analytical figures. The nitrogen values of all the purple substances tended to 
be low. The sealed-tube Kjeldahl method (maximum digestion temperature 450°) ! commonly 
used for heterocycles in this Department gave better results than the Kjeldahl-glucose,® 
Dumas, or magnesium fusion method. 

Substance (II) is soluble in cold N-potassium hydroxide, from which solution the potassium 
salt slowly crystallises, and in 36N-sulphuric acid. It is stable to 10N-sulphuric acid (15 min, 
at 98°) and resists reduction by potassium borohydride, tin, and acid, or sodium amalgam. It 
strongly adsorbs silica from solutions of sodium hydroxide which have been stored in glass. 

2-Hydroxy-6,7-dimethylpteridine 5 similarly gave 53% of a purple substance, apparently a 
tetramethyl derivative of (II), Amax, 350, 555 my, on refluxing for 6hr. in alkali (Found, for 
material dried at 110°; C, 49-8; H, 5-1; N, 29-6. C,,H,,O,N,,2H,O requires C, 49-5; H, 5-2; 
N, 28-85%). 

Degradation of Substance (I1).—This substance (30 mg.) in N-sodium hydroxide (2 ml.) was 
heated at 98° while aerated for 2 hr. with carbon dioxide-free air, saturated by passage through 
hot water. The clear yellow solution (0-1 ml. of a fivefold dilution) was chromatographed on 
Whatman No. 4 paper in the following solvent: propan-2-ol-dimethylformamide—formic acid- 
and water (65 : 22-5: 2-5: 10v/v). The spot of 2,4-dihydroxypteridine was quickly marked by 
pencil in ultraviolet light (254 my) and eluted with 0-01m-borate buffer of pH 9-8. The con- 
centration was compared at 270 and at 348 my, in a spectrophotometer, with a solution of 
2,4-dihydroxypteridine obtained similarly from an authentic specimen (recovery 97-1%), an 
eluate of the common sheet of paper being used in the control cell (for further details see ref. 2), 
83% of 2,4-dihydroxypteridine was produced (only 69% in the first 30 min.). On a larger 
scale, 2,4-dihydroxypteridine was isolated and found identical’ with authentic material upon 
paper chromatography in three other solvents, and ultraviolet and infrared spectra were identical 
(Found: C, 43-4; H, 2-4; N, 34-1. Calc. for C,H,O,N,: C, 43-9; H, 2-45; N, 34-2%). 

Improved Formation of Orange Substance.—6-Hydroxypteridine (0-5 g.) and N-sodium 
carbonate (6 ml.) were refluxed in nitrogen for 4 hr. The yield of the orange dimer (III) was 
24%, as compared with 12% when the mixture was refluxed in air. 

2-H ydroxy-4,6,7-trimethylpteridine.—4,5-Diamino-2-hydroxy-6-methylpteridine (0-8 g.), bi- 
acetyl (0-55 ml.), and water (25 ml.), when heated at 98° for 5 min., deposited 2-hydroxy-4,6,7- 
trimethylpteridine quantitatively (Found: C, 56-7; H, 5-5; N, 29-5. C,H,ON, requires C, 
56-8; H, 5-3; N, 29°5%). 

2-Hydroxy -1,5,8-triazanaphthalene.—2,3-Diamino-6-chloropyridine * (0-29 g.), glyoxal 
hydrate polymer (0-15 g.; B.D.H.), and methanol (3 ml.) were refluxed for 10 min. 2-Chloro- 
1,5,8-triazanaphthalene separated on cooling (60% yield). From 100 parts of light petroleum 
(b. p. 100—120°) it gave crystals, m. p. 156° (Found: C, 51-0; H, 2-4; N, 25-4; Cl, 
21-4. C,H,N,Cl requires C, 50-8; H, 2-4; N, 25-4; Cl, 21-4%). This substance, boiled with 
5 parts of N-hydrochloric acid for 15 min., gave 2-hydroxy-1,5,8-triazanaphthalene (50%), m. p. 
246—248° (Found, for material dried at 120°: C, 57-0; H, 3-3; N, 29-1. C,H,ON, requires 
C, 57-1; H, 3-4; N, 28-6%). 

2-Hydroxy-1,3,8-triazanaphthalene.—2-Aminonicotinic acid * was converted into the hydr- 
azide,” m. p. 191° (cf. 176° in ref. 16) (Found: C, 47-1; H, 5-4. Calc. for CgH,ON,: C, 47-4; 
H, 5-3%). Benzenesulphony]l chloride (4-7 g.) in dried pyridine (25 ml.) was added dropwise to 
this hydrazide (4 g.) in pyridine (50 ml.) stirred at 10—15°. After 3 hr., the solvent was 
removed under reduced pressure. The residue, recrystallised from aqueous y-butyrolactone, 
gave 80% of N-2-aminonicotinoyl-N'-benzenesulphonylhydrazine, m. p. 192—194° (Found: C, 
49-5; H, 4:3; S, 10-9. C,,H,,0,N,S requires C, 49-3; H, 4-1; S, 10-95%). To this substance 


11 White and Long, Analyt. Chem., 1951, 23, 363. 

12 Baker, Analyst, 1955, 80, 481. 

13 Schéniger, Mikvochim. Acta, 1955, 44. 

44 Tschischibabin and Kirsarov, Ber., 1927, 60, 766. 

18 Robins and Hitchings, J. Amer. Chem. Soc., 1955, 77, 2256. 
1® Oakes, Pascoe, and Rydon, /., 1956, 1045. 
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(5-9 g.) in ethylene glycol (75 ml.) at 160°, sodium carbonate (5-3 g.) was added all at once. 
After cooling, water was added and the mixture was extracted with chloroform, giving 67% of 
9-amino-3-formylpyridine.”* 

This aldehyde (1-8 g.) and urea (4 g.) were heated for 15 min. at 150—160°. The product, 
boiled twice with alcohol (20 ml.; rejected), was recrystallised from 150 parts of water, giving 
80% of 2-hydroxy-1,3,8-triazanaphthalene, decomp. >300° (Found, for material dried at 
130°/0-05 mm.: C, 56-7; H, 3-4; N, 28-1%). After being dried at 120° it was found to be 
the monohydrate. 

An attempt similarly to make 2-hydroxy-1,3,5-triazanaphthalene failed because the (as yet 
unknown) 3-amino-2-formylpyridine was not obtained by alkaline degradation of N’-3-amino- 
picolinoylbenzenesulphonhydrazide, m. p. 206—208°, made similarly to the above isomer in 85% 
yield (Found: C, 48-9; H, 4:1; S, 10-9%). 

2-Hydvoxy-4,5-dimethylpyrimidine.—The hydrochloride of this substance, obtained by 
condensing urea with 3-formylbutan-2-one dimethyl acetal’ and recrystallised from alcohol 
(150 parts), gave colourless needles, m. p. 264° (lit., 250°) (Found: C, 45-0; H, 5-7; N, 17-3. 
Calc. for C,H,ON,Cl: C, 44-9; H, 5-65; N, 17-45%). This salt was dissolved in water, 
adjusted to pH 7, and continuously extracted with chloroform for 2 days, giving 85% of 
2-hydroxy-4,5-dimethylpyrimidine, m. p. 196° (Found: C, 57-7; H, 6-45; N, 22-3. C,H,ON, 
requires C, 58-0; H, 6-5; N, 22-6%). 

Alkaline Oxidation of 2-Hydroxypteridine.—Air, freed from carbon dioxide, was passed 
through 2-hydroxypteridine monohydrate (0-33 g.) in 0-5m-sodium hydroxide (8 ml.; 2 equiv.) 
for 11 days at 20° in diffuse daylight. The solution was then acidified to pH 5, and the 2,4-di- 
hydroxypteridine was filtered off and taken up in 2 equivalents of N-sodium hydroxide. The 
sodium salt, which separated on cooling, was dissolved in water, and the solution was adjusted 
to pH 5, giving 67% of 2,4-dihydroxypteridine, chromatographically pure (Found, for material 
dried at 140°: C, 43-9; H, 2-5; N, 33-9. Calc. for C,H,O,N,: C, 43-9; H, 2-45; N, 34-2%). 
Whenever aeration was interrupted, the purple material was formed, and it disappeared when 
aeration was resumed. No 2,7-dihydroxypteridine was produced. Aeration at 98° gave 28% 
of 2,4-dihydroxypteridine in 20 hr. 

Acidic Decomposition of 2-Hydvoxypteridine.-—2-Hydroxypteridine monohydrate (0-25 g.) 
and 10N-sulphuric acid (12 ml.) were stirred at 98° for 15 min. Water (10 ml.) was added and 
the mixture centrifuged. The sediment was stirred three times with n-acetic acid to coagulate 
it, then with water (2 x 10 ml.) for 10 min. at 98°, giving 95% of a purple substance (Found, for 
material dried at 180°/0-1 mm.: C, 48-6; H, 2-8; N, 35-7. C,,H,O,N, requires C, 48-65; H, 
2-7; N, 37-8%). This was formed at the same rate in the absence of oxygen. Sulphur was 
absent. Amax, were at 335, 560, 600(sh) mu. 

This substance was submitted to aerobic oxidation, as described above for its alkali-produced 
isomer (II). The 2,4-dihydroxypteridine was eluted from the paper with borate buffer as before, 
and the 2,7-isomer with 0-01m-phosphate buffer of pH 7-3 (in a control experiment, 97-9% of the 
2,7-isomer could be recovered). A typical batch of the purple substance yielded 33 and 31% of 
the 2,4- and the 2,7-isomer respectively. 


We thank Dr. E. Spinner for discussing the spectra, Mr. D. T. Light for spectrometric 
assistance, and Mr. C. Lammas for help with the syntheses. One of us (F. R.) thanks the 
Australian National University for a postdoctorate fellowship. 
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275. Complex Cyanides of Rhenium.' 
By R. Cotton, R. D. Peacock, and G. WILKINSON. 


The preparation and properties of 8-co-ordinate complex cyanide anions 
of rhenium(v) and rhenium(v1) are described, and in addition a new 6-co- 
ordinate cyanide anion of rhenium(1I1) is reported. Evidence is also pre- 
sented for the first nitrosyl complex of rhenium, [Re'¥(CN),NO]*-. 


POTASSIUM OCTACYANORHENATES [(v), (VI)] have been prepared; these were the first 
true complex cyanides of rhenium to be obtained although several oxy- ** and carbonyl 
cyanides were known previously, and a hexaco-ordinate cyanide of rhenium(t) has been 
reported.” The octacyanides provided the first example of rhenium in an 8-co-ordinate 
complex; another example has since been observed in the diarsines.® 

The Octacyanorhenate(v) Ion and tts Properties—The brown potassium salt K;[{Re(CN),} 
is obtained from the reaction of potassium hexaiodorhenate(Iv), K,Rel,, with potassium 
cyanide in hot methanol. The anion is diamagnetic. Potassium octacyanorhenate(y) 
gives a stable aqueous solution which is yellowish-brown when dilute, but reddish-brown 
when more concentrated. 

The oxidation of rhenium from rhenium(Iv) to rhenium(v) during preparation of 
potassium octacyanorhenate(v) provides a good example of the loss of an electron ina 
high-lying orbital in a complex as in the well-known case of cobaltous complexes. An 
8-co-ordinate rhenium(Iv) complex with d‘sf* hybridisation would have one electron in 
excess of the number required completely to fill the 5d shell. This extra electron would 
be promoted to either an antibonding orbital or the 7s shell and would be easily lost from 
either of these levels. Presumable an 8-co-ordinate species of the type K,[Re'(CN),] is 
formed as an intermediate but it was never isolated. 

The polarographic reduction of potassium octacyanorhenate(v) has been described 
separately.® 

The Octacyanorhenate(v1) Ion.—Treatment of potassium octacyanorhenate(v) solution 
with dilute hydrochloric, acetic, or perchloric acid in presence of air yields a purple solution; 
this colour change occurs only in the presence of oxygen, and when the pH of the solution 
is reduced below about pH 5; there is no oxidation of [Re(CN),]*- by oxygen in basic 
solution. A potassium salt cannot be isolated from this solution, but immediate addition 
of hexamminecobaltic chloride gives an insoluble purple precipitate which is 
[(Co(NH,)g]o[Re(CN),]3, the hexamminecobaltic salt of the octacyanorhenate(vi) ion, 
[Re(CN),]*-. The gross reaction is thus 2[Re(CN),]*- + 40, + 2H* = 2[Re(CN),]*" + 
H,0. 

Since the octacyanorhenate(v) ion is diamagnetic, the octacyanorhenate(v1) ion would 
be expected to be paramagnetic with one unpaired electron. The magnetic moment of the 
insoluble hexamminecobaltic salt is indeed 2-0 B.M., but the behaviour of the [Re(CN),]* 
ion in solution is most unusual. When aqueous potassium octacyanorhenate(v) in air 
is made faintly acid with hydrochloric acid, the purple solution is paramagnetic, as ex- 
pected, but becomes rapidly diamagnetic without any apparent colour change. The change 
in susceptibility is exponential, with a half-life of 5 + 2 sec. A log plot allows extrapol- 
ation to zero time, and the moment at zero time (addition of acid) is found to be 2-0 B.M., 
agreeing with the moment of the hexamminecobaltic salt. 

1 Preliminary note: Colton, Peacock, and Wilkinson, Nature, 1958, 182, 393. 

* Turkiewicz, Roczniki Chem., 1932, 12, 589. 

* Klemm and Frischmuth, Z. anorg. Chem., 1937, 230, 215. 

* Morgan and Davis, J., 1938, 1858. 

5 Morgan, J., 1935, 568. 

* Hieber and Schuster, Z. anorg. Chem., 1956, 287, 218. 

; Clauss and Lissner, Z. anorg. Chem., 1958, 297, 300. 


Fergusson and Nyholm, Chem. and Ind., 1958, 1555. 
Colton, Dalziel, Griffith, and Wilkinson, J., 1960, 71. 
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If hexamminecobaltic chloride is added to the potassium octacyanorhenate(v1) solution 
immediately after addition of acid, the whole of the purple species is precipitated from 
the solution. On the other hand, if the solution is kept and hence becomes diamagnetic 
before the addition of hexamminecobaltic chloride, only a small amount of precipitate 
(about 5% of that expected) is obtained. 

Tetraphenylarsonium chloride also gives a purple precipitate with potassium octa- 
cyanorhenate(v1) solution. If precipitated immediately, the solid is paramagnetic, with 
moment 2:0 B.M. If the solution is allowed to become diamagnetic before the reagent 
is added, the whole of the purple species is still precipitated but in this case the magnetic 
moment of the solid is very low. About 95% of this solid can be dissolved in and re- 
crystallised from acetone; this fraction is diamagnetic but the 5% of original precipitate 
insoluble in acetone is paramagnetic, with moment 2-0 B.M. Analyses of both samples 
correspond to [Ph,As],[Re(CN),]. 

These reactions might suggest that there is an equilibrium in the solutions between two 
species (95% diamagnetic, 5% paramagnetic). However, if this were correct the addition 
of hexamminecobaltic chloride should displace the equilibrium to the paramagnetic side, 
since it precipitates only the paramagnetic species from solution. In fact when hexammine- 
cobaltic chloride is added to the diamagnetic solution, there is a small amount of para- 
magnetic precipitate formed at first and then no more. 

High-resolution nuclear magnetic resonance studies on an anhydrous acetone solution 
of the diamagnetic tetraphenylarsonium salt show the absence of any peak in the charac- 
teristic metal-hydride region, but .a peak appears on the low-field side relative to water 
(310 c./sec. at 40 Mc./sec.) in the regions where the protons of soluble metal hydroxides 
usually show resonances. Addition of traces of water to the acetone solution causes the 
peak to broaden and finally disappear, suggesting that exchange is taking place between 
the water and the protons responsible for the peak. A solution of the potassium salt in 
acid or alkaline solution does not show the resonance, presumably because of exchange 
with the water. 

We therefore suggest that the diamagnetic species is obtained by further oxidation, 
and that the rhenium is utilising its remaining 5d orbital to form a 9-co-ordinate hydroxy- 
cyanide complex, [ReY"(CN),OH]*~. The presence of one hydroxyl group cannot be 
detected in a compound with molecular weight about 1200 by conventional analytical 
methods, but it would be difficult otherwise to account for the diamagnetism of the species, 
the analyses, and the peak in the nuclear magnetic resonance spectrum. That there are 
still eight cyanide radicals attached to the rhenium is shown by the nearly quantitative 
reduction of the diamagnetic species to potassium octacyanorhenate(v) with zinc and acid 
or with sodium borohydride. Whilst the diamagnetic species as obtained here in feebly 
acid solutions apparently has a hydroxy-group present, yet in more concentrated acid a 
chloride complex may be present; further work on this system is in progress. 

The Hexacyanorhenate(111) Ion.—Meier and Treadwell’ reported that potassium 
cyanide reacts with rhenium trichloride in aqueous solution to give a complex series of 
colour changes, and claimed that a Re(I1) compound was formed. We have confirmed 
the colour changes; the initial red solution turns blue on warming, quickly changes to 
green, and finally after a long time with excess of potassium cyanide in air the solution 
becomes yellowish-brown. This final product is potassium octacyanorhenate(v). From 
the green solution a green product is precipitated by addition of a large excess of potassium 
hydroxide. This is potassium hexacyanorhenate(t11), K,{[Re(CN),]. However, the com- 
pound thus prepared is difficult to purify, and a better preparation is obtained when 
potassium octacyanorhenate(v) solution is reduced with potassium borohydride. The 
compound gives an insoluble hexamminecobaltic salt which has a magnetic moment of 
2-6 B.M. at 298° k consistent with the two unpaired electrons expected in the complex. 


1© Meier and Treadwell, Helv. Chim. Acta, 1955, 38, 1679. 
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The Heptacyanonitrosylrhenate(tv) Ion.—When a solution of potassium octacyano. 
rhenate(v) is made 2N in nitric acid, a green solution is obtained with no apparent evolution 
of hydrogen cyanide. This solution turns red when warmed and hydrogen cyanide. js 
evolved. The red anion can be isolated as a mauve silver salt, but when silver ions are 
added to the green solution a green precipitate is formed which rapidly becomes mauye 
with evolution of hydrogen cyanide. This final product is identical with the compound 
obtained when the silver ions are added to the red solution. It is diamagnetic, and the 
infrared spectrum shows a large sharp peak at 1875 cm. attributable to the stretching 
frequency of nitric oxide donating as a NO* group." Unfortunately, some silver cyanide 
is always precipitated with the compound, so that, although the analytical figures are 
sufficient to show that the atomic ratio of silver to rhenium was 3:1, yet they donot 
distinguish between the two possible formule As,[Re(CN);NO] and Ag,{Re(CN),NOj, 
each of which would be diamagnetic. However, it was found by use of a gas burette that 
only one equivalent of hydrogen cyanide is liberated; it seems probable therefore that the 
compound is in fact Ag,[Re(CN),NO]. This compound is the first nitrosyl complex of 
rhenium to be reported. 

Nitric oxide itself has no effect upon potassium octacyanorhenate(v) solution, but in 
the presence of oxygen the same unstable green solution as given by nitric acid is obtained. 
It thus seems likely that nitrogen dioxide is the attacking species and so the green solution 
may contain a nitro-compound. No hydrogen cyanide has been detected in this first step, 
so there is, however, the possibility that the green compound is an unstable 9-co-ordinate 
species. Attempts to precipitate a solid have failed; in all cases the red nitrosyl salt has 
been obtained. 

These reactions are summarized in the diagram : 


Reactions of rhenium cyanide complexes. 
ReCl, 4+ KCN in H,O K,Rel, + KCNin CH,OH  — [Co(NH,)¢],[Re(CN).]5 
(red) (deep red) 


(blue) [Co(NH,).]*+ 
KCN; air 2-3 days 


K,Re(CN), = = K,Re(CN), > [Re(CN),]*- 
(green) BH,- (brown) (purple) 








HNO, ty ~5 sec. 


green 
i ms [Re(CN),OH]*- 

HNO, (purple) 
red 
Ag+ | ecataas 

Ag,[Re(CN),NO] [(C.H;),As},[Re(CN),OH] 
(mauve) 

Infrared Spectra.—The infrared spectrum of potassium octacyanorhenate(v) in Nujol 
mulls shows three cyanide stretching frequencies at 2140, 2100, and 2050 cm.+, a spectrum 
very similar to that of the complex molybdenum and tungsten octacyanides.” In 
aqueous solution, however, the compound shows only one peak [as does the molybdenum 
octacyanide(Iv) ion 14] at 2100 cm.-, suggesting that the splitting in the solid-state spectra 
is due to crystal interaction. It seems, therefore, that these octacyano-ions have the 
same duodecahedral structure." 

The spectrum also has a strong sharp peak at 780 cm.-1, and there is no other peak 


1 Lewis, Irving, and Wilkinson, J. Inorg. Nuclear Chem., 1958, 7, 32. 

12 Brame, Johnson, Larsen, and Meloche, J. Inorg. Nuclear Chem., 1958, 6, 99. 
8 Colton, Griffith, and Wilkinson, unpublished work. 

'™ Hoard and Nordsieck, J. Amer. Chem. Soc., 1939, 61, 2853. 
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in the potassium bromide region. This peak could be due to either a C=N wagging mode 
or thie Re-C stretching frequency; if it were the former it might be expected to occur in 
the spectra of the molybdenum and tungsten octacyanides(Iv), but no band is found in 
these cases.!2 A similar peak (at 730 cm.~) occurs in the hexacyanorhenate(111), and we 
have also observed it (at 780 cm.~) in the spectrum of the well-known complex oxycyanide, 
K,{ReO,(CN),].** Thus it appears that the band may be due to the Re-C stretching 
frequency. The only compound to which this frequency has been assigned 18 is rhenium 
carbonyl (650 cm.). The cyano-oxyrhenate, K,[ReO,(CN),], also shows two strong 
peaks at 975, 1000 cm.* which can be assigned to the Re=O stretching by analogy with 
the values obtained from per-rhenyl chloride, ReO,Cl (ca. 970 cm.*),!® and potassium 
perrhenate (900 cm."*). 


EXPERIMENTAL 


Potassium Octacyanorhenate(v).—Potassium hexaiodorhenate(tv) (2 g.) was dissolved in 
methanol and run into a refluxing solution of potassium cyanide (1 g.) in methanol (100 ml.) ; 
the colour changed immediately from deep red to light yellow-brown. After addition of the 
reactant, the solution was refluxed for about 10 min., then allowed to cool and settle. The 
brown solid was centrifuged and purified by extracting excess of potassium cyanide with 
methanol. A better procedure was to evaporate to dryness with water several times to hydrolyse 
the potassium cyanide and then extract the resulting potassium hydroxide with methanol. 
The octacyanorhenate(v) was finally recrystallised from water as brown flakes (Found: K, 21-9; 
C, 18-6; H,O, 3-3; Re, 34-4. K,[{Re(CN),],H,O requires K, 22-1; C, 18:1; H,O, 3-4; Re, 
35-1%). Other salts were made by precipitation or ion-exchange methods; these are listed 
in the following Table. 


Solubility Solubility 
Compound Colour in H,O Compound Colour in H,O 


[Co(NH,],/[Re(CN),] Dark green Insol. Sr,[Re(CN).]. Sol. 
Zn,{Re(CN).], V. dark brown Insol. Ba,[Re(CN),]. Bro Sol. 
Ca,[Re(CN).]. Sol. Na,[Re(CN),] Sol. 


Oxidation of Octacyanorhenate(v) in Solution.—Hexamminecobalt(111) octacyanorhenate(v1). 
Potassium octacyanorhenate(v) (1 g.) was dissolved in water (10 ml.), and the solution acidified 
by hydrochloric acid. A concentrated solution of hexamminecobaltic chloride was added; 
the purple precipitate was washed several times with water, finally with acetone and ether, 
and dried (Found: Re, 36-0; Co, 7-8. [Co(NH,),],.[Re(CN),], requires Re, 36-5; Co, 7-8%); 
yu?** = 191 x 10° c.g.s.u. (corrected for diamagnetism of cation and ligands), eg, = 2-0 
B.M. 

Tetraphenylarsonium Octacyanorhenate(v1) and Hydvoxycyanide.—The octacyanorhenate(v1) 
ion was made as above; immediate addition of tetraphenylarsonium chloride solution gave 
a purple precipitate, which was centrifuged, washed, and dried {Found: Re, 16-2. 
[(C,H;),As][Re(CN),] requires Re, 16-1%}; yy = 176 x 10° c.g.s.u. (corrected); p = 2-0 
B.M. If the purple species was allowed to become diamagnetic before addition of tetrapheny]- 
arsonium salt, the precipitate was digested with acetone, the small amount of insoluble material 
was centrifuged off, and the product crystallised by evaporation of the acetone solution {Found : 
Re, 16-1; CN, 8-0. [(C,H;),As],[Re(CN),OH] requires Re, 16-0; CN, 8-3%}, diamagnetic. 

Heptacyanonitrosylrhenate(tv).—Potassium octacyanorhenate(v) (1 g.) was dissolved in 
water (10 ml.), and the solution made about 2Nn with nitric acid. The solution was warmed 
and it quickly turned red, with evolution of hydrogen cyanide. Silver nitrate solution was 
added, and the precipitate centrifuged, washed, and dried. By measuring in a gas burette 
the volume of hydrogen cyanide liberated in this reaction, it was found that 0-95 equiv. of 
hydrogen cyanide was liberated per mole of octacyanorhenate(v) used. 

Hexamminecobalt(111) Hexacyanbrhenate(111).—Potassium octacyanorhenate(v) (1 g.) was 
dissolved in water and reduced by addition of potassium borohydride. Hexamminecobaltic 
chloride solution was added to the resulting green solution and the resulting green precipitate 


48 Cotton, Liehr, and Wilkinson, J. Inorg. Nuclear Chem., 1956, 2, 141. 
** Wolf, Clifford, and Johnston, J. Amer. Chem. Soc., 1957, '79, 4257. 
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was washed with water and dried {Found: Re, 37-3; Co, 11-4; C, 15-0. [Co(NH;),}[Re(CN),] 
requires Re, 37-2; Co, 11-5; C, 14-2%}; x2 = 274 x 105 c.gis.u.; use = 2-6 B.M. 

Analyses.—Rhenium. The complexes were fused with a mixture of sodium peroxide and 
sodium hydroxide, the mass extracted with water, and the solution diluted to 250 ml. An 
aliquot part was taken, and the rhenium determined colorimetrically as the furil «-dioxime 
complex.!? Potassium. This was determined gravimetrically as potassium tetraphenylboron,18 
Cobalt. This was determined by heating the complexes to fuming with sulphuric acid and 
estimating the metal colorimetrically by use of nitroso-R-salt. Carbon. Carbon analyses 
in the cyanide complexes were performed by heating the complexes with concentrated sulphuric 
acid and measuring the volume of carbon monoxide evolved.”° 

Physical Measurements.—Magnetic measurements on solid and solution samples were made 
by the Gouy method. Infrared spectra were recorded on a Perkin-Elmer model 21 instrument: 
samples were studied in Nujol mulls or in aqueous solution between calcium fluoride plates, 
Nuclear magnetic resonance spectra were taken on a Varian Associates Model 4300B spectro- 
meter, by using 15 mm. non-spinning tubes in the large insert. 


The authors thank Dr. L. Pratt for his assistance with the nuclear magnetic resonance 
studies. One of them (R. C.) thanks the Atomic Energy Authority, Harwell, for a maintenance 
grant. 
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17 Meloche, Martin, and Webb, Analyt. Chem., 1957, 29, 527. 
18 Raff and Brotz, Z. analyt. Chem., 1951, 188, 241. 

1* Hall and Young, Analyt. Chem., 1950, 22, 497. 

20 Adie and Browning, J., 1900, 77, 150. 





276. Reactions of Tertiary Diphosphines with Nickel and 
Nickel Carbonyl. 


By J. Cuatr and F. A. Hart. 


Nickel carbonyl treated with the diphosphines o-C,H,(PR,), and 
C,H,(PR’;), (where R = Me, Et, and Ph, and R’ = Et and Ph) readily forms 
derivatives of the type [Ni(CO),diphosphine]. The aromatic diphosphines 
C,H,(PPh,),, 0o-C,H,(PEt,),, and o-C,H,(PPh,),, also displace all of the 
carbon monoxide to form compounds of the type [Ni(diphosphine),]. 
These are also formed by the direct reaction of the aromatic diphosphines 
with Raney nickel. 

The infrared spectra and dipole moments of the dicarbonyl derivatives, 
their arsenic analogues, and related compounds have been examined and 
interpreted to show that the P—Ni and As—Ni bonds in these nickel(0) com- 
pounds have essentially the same bond order. From the bond dipole 
moments of about 3-3 p this is estimated to lie between 1-4 and 1-7. 

The much more ready replacement of carbon monoxide by the tertiary 
phosphines than by the tertiary arsines must reside in the greater overall 
affinity of the phosphines for metals with filled d-orbitals and not only in the 
supposedly greater capacity of the phosphines to form stronger d,—d,-bonds. 


DuRinc the last five years the replacement of carbon monoxide in metal carbonyls by 
other ligands has aroused considerable interest. In general it is possible to replace only 
about half of it. Rarely can all of it be replaced. This limitation has been attributed 
variously to kinetic factors and to insufficient double-bonding capacity of the ligand atoms 
in the substituting ligands. 

Recently we have prepared a number of organic diphosphines of the types C,H,(PR,), 
and o-C,H,(PR,),. Excepting ligands based on carbon as ligand atoms (e.g., CO, CNR, 
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C,H,, etc.), we expect these ligands to have a stronger affinity than any others for metal 
atoms in low-valent states and with filled orbitals of d, or d,,-type, such as occur in the 
metal carbonyls. We have, therefore, started to investigate their reactions with various 
metal carbonyls to see (a) how far substitution will go and (b) whether we can get any 
information about the extent of double bonding between the metal and phosphorus atoms 
in the substitution products. 

In this paper we describe the reactions of the ditertiary phosphines with nickel carbonyl] 
and with metallic nickel, record the relevant physical properties of the products, and 
compare them with those of their arsenic analogues. It will be shown that, unlike the 
purely aliphatic diphosphines, some chelating tertiary aromatic diphosphines readily 
displace all of the carbon monoxide from nickel carbonyl, and also dissolve finely divided 
nickel to form compounds of the type [Ni(chelate),]. The partially substituted products 
(Ni(chelate)(CO),] have dipole moments of about 5 D, and tentatively the bond orders 
of the P-Ni and As—Ni bonds are estimated to lie in the range 1-4—1-7. 

Common ligands, such as ammonia, amines, ethers, sulphides, and the halide ions, if 
they react with nickel carbonyl, usually give intractable substitution products too unstable 
to be isolated and characterised. It appears that the ligand must be capable of more than 
a certain minimum amount of x-bonding to the metal in order to form isolable substitution 
products, and only a limited number of ligands do this. Even fewer are capable of re- 
placing all the carbon monoxide from nickel carbonyl. As a summary of the present 
development, we list the well-characterised substitution products in Table 1. Only two" 
ligands, carbon monoxide and methyldichlorophosphine are known to react with metallic 
nickel to produce complexes containing nickel(0). 


TABLE 1. Simple substitution products of nickel carbonyl. 


Degree of substitution Ligands L * 
Monosubstituted [Ni(CO),L] PPh,,* P(p-MeC,H,),;,? P(p-CIC,H,O),,° P(CF;),,4 AsPh,,’ SbCl,,* SbPh, ¢ 
Disubstituted [Ni(CO),L,] ... PPh,,* PBu;,* P(OMe);,f P(OPh);,/ P(p-X-C,H,-O), (X =F, Cl and 
NO,),° P(CF;)3,47 CN~, t* o-C,H,(AsMe,),,‘ dipyridyl,/o-phenanthroline* 
Trisubstituted [Ni(CO)L,] ... P(OEt)3,* P(OPh)3,° P(p-X-C,H,-O), (X = OMe, F and Cl),¢ MeNC! 
Tetrasubstituted [NiL,] ...... PMeCl,,™ PPhCl,,° PF;,t* PCl,," PBr,,t* PhNC,)° p-EtO-C,H,NC,* 
CN-,t? 0o-C,H,(AsMe,),,¢ P(NCO);,” P(NCS),” 

* L, may be one, and L, two bidentate ligands. + Not obtained by direct substitution. 

* Reppe and Schweckendiek, Annalen, 1948, 560, 104; Copenhaver and Bigelow, ‘‘ Acetylene 
and Carbon Monoxide Chemistry,” Reinhold Publ. Corp., New York, 1949, p. 260. * Yamamoto and 
Kunizaki, Jap. P. 5087/1954. * Malatesta and Sacco, Ann. Chim., 1954, 44, 134. ¢ Eméleus and 
Smith, J., 1958, 527. * Wilkinson, J. Amer. Chem. Soc., 1951, 78, 5502. ‘4 Reed, J., 1954, 1931. 
¢ Burg and Mahler, J. Amer. Chem. Soc., 1958, 80, 2334. * Nast and Roos, Z. anorg. Chem., 1953, 
272, 242. * Nyholm, J., 1952, 2906. 4 Nyholm and Short, J., 1953, 2670. * Hieber, Miihlbauer, 
and Ehmann, Ber., 1932, 65, 1090. ' Hieber and Béckly, Z. anorg. Chem., 1950, 262, 344. ™ Quin, 
J. Amer. Chem. Soc., 1957, 79, 3681. ™ Wilkinson and Irvine, Science, 1951, 118, 742. ° Klages and 
Ménkemeyer, Chem. Ber., 1950, 88, 501. »” Easres and Burgess, J]. Amer. Chem. Soc., 1942, 64, 1189. 
* Nyholm and Rao, personal communication. * Wilkinson, Z. Naturforsch., 1954, 9b, 446. 


In addition to the simple substitution products listed in Table 1, inseparable mixtures 
of substitution products Ni(CO),(PF;),..1 and K,y_,Ni(CN),_,(CO), (m = 2 or 3)? are 
obtained by the reaction of trifluorophosphine and potassium cyanide respectively with 
nickel carbonyl; also certain perfluoromethylpolyphosphines* (CF;),P*P(CF;). and 
(CF;),P, have afforded polynuclear substitution products of nickel carbonyl, and pyridine 
an unstable substance Ni,(CO),py2.4 Our present study has afforded further examples 
of partial substitution, complete substitution, a binuclear complex, and ligands capable of 
direct addition to metallic nickel. 

Reactions of Nickel Carbonyl with Diphosphines—The diphosphines C,H,(PR,), 
(R = Et and Ph) and o-C,H,(PEt,), have been prepared in sufficient quantity for a 

? Chatt and Williams, J., 1951, 3061. 

* Burg and Dayton, J. Amer. Chem. Soc., 1949, 71, 3233. 


* Burg and Mahler, J. Amer. Chem. Soc., 1958, 80, 2334. 
* Hieber, Angew. Chem., 1952, 64, 465. 
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complete study of their substitution reactions, but o-C,H,(PR,), (R = Me and Ph) haye 
been obtained in such small yields that only their simplest derivatives could be studied, 
These five diphosphines react very readily with nickel carbonyl in an organic solvent at 
room temperature to give complexes of type (I). They are crystalline solids, ranging in 
colour from white to pale yellow, and have fair thermal stability. They are non-electrolytes 
in nitrobenzene solution and stable in dry air but slowly decompose in air. 

The aromatic diphosphines displace carbon monoxide from the appropriate compounds 
of type (I) at 150—200° in an atmosphere of nitrogen, to form compounds of type (II), 
C,H,(PPh,), causes rather less ready displacement than 0-C,H,(PEt,), or o-C,H,(PPh,),. 
The products (II) are red to orange crystalline complexes, readily attacked by air, but 
having good thermal stability. Neither o-C,H,(AsMe,), nor o-C,H,(AsPh,), displaces 
carbon monoxide under the above conditions, but recently Nyholm and Rao, by repeated 
application of an excess of the diarsine im vacuo at an elevated temperature, have been 
able to prepare [Ni{o-C,H,(AsMe,),},] from [Ni-(CO),0-C,H,(AsMe,),].5 

The aliphatic diphosphine C,H,(PEt,),, under the same conditions as the 
aromatic diphosphines, caused substantial replacement of carbon monoxide from 
[Ni(CO),C,H,(PEt,),], but gave no identifiable product. The only solid product was 
colourless and still retained some carbon monoxide, as shown by bands at 1883 and 1910 
cm.+ in its infrared spectrum. Similar attempts to replace carbon monoxide from 
[Ni(CO),(PPh,),] by reaction with triphenylphosphine were unsuccessful. 

A dimeric complex, tetracarbonyl-uy’-di-1,2-bisdiethylphosphinoethanedinickel (III), 
is also obtained as a by-product in the preparation of the corresponding monomer of type (I). 


PR 0 as OC\_EtyPCHyCHyPEty CO 
Ni Ni Ni Ni 
( \Nco (7 \) OC” EGPCH,CHyfEt, SCO 


(D (II) (IIT) 
(F = a diphosphine of the type RgP*CH,°CH,’PR, or u-CgH,(PRg)s. 


This was assigned the structure (III) because its infrared spectrum indicates the presence 
only of terminal carbonyl groups, and its electric dipole moment is very small. In boiling 
solvent it rearranges to the corresponding complex of type (I). 

These substitution products, together with similar compounds, whose physical constants 
we have measured, are listed in Table 2. 

Reaction of Nickel with the Diphosphines.—The aromatic diphosphines 0-C,H,(PEt,), 
and C,H,(PPh,), slowly dissolve Raney nickel at 160° under nitrogen to give products of 
type (II), but neither the purely aliphatic diphosphine, C,H,(PEt,),, nor the diarsines, 
o-C,H,(AsR,), (R = Me and Ph), react in this manner. 

Reactions of Halogens with [Ni(CO),0-C,H,(PEt,).]—Nyholm ® reported that the 
reactions of halogens (X,) with [Ni(CO),0-C,H,(AsMe,),] gave unstable dihalides 
[NiX,0-C,H,(AsMe,),]._ Only the di-iodide was sufficiently stable to be isolated and 
purified. Similarly the above diphosphine gave dihalides [NiX,0-C,H,(PEt,),] but these 
have extraordinary stability and high melting points (dichloride, m. p. 338—341°). 
Their thermal stability decreases in the order C] > Br > I, the reverse of the order observed 
in the diarsine series. These dihalides are presumably planar, being diamagnetic and 
non-conductors in nitrobenzene solution. Their colours range from brown (dichloride) to 
dark red (iodide). 

The dibromide [NiBr,o-C,H,(PEt,),], m. p. 332—335°, undergoes a remarkable change 
of phase at about 215°. Each bronze-coloured crystal becomes dark red as a sharp 
boundary between the two colours moves rapidly across it. The crystals slowly regain 
their original colour on cooling. The dichloride and di-iodide also undergo reversible 
darkening of colour on heating, but slowly and with no sharp boundary between the light 
and the dark parts of each individual crystal. 


5 R. S. Nyholm and R. Rao, personal communication. 
® Nyholm, /., 1952, 2906. 
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TABLE 2. Some physical properties of nickel carbonyl and its substitution products. 
co Ni-ligand (P, As)-Ni 
frequencies’ Dipole group bond 
Colour (cm.~}) moment’ moments? moment 
White 2050, 2043¢ 
‘a (2072, 1995, 3-59 3-09 
2041) 4 
[Ni(CO),PPhs] a 2063, 1987 3-84 3°34 
[Ni(CO),0-C,H,(AsPh,),]* ... 182—190° t: 2002, 1941 5-14 4-56 
[Ni(CO),Ph,As(CH,),AsPh,] ¢ 140—144 Cream 2002, 1939 5-07 -— 
[Ni(CO),0-C,H,(PPh,),] , 225—228* Pale m 1999, 1939 5-39 4-81 
yellow 
[Ni(CO),Ph,P+(CH,)."PPh,]* 138-5—140 White 1997, 1936 4-81 —- 
{Ni(CO),0-C,H,(AsMe,) 9] _— a 1996, 1931 5-13 4-55 
[Ni(CO),0-C,H,(PMe,).] ° 121—125 wa 1996, 1931 5-40 4-82 
[Ni(CO),(AsPhs)9] —_ Cream = 3-34 2-76 
aVi 
[Ni(CO).(PPhs)2] — ad 1994, 1933 3-82 3-24 
[Ni(CO),0-C,H,(PEt,).] ¢ 65 White 1986, 1925 5-48 4-90 
[Ni(CO),C,H,(PEt,).] * 12—13-5 - 1984, 1920 
[Ni,(CO),{C,H,(PEt,)s}o)* ... 116—117 is 1978, 1915 1-6 
[Ni(CO),dipyl] — Red 1950, 1861 ¢ 
[Nifo-C,H,(PEt,),}2] ° 241—243 pe — 
[Ni{o-C,H,(PPh,).}.] * dec. <350 (ve — 
[Ni{C,H,(PPhq)g}q] * «.-..---s0. 253-5—256-5 * Orange _- 
* New compounds. ® In ethylene dichloride at 20°. ¢ In the vapour phase (Crawford and Cross, 
J. Chem. Phys., 1938, 6, 525). 4 Disproportionation probable. ¢ In the solid phase (Nyholm and 
Short, J., 1953, 2670). 4 In Debye units. % This is the molecular moment less the resultant of the’ 
Ni-C-O moments. * These low values are explained in the text. * With decomp. 


Reaction of Bromine with Compounds of Type (II).—[Ni{o-C,H,(PEt,)o}9] is oxidised by 
an equimolecular proportion of bromine in cold benzene to give a small quantity of 
[NiBr,o-C,H,(PEt,),] and a dark red substance of the formula [NiBr,{o-C,H,(PEt,),},]. 
The latter product can also be prepared by the direct reaction of the diphosphine with 
aqueous-alcoholic nickel chloride, the product being treated with potassium bromide. 
In nitrobenzene it conducts as a uni-univalent electrolyte, and may dissolve as 
[NiBr{o-C,H,(PEt,),}.)Br. In the solid state it is more likely to have an elongated 
octahedral co-ordination with abnormally long Ni-Br bonds and to be similar in con- 
figuration to the corresponding compounds of o-C,H,(AsMe,), with nickel(11), palladium(m), 
and platinum(m).?_ It is unusual in crystallising from water as a yellow octahydrate; both 
the anhydrous and the hydrated form are diamagnetic. 

Possible Causes of the Effectiveness of Ditertiary Phosphines in replacing Carbon 
Monoxide.—The ditertiary phosphines, especially those containing aromatic groups, are 
much more effective in replacing carbon monoxide from nickel carbonyl than are the 
corresponding diarsines, or any other bidentate ligands so far investigated. It is commonly 
considered that stable complexes of metals in their zerovalent states are formed only by 
ligands capable of forming strong double bonds with the metal. For poor electron donors 
such as carbon monoxide the formation of a co-ordinate bond of considerable double-bond 
character is considered to be essential for the formation of stable complexes. There is 
now a fair body of evidence that double bonding to suitable metals is slightly greater with 
phosphines as ligands than with arsines, sulphides, and other similar donors.® We have 
therefore sought in this the cause of the relative ease of formation and the stability of our 
diphosphine derivatives of nickel carbonyl, but without success. 

If the Ni-P and Ni-As bond orders differed markedly in the substituted nickel carbonyls 
we should expect to detect this and get some rough estimate of its magnitude by measuring 
the differences between (a) the C—O stretching frequencies (vgo), and (b) the dipole moments 
of analogous phosphine- and arsinetsubstituted nickel carbonyls. 


* Harris, Nyholm, and Stephenson, Nature, 1956, 177, 1127. 
® See Chatt, J. Inorg. Nuclear Chem., 1958, 8, 515. 
* (a) Chatt and Wilkins, J., 1952, 4300; (b) Chatt, Duncanson, and Venanzi, J, 1956, 4461; (c) 1958, 
3203; (d) Chatt, Gamlen, and Orgel, J., 1959, 1047. 
ZZ 


m | sc - 
wo 


bo &2 G9 


ano eb 
> > 


ee ty 





1382 Chatt and Hart: Reactions of Tertiary 


Infrared Spectra.—In a tetrahedrally co-ordinated metal such as in nickel carbony] 
the d-orbitals are arranged so that only two strong and two weak x-type bonds can be 
formed to the ligands. Thus the Ni-C bond will be intermediate between the single- 
bonded form, Ni-C=O, and double-bonded form, Ni=C=O; and if we ignore the possibility 


oe 
L Cc 
4 
a 
17 Me 
~~ 
° 


(IV) (Va) (Vb) 


of weak x-bonding the nickel carbonyl molecule can be represented as a resonance hybrid 
of canonical forms of the type (IV). When the carbon monoxide is replaced by less 
strongly double-bonding ligands L, as in (V), the canonical form (Va) with single metal- 
to-ligand bonds, and double carbon-to-ligand bonds, should make the greater contribution 
to the structure. So, on passing from form (IV) to (V) the bond order of the C-O bond 
and veo would be expected to decrease. A decrease of vgo has already been observed in 
previous studies of this kind and explained in this manner.1- 

However, the substituting ligands under comparison have often contained ligand atoms 
of widely differing electronegativities, ¢.g., nitrogen and arsenic, or have been attached to 
groups of widely differing electronegativities. Inductive effects are also transmitted 
across metal atoms,® 13 and the effects observed might, therefore, be caused by 
differences in electronegativity, #.e., inductive effects, as well as by differences in x-bonding, 
t.é., mesomeric effects. However, in the phosphine and arsine derivatives the ligand 
atoms have almost identical electronegativities and any marked difference between 
double-bonding capacities of the ligand atoms should appear as a difference in the C-O 
stretching frequencies (vgo) of their analogous substituted carbonyls. 

In Table 2 the compounds are arranged in order of decreasing voo and so, on the basis 
of the above arguments, in order of decreasing tendency for the substituting chelate 
ligands to form double bonds to the metal. It will be noted that the phosphorus and the 
arsenic derivatives do not fall into separate groups but that an arsenic derivative usually 
occurs slightly higher in the Table than its phosphorus analogue. Indeed, vgo is much 
more affected by the organic parts of the chelate ligands than by whether the ligand atom 
is phosphorus or arsenic. 

We should expect that the more electronegative the organic parts of the ligands the 
greater will be the value of vo9, because the more electronegative ligands would induce 
greater mesomeric and inductive withdrawal of electrons from the nickel atoms. This 


would slightly favour the triple bonded form: -«-Ni—C—O>—<Ni<C=0. 
Thus of similar chelating ligands the more aromatic derivatives should appear at the top 
of the Table 2 followed by methyl and ethyl derivatives. This is found in both the phos- 
phorus and the arsenic series of substitution products. The apparently greater double- 
bonding properties of the aromatic than of the aliphatic diphosphines may account for 
their more ready displacement of carbon monoxide from nickel carbonyl and their greater 
reactivity towards metallic nickel, especially since they are weaker bases and should have 


10 Kimball, J. Chem. Phys., 1940, 8, 194. 

11 Nyholm and Short, /J., 1953, 2670. 

12 L. S. Meriwether and M. L. Fiene, personal communication. 

43 Chatt, Duncanson, Shaw, and Venanzi, Discuss. Faraday Soc., 1958, 26, 131. 
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rer o-bonding capacities. Nevertheless, no explanation of the markedly greater 
activity of the chelating diphosphines than of their diarsine analogues in replacing catbon 
monoxide from nickel carbonyl can be found in their relative double-bonding capacities 
as indicated by the values of vgo given in Table 2. 

Dipole Moments.—Double bonding between a ligand atom and a metal such as 
nickel(0) can most readily be visualised as the result of donation of a lone pair of electrons 
from the ligand atom to the metal, together with a back-donation of electrons from 
d-orbitals of the metal into suitable orbitals on the ligand atom. Thus double bonding 
involves the neutralisation or partial neutralisation of the large dipole moment which 
is associated with single co-ordinate bonds. 

The dipole moments of eleven substitution products of nickel carbonyl are listed in 
Table 2. From these we have estimated the P-Ni and As-Ni bond moments, and very 
tentatively, the corresponding bond orders. 

To calculate the P-Ni and As-Ni bond moments we must know (a) the exact stereo- 
chemistry of the complex, (b) the Ni-CO group moment, and (c) the C,;-P and C,,-As 
bond moments. 

We assume the substitution products of nickel carbonyl to have a tetrahedral configur- 
ation, with distortions imposed by the stereochemistry or bulk of the substituents. 

In the compounds containing the o-phenylene chelate ligands, we expect the ligand to 
be negligibly distorted, while the ligand—metal-ligand bond angle would adjust itself to 
fit the relevant covalent radii. This has been shown to be so in certain tetrahedral gold(1) 
complexes,’ and assuming it to. be true in the nickel(0) complexes we estimate the 
P-Ni-P and As-Ni~As angles to be almost exactly 90°. Since the Ni-CO bond moment 
is small the value of the C-Ni-C bond angle is not critical for the calculation of Ni-P bond 
moments, and we have assumed that the CO groups remain tetrahedrally disposed with a 
C-Ni-C bond angle of 109°. 

Molecular models of the complexes derived from C,H,{(P,As)R,}, show that no reliable 
value can be assigned to the bond angles, owing to the absence of rigidity in the chelating 
ligand. These complexes have therefore been disregarded in the present calculations. 

The dipole moments of metal-CO groups appear to be small, because the moment of 
cis-[PtCl,(CO),] (4-65 pb) is little greater than’ that to be expected from the Pt-Cl bonds 
alone, and Fischer estimates the combined Cr-C-O moments in [Cr(CO),C,H,] to be 
0-8 v.15 We are therefore confident that the Ni-C-O group moment is close to 0-5 p. 

With these assumptions, the moments of the nickel-organic ligand groups have been 
calculated (see Table 2). 

To find the P-Ni and As-Ni bond moments a small correction should be made for the 
out-of-balance C-P and C-As moments in the Ni-ligand groups. Where group moments 
have been listed in Table 2 all the C-P and C-As moments are between aromatic groups 
and 4-co-ordinated phosphorus or arsenic atoms. In the absence of mesomeric effects 
and charge on these atoms the C,,-P and C,,-As moments would be of the order 0-5 D with 
the carbon atom negative (based on Pauling electronegativities).1° However, the phos- 
phorus and the arsenic atom carry appreciable positive charge due to the dipolar P-Ni 
and As-Ni bonds, and so electrons will be drawn both mesomerically (into d-orbitals) and 
inductively from the aromatic system. This effect will, however, be quite small, since 
Jaffe ” was unable to detect any interaction between phenyl groups conjugated through 
a >PO group. Assuming that it is sufficient to reduce the small C,,-P and C,,-As 
moments expected on the basis of electronegativity to about zero, we have calculated the 
P-Ni and As-Ni bond moments given in Table 2. They agree so well that the assumptions 
made in the calculation appear to be justified. The compounds [Ni(CO),(PPh,),] and 

™ Cochrane, Hart, and Mann, J., 1957, 2816. 


- 18 Fischer, Internat. Conference on Co-ordination Chemistry, London, Chem. Soc. Special Publ. No. 
, 1959. 


#6 Pauling, ‘‘ The Nature of the Chemical Bond,’’ Cornell Univ. Press, 1939, p. 60. 
" Jaffe, J. Chem. Phys., 1954, 22, 1430. 
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[Ni(CO),(AsPh,),] give anomalously low results, but this is probably caused by distortion 
from the regular tetrahedral angle by the bulky phosphine and arsine ligands. The 
P-Ni and As-Ni bond moments therefore appear to be about 3-4 and 3-2 D respectively, 
but the difference between them is not significant in view of the assumptions made in their 
calculation. Again there is no evidence that bonds of phosphorus to nickel(0) are of 
markedly greater double-bond character than of arsenic. 

It is not possible to get more than a very tentative value of bond order for the P-Ni or 
As-Ni bonds from this work, but since previous inference has been (a) from infrared data, 
that the As-Ni bond order is 2, (b) from force constant data #8 that there is no evidence of 
P-Ni double bonding in Ni(PF;),, and (c) from kinetic data ! that the P-Ni bond has little 
double-bond character, it seems worth making some estimate, however crude, from the 
dipole moments. 

If double bonding were complete, the P-Ni and As-Ni bonds would be almost non- 
dipolar, with moments corresponding to the difference in electronegativities of the atoms, 
say about 0-5 p with nickel positive. Obviously double bonding is far from complete. 

If there were no double bonding the P-Ni and As—Ni bonds would presumably be 
comparable with the co-ordinate bonds :N —» Bi, :P —» Bi, (0 —» Bi, and ‘S —» B: 
where double bonding is not possible, and the nickel atom would be negative. Here the 
bond moments correspond to the transfer of 0-41—0-58 of an electron from a donor to an 
acceptor atom.!® If there is an electron transfer of 0-5 and bond lengths are about 2-25 A 
for P-Ni and 2-33 A for As-Ni, the moments of the P-Ni and As-Ni bonds would be 5-4 
and 5-6 D respectively. This is 2-1—2-3 p greater than the observed 3-3 D, and if we 
attribute this difference to partial neutralisation of the moment due to the so-co-ordinate 
bond (estimated at 5-5 p) by back-donation equal to a moment of 2-2 p in the x-bond, 
55+ 2:2 _ 1-4 

55 ‘ 

This, we think, represents a lower limit, because the back-donation of electrons from 
the nickel atom in the x-bond will cause further release of electrons in the o-bond so that 
in this case 5-5 D is likely to be a low estimate for the charge transfer in the o-bond. Some 
greater quantity (55+ y) is needed and the bond order becomes [(5-5 + y) + 
(2-2 + y)]/(5-5 + y). It is unlikely that the electron transfer in the o-bond ever exceeds 
the theoretical 1-0 electron corresponding to y = 5-5, so substituting y = 5-5 we obtain 
an upper limit of 1-7 for the bond order. 

Thus on the basis of our dipole-moment measurements we estimate that the P-Ni and 
As-Ni bond orders in the substituted carbonyls are about equal and lie within the limits 
1-4—1-7. Ina preliminary communication * of this work, based on many fewer measure- 
ments, we estimated a much lower bond order in agreement with Meriwether and Fiene,” 
but the dipole moments undoubtedly indicate the greater double bonding quoted above. 

We still have to explain why the organic phosphines replace carbon monoxide from 
nickel carbonyl more readily than do their arsenic analogues. We have shown that it 
is not due to a greater double-bonding capacity of phosphorus and so it must be due to the 
much greater general overall affinity of phosphorus for metals with filled d-orbitals, i.c., to 
stronger o- and x-bonding. The order of the relative affinities of phosphines and arsines 
for silver(I) [which is isoelectronic with nickel(0) in the valency shell] is shown by the 
first stability constants of 1-4 x 108 and 2-3 x 105 respectively for the reaction of silver 
ion with a monosulphonated triphenylphosphine and trisulphonated triphenylarsine in 
aqueous solution.* In the case of nickel(0) where the central atom is uncharged the 
difference between the affinities may well be very much greater.” 


we might say that the P-Niand As-Ni bond orders are about 


18 Woodward and Hall, Nature, 1958, 181, 831. 

1 Phillips, Hunter, and Sutton, J., 1945, 146. 

20 Chatt and Hart, Chem. and Ind., 1958, 1474. 

*! Ahriand, Chatt, Davies, and Williams, J., 1958, 276. 

#2 Cf. Cd**: Ahrland, Chatt, Davies, and Williams, J., 1958, 1403. 





(1960) Diphosphines with Nickel and Nickel Carbonyl. 


EXPERIMENTAL 


Microanalyses are by Messrs. W. Brown and A. G. Olney, and Miss S. Lathwell of these 
laboratories. M. p.s marked * were determined on the Kofler stage. 

Preparation of Ditertiary Phosphines and Arsines.—These were all prepared in a nitrogen 
atmosphere. 

1,2-Bisdiethylphosphinoethane, Et,P-CH,*CH,°PEt,, was prepared as described by Wymore,”* 
or by hydrogenation of Et,P-C=C-PEt, as follows. Acetylene was passed at about 15 1./hr. 
for 3 hr. into the vigorously stirred Grignard reagent formed from ethyl bromide (175 g.) and 
magnesium (39-0 g., 1 mol.) in tetrahydrofuran (160 c.c.) at ca. 10°. Diethylchlorophosphine 
(200 g.) in tetrahydrofuran (70 c.c.) was added dropwise to the stirred solution, also at 10°, and 
the mixture was treated with saturated aqueous ammonium chloride (660 c.c.) and water 
(800 c.c.). The organic layer was separated and the aqueous layer washed with benzene 
(3 x 150 c.c.). The combined organic fractions were distilled, giving bisdiethylphosphino- 
acetylene, b. p. 54°/0-07 mm., ,*° 1-5332 (100 g.) (Found: C, 59-0; H, 9-9. C,H, P, requires 
C, 59-4; H, 10-0%). 

The acetylene diphosphine (19-3 g.) in ethanol (50 c.c.) was shaken with Raney nickel (2 g.) 
and hydrogen for 19} hr., 2730 c.c. being absorbed. More Raney nickel (2 g.) and ethanol 
(20 c.c.) were added; shaking continued for a further 6} hr., a further 1625 c.c. being absorbed. 
The product was filtered from nickel and distilled, giving 1,2-bisdiethylphosphinoethane, b. p. 
56—57°/0-001 mm. after refractionation, m,* 1-5100 (10-1 g.) (Found: C, 58-2; H, 11-5. 
Calc. for C,,H,Ps: C, 58-2; H, 11-7%). 

1,2-Bisdiphenylphosphinoethane. ‘We are indebted to Dr. H. R. Watson for our first samples 
of this diphosphine. He obtained it as follows: Diphenylphosphine (46-5 g., 2 mols.) in ether 
(30 c.c.) was added dropwise with stirring to a solution of sodium (5-75 g., 2 atom-equiv.) in 
liquid ammonia (ca. 250 c.c.), and after a further 30 min. ethylene dichloride (12-35 g., 1 mol.) 
in ether (25 c.c.) was added dropwise to the stirred mixture. After 30 min. more, enough 
ethylene dichloride (ca. 0-5 c.c.) was added to remove the remaining orange colour. The 
ammonia was removed and the residue extracted with water (150 c.c.) and benzene (700 c.c.). 
The organic layer was separated, washed with water (3 x 100 c.c.), and taken to dryness on a 
water-bath. Recrystallisation of the crystalline residue from benzene gave 40-0 g. (80-5%) of 
the diphosphine, m. p. 140—142°; raised to 143-5—-144° by two further recrystallisations (Found: 
C, 78:3; H, 63%; M, 393. C,,H.,P, requires C, 78-4; H, 6-1%; M, 398). The dimethiodide, 
prepared in boiling nitromethane and recrystallised from methanol, had m. p. 306—307° (Found: 
C, 49-0; H, 4:6. C,H gI,P, requires C, 49-3; H, 44%). 

This diphosphine was also prepared from triphenylphosphine as follows. Lithium foil 
(10-6 g., 2 atom-equivs.) was dissolved by stirring (1 hr.) in a solution of triphenylphosphine 
(200 g.) in tetrahydrofuran (1 1.) (temp. rise to 48°). The mixture was then cooled in ice-water, 
and ethylene dichloride (60 c.c., 1 mol.) in tetrahydrofuran (100 c.c.) was added during 1 hr. 
The solution was boiled for 20 min. and cooled; methanol (1-5 1.) was added, and then slowly 
with stirring sufficient water to precipitate the crystalline diphosphine, which was recrystallised 
from light petroleum (yield 70%). 

Preparation of the o-phenylenediphosphines, o-C,H,(PR,),, where R = Me, Et, and Ph. 
These are much more difficult to prepare than their ethylene analogues and will form the 
subject of a later communication. 

(i) o-Phenylenebisdimethylarsine was prepared as by Chatt and Mann.*4 

(ii) o-Phenylenebisdiphenylarsine (preparation by Mr. P. F. Topp). o-Phenylenebisdi- 
chloroarsine * (10 g., 1 mol.) in ether (100 c.c.) was added dropwise at —5° to the stirred 
Grignard reagent formed from bromobenzene (25-6 g., 6 mols.) and magnesium (3-97 g., 6 
atom-equiv.) in ether (175 c.c.). The mixture was stirred for 1} hr. at 20°, cooled, and treated 
with aqueous ammonium chloride (33 g. in 400c.c.). The ether was removed by warming the 
mixture, and the solid diarsine filtered off from the remaining aqueous layer. Crystallised from 
ethyl carbonate, it had m. p. 199—201° (8-1 g.) (Found: C, 67-6; H, 4:7. Cy gH,,As, requires 
C, 67-4; H, 45%). 

Preparation and Purification of the Substitution Products of Nickel Carbonyl.—These were 


*3 Wymore, Ph.D. Thesis, University of Illinois, 1956. 
* Chatt and Mann, /., 1939, 610. 
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carried out entirely under nitrogen. Careful recrystallisation was often attended by considerable 
loss. All the new complexes are non-conductors in nitrobenzene solution except where stated. 
Molecular weights were determined ebullioscopically in benzene solution except where otherwise 
stated. 

Dicarbonyl-o-phenylenebisdiethylphosphinenickel, [Ni(CO),0-C,H,(PEt,):]. Nickel carbony] 
(0-285 c.c.) in methanol (5 c.c.) was treated with the diphosphine (0-559 g., 1 mol.) at 15°, 
Effervescence had almost ceased after 20 min., and after 35 min. the mixture was cooled in 
carbon dioxide and acetone. The colourless product (0-53 g.) was filtered off and washed with 
chilled alcohol; it sublimed at 80°/0-1 mm. in good yield and the complex then had m. p.* 65° 
(Found: C, 52-3; H, 6-7%; M, in 0-77% solution, 374; in 1-40% solution, 365. C,,H,,O,P,Ni 
requires C, 52-1; H, 6-6%; M, 369). The powdered compound is diamagnetic with %g = 
—0-47 x 10° at 23°. 

Dicarbonyl-o-phenylenebisdimethylphosphinenickel, [Ni(CO),0-C,H,(PMe,)2], was prepared and 
purified in the same way as the preceding complex; it had m. p.* 121—125° (Found: C, 45-7; 
H, 5-1. C,,H,,0,P,Ni requires C, 46-05; H, 5-2%). 

Dicarbonyl-1,2-bisdiphenylphosphinoethanenickel, [Ni(CO),C,H,(PPh,),]. Nickel carbonyl 
(0-33 c.c.) was added to a solution of the diphosphine (1 g., 1 mol.) in benzene (10 c.c.). After 
3 min. the solution was boiled for 5 min., and the solvent was removed at 12mm. The product 
(1-29 g.), m. p.* 135—138°, was washed with methanol and thrice recrystallised from ethanol, 
then having m. p.* 138—140° (0-15 g.) (Found: C, 65-3; H, 4:8%; M, in 0-485% solution, 509. 
C,,H,,0,P,Ni requires C, 65-5; H, 4.7%; M, 513). 

Dicarbonyl - 1,2 - bisdiphenylarsinoethanenickhel, [Ni(CO),C,H,(AsPh,),]. Nickel carbonyl 
(0-67 c.c.) was added to a solution of the diarsine (2-5 g., 1 mol.) in benzene (10 c.c.) and 
after 17 hr. the solvent was removed at 12 mm., and the product washed with methanol and 
collected (2-40 g.). The complex, thrice recrystallised from dimethylformamide—methanol, 
had m. p. 140—144° in vacuo (Found: C, 56-3; H, 4:1%; M, in 0-522% solution, 644; in 
130% solution, 620; in 1-74% solution, 626. C,,H,,O,As,Ni requires C, 55-95; H, 40%; 
M, 601). 

Dicarbonyl-o-phenylenebisdiphenylarsinenickel, [Ni(CO),0-CgH,(AsPh,),]. Nickel carbonyl 
(0-65 c.c.) was added to a solution of the diarsine (3-0 g., 1 mol.) in benzene (30 c.c.). After 3 
min. the mixture was warmed to the b. p., then cooled, and the product was precipitated with 
alcohol (70 c.c.). The complex, twice recrystallised from ethyl methyl ketone, had m. p. 196— 
198° in vacuo (1-2 g.) (Found: C, 59-4; H, 4.0%; M, in 1-07% solution, 675. C,,H,,0,As,Ni 
requires C, 59-3; H, 3-7%; M, 648). 

Dicarbonyl-o-phenylenebisdiphenylphosphinenickhel, [Ni(CO),0-C,H,(PPh,).], was prepared 
and purified in the same way as the preceding complex (30% yield); it decomposed at 225— 
228° in vacuo (Found: C, 68-85; H, 4:4. C,,H,,O,P,Ni requires C, 68-5; H, 4-3%). 

Dicarbonyl - 1,2 - bisdiethylphosphinoethanenickel, [Ni(CO),C,H,(PEt,),]. Nickel carbonyl 
(1-51 c.c.) was added to a solution of 1,2-bisdiethylphosphinoethane (2-28 g., 1 mol.) in methanol 
(50 c.c.). After 25 min., the solution was boiled for 30 min., and the solvent, except for about 
10 ml., was removed at 12mm. _ The solution was cooled in carbon dioxide and alcohol, and the 
needles formed were filtered off under cold carbon dioxide. The dicarbonyl was recrystallised 
from methanol (8 c.c.) cooled in carbon dioxide and alcohol and washed with methanol at — 50°. 
When dried at 0-05 mm. at 0° for 5hr., it had m. p. 12—13-5° (1-7 g.) (Found: C, 45-1; H, 7-6%; 
M, in 1-91% solution, 339; in 2-36% solution, 342. C,,H,,O,Ni requires C, 44-9; H, 7-5%; 
M, 321). 

Tetracarbonyl-uy’-di-1,2-bisdiethylphosphinoethanedinickel, [Ni,(CO),{C,H,(PEt,).}2] is formed 
in small quantity as a by-product of the above reaction and cam be isolated if the experiment 
is done on a larger scale. The ethane diphosphine (13-6 g.) in methanol (400 c.c.) and nickel 
carbonyl (8-55 c.c., 1 mol.) were allowed to react as before. The initial product (18-95 g.) was 
dissolved in warm methanol (60 c.c.); the solution, on cooling to 0°, deposited the tetracarbonyl 
compound (1-87 g.), m. p. 116—117° (from alcohol) (Found: C, 44-6; H, 7-5%; M, in 1-09% 
solution, 602; in 1-55% solution, 687. C,,H,,O,Ni, requires C, 44-9; H, 7:5%; M, 642). 
The elevation of the b. p. in the molecular-weight determination increased with time, until 
after about 16 minutes’ boiling, it was steady and corresponded to the monomer (Found: M, 298, 
288 for the solutions quoted). The values for the dimer were obtained by extrapolation to 
zero time. 

Action of 1,2-bisdiethylphosphinoethane on dicarbonyl-1,2-bisdiethylphosphinoethanenickel. 
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1,2-Bisdiethylphosphinoethane (0-88 g., 1-33 mols.) and the dicarbonyl compound (1-02 g.) were 
heated at 150° for 1 hr.; by then the initial effervescence had ceased. On cooling, an oil was 
obtained, but this gave cream-coloured prisms when kept for 16 hr. with methanol (10 ml.). 
These (0-17 g.) were very easily decomposed by air and, recrystallised from methanol, had 
m. p. 102-5—104° in vacuo (Found: C, 47-2, 47-2; H, 9-15, 9-1; Ni, 13-56%; M, in 1-:16% 
solution, 630; in 1-75% solution, 646). The infrared spectrum of a Nujol mull of this compound 
showed absorption bands at 1883 and 1910 cm.*. 

Di-o-phenylenebisdiethylphosphinenickel, [Ni{o-C,H,(PEt,),}.]. A mixture of o-phenylene- 
bisdiethylphosphine (0-257 g.) and dicarbonyl-o-phenylenebisdiethylphosphinenickel (0-373 g., 
1 mol.) was heated at 150° for 2 hr. There was effervescence and a red colour developed; at 
the end of the heating the product was a red crystalline mass. This mass is stable indefinitely ; 
but, once briefly exposed to air, the crystals slowly develop yellow flecks and give low analytical 
values. The crystalline mass was extracted with 5 c.c. of cold methanol and quickly collected 
on a filter, giving scarlet crystals (0-37 g.), m. p. 241—243° in vacuo.. The complex was dried 
under a high vacuum for 30 min. and analysed at once (Found: C, 58-8; H, 8-6. C,,H,.P,Ni 
requires C, 59-3; H, 85%). The complex is stable in solution in benzene or petrol under 
nitrogen (Found: M, in 1-15% solution under nitrogen, 512; in 1-94% solution, 516. 
C,,H,,P,Ni requires M, 567). The powdered complex is diamagnetic with yz = —0-64 x 10° 
at 24°. 

An alternative method of preparation is as follows. A mixture of the diphosphine (0-53 g., 
2 mols.) and Raney nickel (0-18 g., 3 atom-equiv.) was stirred and heated at 160° for 8 hr. 
The product was extracted with benzene (5 ml.), then filtered from nickel. The benzene 
solution on evaporation in a stream of nitrogen gave the bis(diphosphine)nickel, 0-20 g., identical 
in infrared spectrum with the authentic material. 

Di-o-phenylenebisdiphenylphosphinenickel, [Ni{o-C,H,(PPh,),},]. A mixture of the diphos- 
phine (0-12 g.) and dicarbonyl-o-phenylenebisdiphenylphosphinenickel (0-15 g., 1 mol.) was 
heated in an oil-bath. The mixture, on melting, became dark red and effervesced, but at once 
resolidified. It was heated at 200° for 10 min. The cooled product was extracted with boiling 
ethyl methyl ketone (10 ml.) to remove unchanged starting materials, giving 0-12 g. of red 
crystals. The complex was purified by slow precipitation as red crystals from benzene on 
addition of methanol; rather variable analytical results were, however, obtained (Found: 
C, 75-95, 74-6, 76-3; H, 5-6, 5-2, 5-3. C,9H,,P,Ni requires C, 75-7; H, 5-1%). When heated in 
an evacuated tube, it reversibly blackens at about 260°, but at about 350° the change ceases to 
be reversible. ‘ 

Di-1,2-bisdiphenylphosphinoethanenickel, [Ni{C,H,(PPh,),},]. The diphosphine (0-388 g.) 
and dicarbonyl-1,2-bisdiphenylphosphinoethanenickel (0-50 g., 1 mol.) were boiled in xylene 
(10 c.c.) for 8hr. The colour became deep orange after 10 min. Methanol (20 c.c.) was added 
to the cooled solution in two portions, and orange crystals (0-51 g.) were collected. These had 
a small carbonyl band at 1908 cm.4. The substance was taken up in hot benzene (10 c.c.), and 
methanol (20 c.c.) was added; and the filtered solution deposited overnight 0-22 g. of crystals. 
These still had a very small carbonyl band. Repurification in the same way gave 0-10 g. of 
orange needles, m. p. (decomp.) 253—256-5° in vacuo. This substance had a negligibly small 
CO peak in its infrared spectrum, and was the required complex (Found: C, 72-4; H, 58%; 
M, in 0-804% solution, 843. C,,H,,P,Ni requires C, 73-0; H, 5-7%; M, 856). The somewhat 
low carbon value is presumably due to unremoved traces of carbonyl compounds. 

A purer product, but in tiny yield, was obtained as follows. The diphosphine (1 g.) and 
Raney nickel (0-445 g., 1-5 atom-equiv.) were heated at 160° for 32 hr. with stirring. The cooled 
mass was broken up, taken up in xylene (15 c.c.), and filtered, and light petroleum (b. p. 40—60°) 
(50 c.c.) was added. After one month a few large orange prisms (ca. 0-05 g.) had been formed 
and were collected and washed with alcohol (Found: C, 72-8; H, 5-7%). 

Action of Triphenylphosphine on Dicarbonylbistriphenylphosphinenickel. The phosphine 
(0-639 g., 2 mols.) was heated with the complex 0-524 g., 1 mol.) at 210° for 15 min. There was 
no effervescence. The mixture blackened at 225—230° without effervescence. 

Action of o-phenylenebisdiphenyldrsine on dicarbonyl-o-phenylenebis diphenylarsinenickel. 
An equimolecular mixture blackened at about 170° without effervescence. 

Dichloro-o-phenylenebisdiethylphosphinenickel(), [NiCl,o-C,H,(PEt,),]. A solution of 
chlorine (0-115 g.) in carbon tetrachloride (4-43 c.c.) was added dropwise with swirling to a 
solution of dicarbonyl-o-phenylenebisdiethylphosphinenickel (0-60 g., 1 mol.) in benzene (5 c.c.) 
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at 15°. There was instantaneous formation of a dark yellow-green precipitate, and the solution 
became warm. After 30 minutes’ shaking, a buff powder (0-63 g.) was collected. This, twice 
recrystallised from dimethylformamide, gave brown plates (0-32 g.) having m. p.* 33g— 
341° (followed by decomposition) (Found: C, 44-0; H, 6-4. C,,H,,Cl,P,Ni requires C, 43-g. 
H, 63%). The compound was too insoluble for a molecular-weight determination. It was 
diamagnetic as powder, yg = —1-29 x 10°. 

Dibromo-o-phenylenebisdiethylphosphinenickel(u1), [NiBr,o-C,H,(PEt,),]. A solution of 
bromine (0-127 g.) in benzene (5-38 c.c.) was added dropwise with swirling to a solution of 
dicarbonyl-o-phenylenebisdiethylphosphinenickel (0-293 g., 1 mol.) in benzene (5 c.c.) at 15°. 
There was an immediate brown precipitate and slight effervescence. The product (0-36 g.) was 
twice recrystallised from dimethylformamide and then had m. p.* 332—335° (followed by 
decomposition) (0-22 g.) (Found: C, 35-5; H, 5-15%; M, ebullioscopically in 0-56% chloroform 
solution, 488; in 0-91% solution, 508. C,,H,,Br,P,Ni requires C, 35-6; H, 5-1%; M, 473). 

Di-iodo-o-phenylenebisdiethylphosphinenickel(11), [Nil,o-C,H,(PEt,),]. A solution of iodine 
(0-68 g.) in benzene (7 c.c.) was slowly added with swirling to a solution of dicarbonyl-o-phenyl- 
enebisdiethylphosphinenickel (0-90 g., 1 mol.) in benzene (5 c.c.) at 15°. The reddish-black 
crystalline precipitate (1-22 g.), recrystallised from 1:1 dimethylformamide~-alcohol, had 
m. p.* 278—280° (decomp. 300—340°) (Found: C, 29-9; H, 4.4%; M, ebullioscopically in 
0-63% chloroform solution, 626; in 1-03% solution, 594. C,,H,,I,P,Ni requires C, 29-7; 
H, 4:3%; M, 567). 

Di -0o - phenylenebisdiethylphosphinenickel(11) dibromide. o- Phenylenebisdiethylphosphine 
(0-623 g., 2 mols.) was added to a solution of nickel chloride hexahydrate (0-292 g.) in water 
(4 c.c.) and ethanol (2 c.c.). The mixture was shaken, briefly boiled, and then cooled and 
allowed to evaporate to dryness in an evacuated desiccator. The residue, an orange-brown 
sticky solid, was dissolved in water (10 ml.), and to the filtered solution was slowly added an 
excess of aqueous sodium bromide solution with swirling. The yellow crystalline product 
(0-71 g.) was twice recrystallised from water. On the Kofler,stage, it lost water and became 
dark red at ca. 70—80°, then darkened, decrepitated somewhat, half-melted, and resolidified 
from ca. 165—185°; it finally melted at 342—344°, having presumably lost diphosphine and 
become dibromodiphosphinenickel. The hydrate was air-dried and shown to be the dibromide 
octahydrate (Found: C, 38-5; H, 7-4. C,,H,,Br,P,Ni,8H,O requires C, 38-6; H, 7-4%). It 
loses water and becomes dark-red in a few minutes in a vacuum at room temperature. The 
anhydrous dibromide (which again became hydrated in air) was obtained by drying the octa- 
hydrate for 6 hr. at 60°/0-1 mm. (Found: C, 45-9; H, 6-8. C,,H,,Br,P,Ni requires C, 46-25; 
H, 67%). The powdered dibromide (y, —1-36 x 10) and dibromide octahydrate (y, — 1-16 x 
10°*) were both diamagnetic. A 6-32 x 10*m-solution of the dibromide in nitrobenzene had 
a molar conductivity of 22-75 mhos at 20°. 

Action of bromine on di-o-phenylenebisdiethylphosphinenickel. A solution of bromine 
(0-016 g.) in benzene (1 c.c.) was added dropwise with swirling to a solution of di-o-phenylene- 
bisdiethylphosphinenickel (0-057 g., 1 mol.) in benzene (5 c.c.) at 10°. The orange-red precipi- 
tate which was at once formed became yellow on addition of one drop of water and shaking, and 
was filtered off (0-069 g.). Recrystallisation from water gave di-o-phenylenebisdiethylphos- 
phinenickel dibromide octahydrate (0-034 g.), identified by its characteristic behaviour on the 
Kofler stage. There was a small water-insoluble residue (0-0037 g.) of dibromo-o-phenylenebis- 
diethylphosphinenickel, identified by mixed m. p. 

Action of chlorine on dicarbonyl-1,2-bisdiethylphosphinoethanenickel. The dicarbonyl com- 
pound (0-32 g.) was dissolved in benzene (10 c.c.), and the partly frozen solution was treated 
cautiously with chlorine diluted with much carbon dioxide until no more brown precipitate was 
formed. This (0-16 g.), filtered from the dark-brown mother-liquor, had m. p. 238—246°, 
raised to 246—254° by recrystallisation from dimethylformamide and sublimation at 225°/0-3 
mm. (Found: C, 35-7; H, 7-3. Calc. for C,gH,,Cl,Ni: C, 35-8; H, 7-2%). Wymore * gives 
245° as the m. p. of this compound. 

Dipole Moments.—The detailed results are shown in Table 3. These were obtained in 
benzene solution, the method and notation being as previously described.*® 

Values marked ¢ were not constant and were determined by extrapolation to zero time. 
Estimated values are shown thus *. Errors are about +-0-1 p for moments greater than about 
3-5 D. 

% Chatt and Shaw, J., 1959, 705. 
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a TABLE 3. Dipole moments of nickel carbonyl substitution products. 
© 10°w Ac/w 10°An/w —Av/jw P zP oP B 
v i isctecipnceencotus 4-234 3-632 t 
: me ner 5-820 3572+ 
$ 31-54 9-68 
36-13 9-77 
f 04* 404 122 264 3-59 
f RIMS nrcasiosccntoenesedecs 4-745 4-494 
: 4307 4-465 
. 26-17 10-9 
S 46-46 10:7 
y 0-4* 432 113 302 3-84 
‘ Ni(CO),Ph,As‘CH,CH,’AsPh, ... 3°512 5-210 
4845 5248+ 
39-19 12-6 
40-39 12-8 
04° 726 174 525 507 
c Ni(CO),Ph,P-CH,CH,"PPh, ...... 2150 5-541 
2590 5-561 
35-15 14-7 
, 35-77 15-0 
; 0-4* 651 165 472 481 
Ni(CO),0-CgH,(AsPhy) «.......0... 2-583 5-055 
2-834 6-071 
25-58 14-4 
34-71 14-4 . 
0-4* 763 194 540 514 
' Ni(CO),0-C,H,(PPhy)p  ....-.004-. 0-8602 6-276 
0-9148 6-239 
; 31-88 13-7 
37-11 14-7 
| 0-4* 786 167 594 5-39 
Ni(CO),0-CJH,(AsMey), ........-++. 6-256 7-653 
| 04* 667 113% 537 &13 
Ni(CO),0-CyH,(PMe,),  .....-.000- 1-623 10-604 
2-395 10-605 
, 50-91 10-4 
51-07 9-50 
; 0-4* 695 86 596 5-40 
Ni(CO),(ASPh,), ....-:..0seeseeeeeees 4207 2247+ 
4-627 2168+ 
19-87 1-1 
40-85 11-9 
04* 464 206 228 3-34 
Ni(CO),(PPh,), .-sceesecesseceeseee 4-369 3-143 
5-434 3-200 
23-35 15-0 
33-01 15-4 
51-72 15-0 
54-60 14-9 
18-36 0-36 
20-80 0-40 527 198 299 3-82 
Ni(CO),0-C,H,(PEt,), ..-.--.000++++ 4-254 9-272 
36-94 8-13 
32-87 7-82 
04* 727 97 615 548 
Ni(CO),(Et,P-CH,-CH,PEt,), ... 6421 0-808 
11-97 5-51 
16-89 5:86 


0-35* 250 171 54 1-6 
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spectra; Miss I. Bates for the dipoje moment and Mr. T. A. Remmington for the magnetic- 
moment determinations; Dr. H. R. Watson and Mr. W. Hewertson for a sample of 1,2-bis- 
diphenylarsinoethane; and Mr. D. T. Rosevear for experimental assistance. 
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277. Syntheses of Poly-S-alkyl-L-cysteines. 
By Max FRANKEL, DAvID GERTNER, H. JACOBSON, and A. ZILKHA. 


Various S-alkylcysteine derivatives have been prepared and polymerised 
by various methods through their N-carboxy-anhydrides. Properties of the 
amino-acids and their polymers are reported. 


SomE S-alkylcysteine derivatives have been found to occur in Nature. Stoll and Seebeck! 
isolated S-allyl-L-cysteine S-oxide (aliin) from garlic. S-Methylcysteine S-oxide has been 
found in various plants;* the deoxo-compound was enzymically synthesised from serine 
and methanethiol and has been suggested as an intermediate in the microbial biosynthesis 
of cysteine. S-Ethylcysteine has antituberculosis activity.4 S-Dichlorovinylcysteine 
produces fatal aplastic anemia in young calves.5 In an investigation of the biological 
mode of action of alkyl alkanesulphonates as alkylating agents,® S-alkyl derivatives of 
cysteine were isolated. Finally poly-S-benzyl-? and -S-allyl-cysteine® have been 
synthesised. 

It seemed interesting to synthesise a series of S-alkylcysteines and their polypeptide 
polymers. General methods for the preparation of S-alkylcysteines, summarised by 
Armstrong and Lewis,® comprise Schotten-Baumann reaction of an alkyl halide with 
cysteine in liquid ammonia or in sodium hydroxide solution. In the latter procedure the 
reactants are dissolved in alcohol—water, and sufficient sodium hydroxide is added to 
neutralise the hydrogen halide formed and to enable salt formation with the carboxyl group 
of cysteine. We have found that on use of a smaller quantity of alkali, sufficient to remove 
only the hydrogen halide acid formed, the reaction proceeds relatively fast and the S-alkyl- 
cysteine is precipitated, as it is formed, provided it is insoluble in the alcohol—-water mixture 
used; thus the equilibrium shifts in favour of the formation of additional alkylcysteine. 
In this way it was possible to prepare pure crystalline S-ethyl- or S-benzyl-cysteine in high 
yield in a comparatively short time. The use of a smaller amount of alkali is especially 
advisable in the preparation of S-alkylcysteine derivatives which are soluble in water and 
insoluble in ethanol, and thus are difficult to free from sodium halides. For the same 
reason triethylamine instead of sodium hydroxide is recommended. 

The following S-alkyl-L-cysteines were prepared and polymerised: the known methyl, 
ethyl, propyl, isopropyl, butyl, and pentyl derivatives as well as the new hexyl-, dodecyl-, 
and 1-naphthylmethyl-t-cysteine. 

Reaction of the reactive a-chloromethylnaphthalene and of benzyl chloride with 
cysteine was complete within a few to 30 min., while the reaction with dodecyl bromide 
required several days. 

Generally, the lower S-alkylcysteines, such as methyl, ethyl, and allyl, are soluble in 
water and insoluble in ethanol. The higher homologues are less soluble in water and more 
soluble in ethanol. Recrystallisation of the former is effected from aqueous ethanol, and 
of the latter from a large volume of water, ethanol, or dilute acetic acid. Ascending paper 
chromatography with (A) 80° aqueous phenol, (B) butanol-acetic acid—water (40 : 10: 10) 
(C) 65% aqueous pyridine, or (D) 60% aqueous acetone, showed that the Ry values of the 

1 Stoll and Seebeck, Adv. Enzymol., 1951, 11, 377. 

* Morris and Thompson, Chem. and Ind., 1955, 951; J. Amer. Chem. Soc., 1956, 78, 1605. 

* Wolff, Black, and Downey, J]. Amer. Chem. Soc., 1956, 78, 5958. 

* Brown, Matzuk, Becker, Conbere, Constantin, Solotorovsky, Winstein, Ironson, and Quastel, 
J. Amer. Chem. Soc., 1954, 76, 3860. 

5 McKenny, Weakley, Eldridge, Campbell, Cowan, Picker, jun., and Biester, J. Amer. Chem. Soc., 
wy eae Warwick, Nature, 1957, 179, 1181; Biochem. Pharmacol., 1958, 1, 60. 

7 Blackley, Sumner, and Spencer, Canad. J. Technol., 1952, 30, 258; Berger, Noguchi, and 
Katchalski, ]. Amer. Chem. Soc., 1956, 78, 4483. 


8 Frankel and Zilkha, Nature, 1955, 175, 1045. 
* Armstrong and Lewis, J. Org. Chem., 1951, 16, 749. 
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S-alkylcysteines increase with lengthening of the S-alkyl chain. The S-alkylcysteines have 
high decomposition temperatures. 

Polymerisation was carried out via the N-carboxy-anhydrides. Passing carbonyl 
chloride into a suspension of S-alkyl-L-cysteine (I) in dioxan at 60° or in tetrahydrofuran 
at room temperature yielded the N-carboxy-anhydrides (II) which were purified or 
recrystallised. Polymerisation of the anhydrides was carried out under various conditions. 
(a) The anhydride (about 1 g.) was dissolved in dry pyridine (about 20 ml.) and left at room 
temperature for about 2 days, then heated for several hours on a boiling-water bath. 
Polymerisation was fast, with precipitation of polymer, in some instances after a few 
minutes. In the few cases where the polymers were not precipitated, they were recovered 
on evaporation im vacuo. (6) In dry dioxan at room temperature polymerisation began 
only after the addition of a trace of water or triethylamine. It was allowed to proceed for 
several days at room temperature, then for several hours on boiling-water bath. The 
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polymers were usually precipitated. Polymerisation was slower than in pyridine. (c) In 
a small quantity of boiling ethanol, polymerisation was finished within a few minutes, 
probably initiated by a trace of S-alkylcysteine ethyl ester formed. (d) The anhydrides 
polymerised when heated in a high vacuum above the melting points (up to 130—150°) 
for a few hours. 

The polymers were insoluble in dilute acid or alkali, boiling water, or ethanol. They 
dissolved partly in hot glacial acetic acid, anhydrous formic acid, dichloroacetic acid, or 
dimethylformamide. They slowly gave positive biuret reactions in the presence of 
pyridine. 

EXPERIMENTAL 


M. p.s were determined on a Fisher—Jones apparatus. 

S-Benzyl-L-cysteine.—(a) t-Cysteine hydrochloride (7-8 g., 0-05 mole) was dissolved in 2n- 
sodium hydroxide (50 ml.) and ethanol (60 ml.). Benzyl chloride (7 g., 0-055 mole) was added 
with stirring. In a few minutes an exothermic reaction started with precipitation of S-benzyl- 
L-cysteine. Stirring was continued for 30 min., the pH adjusted to 6—7, the mixture cooled 
in ice water, and the precipitate filtered off and washed with water, ethanol, and ether. The 
yield was 9-5 g. (90%). After recrystallisation from water, the m. p. was 211°. 

This method of preparation is more convenient than that involving use of liquid ammonia.’ 

(6) .-Cysteine hydrochloride (7-8 g., 0-05 mole) was dissolved in water (30 ml.) and ethanol 
(50 ml.). Triethylamine (10 g., 0-1 mole) was added, followed by benzyl chloride (7 g., 
0-055 mole). Stirring was started; the reaction proceeded as before, yielding 9 g. (85%) of 
S-benzyl-L-cysteine. 

S-Ethyl-L-cysteine.—1-Cysteine hydrochloride (7-8 g., 0-05 mole) was dissolved in cold 
2n-sodium hydroxide (50 ml.) under hydrogen. Ethanol (100 ml.) was added, followed by 
ethyl bromide (6 g., 0-055 mole). Stirring was started and after about 30 min. precipitation of 
S-ethylcysteine started. After 6 hr. the solution was acidified to pH 6—7 with concentrated 
hydrochloric acid, and the S-alkylcysteine filtered off and washed with alcohol—water (2: 1) 
(yield, 4 g., 55%; m. p. 245°). Concentration of the mother-liquor gave a further 1-2 g. (15%). 
Recrystallisation from 50% ethanol raised the m. p. to 250°. The substance was identical with 
that prepared in liquid ammonia.® Ry, values were (A) 0-77, (B) 0-67, (C) 0-74, (D) 0-8. 

N-Carboxy-anhydride of S-Ethyl-.-cysteine——(a) Dry carbonyl chloride was passed with 
stirring into a suspension of S-ethyl-1-cysteine (2 g.) in dry dioxan (120 ml.) at 60° for 90 min. 
The solution was evaporated in vacuo at 40° and the residue left overnight in a vacuum- 
desiccator over phosphoric oxide. The N-carboxy-anhydride had m. p. 60°. Recrystallisation 


1° Stevens, Johnson, and Watanabe, J. Biol. Chem., 1955, 212, 49; Goldschmidt and Jutz, Chem. 
Rer., 1953, 86, 1116. 
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from ethyl acetate—light petroleum gave 1-9 g. (80%), of m. p. 69°, resolidifying at about 129° 
(Found: N, 7-9. C,H,O,NS requires N, 8-0%). 

(6) Carbonyl chloride was passed with stirring into a suspension of S-ethyl-t-cysteine 
(1 g.) in tetrahydrofuran (50 ml.; dried over sodium). After about 15 min. the substance 
dissolved and carbonyl chloride was passed in for an additional 30 min. The solution was 
filtered and evaporated im vacuo at room temperature. Purification of the anhydride 
was carried out as above. 

Polymerisation of the N-carboxy-anhydride of S-Ethyl-L-cysteine.—(a) Dry, freshly recrystal- 
lised anhydride (1 g.) was dissolved in pyridine (20 ml.). After a few hours a gelatinous 
precipitate was formed. The whole was left for 2 days at room temperature, then heated ona 
water-bath for a few hours. Ether was added and the polymer filtered off and washed with 
ethanol and ether (yield, 0-52 g., 70%) [Found: C, 44-3; H, 6-7; N, 9-7; N (Van Slyke), 1-0; 
S, 23-1. (C,H,ONS), + H,O (m = 11) requires C, 45-2; H, 6-9; N, 10-5; N (Van Slyke), 1-0; 
S, 241%]. Analyses of polymers are often unsatisfactory." 

(6) The anhydride (0-5 g.) was dissolved in absolute ethanol (5 ml.) and immediately 
immersed in a boiling-water bath. The polymer was precipitated within a few minutes. Heat- 
ing was continued for 30 min. The solution was cooled, and the precipitate then filtered off and 
washed with ethanol (yield, 0-18 g., 50%) [Found: C, 45-1; H, 7-0; N, 10-1; N (Van Slyke), 0-4; 
S, 23-1. (C,;H,ONS), + C,H,-OH (nm = 25) requires C, 45-9; H, 7-0; N, 10-5; N (Van Slyke), 
0-42; S, 24-1%]. 

(c) The anhydride (0-5 g.) was heated at 10% mm. At about 70° the anhydride melted 
with a slight evolution of gas. The temperature was raised slowly to 130—140° in 30 min. and 
kept thereat for 2 hr. During this time there was much gas evolution, and the polymer 
solidified. The polymer was purified by trituration with hot water and ethanol, and washed 
with ethanol and ether, giving 0-26 g. (70%) [Found: C, 45-7; H, 6-9; N, 10-4; N (Van Slyke), 
0-2; S, 23-7. (C;H,ONS), + H,O (m = 53) requires C, 45-9; H, 6-9; N, 10-7; N (Van Slyke), 
0-2; S, 24-4%]. : 

Poly-S-methyl-.-cysteine.—S-Methyl-L-cysteine was prepared from methyl iodide and 
cysteine in alkali;® recrystallisation from 50% ethanol gave-m. p. 249—250°, Rp (A) 0-69, 
(B) 0-53, (C) 0-71, (D) 0-75. The N-carboxy-anhydride, prepared as described above and 
recrystallised from ethyl acetate-light petroleum, had m. p. 74° [Found: N, 8-6; N (Van Slyke), 
8-8. C,;H,O,NS requires N, 8-7%]. When the anhydride (2 g.) was dissolved in pyridine 
(50 ml.), polymer was precipitated almost immediately [Found: C, 41-2; H, 7-1; N, 11-7. 
(C,H,ONS), requires C, 41-0; H, 7-0; N, 11-9%]. 

Poly-S-propyl-L-cysteine.—S-Propyl-1-cysteine, prepared from propyl bromide and cysteine ® 
and recrystallised from 50% ethanol, had m, p. 248°, Rp (A) 0-79, (B) 0-77, (C) 0-78, (D) 0-84. 
The anhydride gave a polymer in dioxan or absolute ethanol. [Found for polymer from dioxan: 
C, 49-4; H, 7-6; N, 9-1; S, 21-8. Found for polymer from ethanol: C, 49-5; H, 7-8; N, 9-1; 
S, 21-5. (C,H,,ONS), requires C, 49-6; H, 7-6; N, 9-6; S, 221%). 

Poly-S-isopropyl-L-cysteine.—S-Isopropyl-L-cysteine, prepared from isopropyl bromide and 
cysteine,” recrystallised from ethanol, had m. p. 224°, Rp (A) 0-82, (B) 0-73, (C) 0-8, (D) 0-84. 
A polymer was prepared from the N-carboxy-anhydride in pyridine [Found: C, 48-8; H, 7-4; 
N, 9-2; S, 21-2. (C,H,,ONS), requires C, 49-6; H, 7-6; N, 9-6; S, 22-1%]. 

Poly-S-butyl-L-cysteine.—S-Butyl]-1-cysteine, prepared from butyl bromide and cysteine ® 
and recrystallised from water, had m. p. 247—-248°,* Ry, (A) 0-9, (B) 0-82, (C) 0-82, (D) 0-89. 
The N-carboxy-anhydride, recrystallised from ether or ethyl acetate—light petroleum, melted at 
55—56° (Found: N, 6-7. C,H,,O,NS requires N, 6-9%). Polymers were obtained in pyridine, 
dioxan, and nitrobenzene [Found for polymer from pyridine: C, 52-5; H, 8-2; N, 8-4; S, 19-5. 
Found for polymer from dioxan: C, 52-5; H, 8-2; N, 8-3; S, 19-6. Found for polymer from 
nitrobenzene: C, 52-3; H, 8-1; N, 8-4; S, 19-5. (C,H,,ONS), requires C, 52-8; H, 8-2; N, 
8-8; S, 20-1%]. 

Poly-S-pentyl-L-cysteine.—S-Penty]-.-cysteine, prepared from pentyl bromide and cysteine 
in alkali * and recrystallised from dilute acetic acid, had m, p, 248°, Ry (A) 0-91, (B) 0-88, (C) 


* M. p. reported in ref. 9 was 242—-244°; Izomiya, J. Chem. Soc. Japan, Puve Chem. Sect., 1951, 
72, 1050, reported 247-—249°. 

*) See for instance Marvel, Cooke, and Cowan, J]. Amer. Chem. Soc., 1940, 62, 3497. 

® Stoll and Seebeck, Helv. Chim. Acta, 1949, 32, 866. 

'® Gawron and Lieb, J. Amer. Chem. Soc., 1952, 74, 834. 
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0-86, (D) 0-9. A polymer was obtained from the anhydride in pyridine and in a high vacuum 
[Found for polymer from pyridine: C, 54-8; H, 8-7; N, 7-5; S, 186. Found for polymer 
(vacuo): C, 54-9; H, 8-4; N, 7-5; S, 18-0. (C,H,,ONS), requires C, 55-5; H, 8-7; N, 8-1; 
S, 185%]. 

a Oe prepared (83%) from hexyl bromide (5-5 g.) and 
cysteine hydrochloride (5-2 g.) in 2N-sodium hydroxide (50 ml.) and ethanol (100 ml.), and 
recrystallised from 50% acetic acid, had m. p. 242° (Found: N, 6-6. C,H,O,NS requires 
N, 68%), Ry (A) 0-92, (B) 0-9, (C) 0-87, (D) 0-91. The N-carboxy-anhydride, recrystallised 
from ether-light petroleum, had m. p. 42—43° (Found: N, 5-9. C,)H,,O,NS requires N, 6-0%). 
Polymer was obtained from the anhydride in absolute ethanol and high vacuum [Found for 
polymer from ethanol: C, 57-1; H, 8-8; N, 7-3; S, 17-1. Found for polymer (vacuo): C, 57-1; 
H, 87; N, 7:2; S, 17-1. (CyH,,ONS), requires C, 57-8; H, 9-1; N, 7-5; S, 17-1%)]. 

S-Dodecyl-t-cysteine.—To L-cysteine hydrochloride (4:7 g.) (0-03 mole), dissolved in 2n- 
sodium hydroxide (45 ml.) under hydrogen, ethanol (100 ml.) and dodecyl bromide (7-5 g., 
0-03 mole) were added, followed by a few ml. of ether to dissolve the bromide. After 3 days with 
occasional shaking a negative reaction for free cysteine was obtained with nitroprusside. The 
solution was acidified with hydrochloric acid, the dodecylcysteine (7 g.; 80%) was filtered off, 
washed with water, and recrystallised from acetic acid; it had m. p. 216° and Rp (A) 0-92, 
(B) 0-95, (C) 0-9, (D) 0-92. It is slightly soluble in hot ethanol (Found: C, 62:3; H, 10-5; 
N, 4:8; S, 11-0. C,,H,,O,NS requires C, 62-3; H, 10-7; N, 4-8; S, 11-1%). 

The N-carboxy-anhydride, prepared in tetrahydrofuran, melted at 65°; recrystallised from 
ethyl acetate-light petroleum, it had m. p. 66—67° (Found: N, 4-7. C,gH,O,NS requires 
N, 49%). Polymerisation of the anhydride was carried out in pyridine and in a high vacuum 
[Found for polymer from pyridine: C, 65-7; H, 10-5; N, 4-9; S, 11-5. Found for polymer 
(vacuo): C, 66-2; H, 10-7; N, 5-2; S, 11-8. (C,;H,gONS), requires C, 66-4; H, 10-7; N, 5-2; 
S, 118%]. 

Poly-S-1-naphthylmethyl-L-cysteine.—S-1-Methylnaphthyl-L-cysteine (80%) was prepared from 
a-chloromethylnaphthalene (5-1 g.) and L-cysteine hydrochloride (4-7 g.) in 2N-sodium hydroxide 
(45 ml.) and ethanol (90 ml.). (On use of only 2 equivalents of alkali the naphthylmethyl-1- 
cysteine was precipitated immediately.) Yield 6-2 g. It is slightly soluble in hot water or hot 
ethanol; recrystallised from 60% aqueous pyridine or glacial acetic acid, it had m. p. 208° 
and Ry (A) 0-89, (B) 0-86, (C) 0-87, (D) 0-87 (Found: C, 60-4; H, 5-9; N, 49; S, 11-2. 
C,,H,;NO,S,H,O requires C, 60-2; H, 6-1; N, 5-0; S, 11-4%). The N-carboxry-anhydride, 
prepared in tetrahydrofuran and recrystallised ‘from ethyl acetate-light petroleum, melted at 
105° (Found: N, 5:1. C,,;H,,0O,NS requires N, 5-3%). Polymer was obtained in pyridine 
(Found: C, 68-0; H, 5-1; N, 5-7; S, 12-8. (C,,H,,ONS), requires C, 69-1; H, 5-4; N, 5:8; 
S$, 13-2%). The anhydride also polymerised in hot glacial acetic acid, probably with initiation 
by the N-acetyl derivative of the S-alkylcysteine formed by reaction of acetic acid with the 
anhydride. After the anhydride (0-25 g.) had been heated in glacial acetic acid (3 ml.) on a 
boiling-water bath for 3 hr., the precipitated polymer was filtered off and washed with ether 
(Found: N, 5-7%). 


DEPARTMENT OF ORGANIC CHEMISTRY, THE HEBREW UNIVERSITY, 
JERUSALEM, ISRAEL. (Received, September 22nd, 1959.] 
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278. Alkaloids in the Roots of Rauwolfia perakensis.* 
By A. K. KIANG and ALFRED S. C. WAN. 


From the roots of Rauwolfia perakensis, we have isolated in crystalline 
form sucrose, a phytosterol, ajmaline, isoreserpiline, reserpine, sarpagine, and 
two new alkaloids (pelirine and perakine). Three other, apparently new 
alkaloids have been isolated as salts. 


Rauwolfia perakensis is a shrub that grows wild in the Northern States of Malaya. It has 
been cultivated at the Serdang Experimental Station of the Department of Agriculture, 
Federation of Malaya. From the roots of R. perakensis Chatterjee and her co-workers! 
had isolated y-sitosterol, reserpine, and a methoxy-free indoline base which they named 
perakenine but Jater* considered to be rauwolfinine.? We have carried out a more 
complete investigation of the same plant. 

The methods of separation used by Siddiqui and Siddiqui* and by Klohs e¢ al.5 were 
unsuccessful in our hands. Extraction with ethanol, followed by fractional precipitation 


Fic. 1, Fic. 2. 
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Ultraviolet spectra of (Fic. 1) pelirine and (Fic. 2) perakine. 


and extraction, as detailed in the Experimental section, yielded sucrose ® (2%) and nine 
alkaloids, namely, ajmaline,*’ isoreserpiline,® reserpine,® sarpagine,!” two new crystalline 
bases named pelirine, perakine, and three apparently new amorphous bases designated 
RP-1, RP-2, and RP-3 which were isolated as crystalline salts. 

The ultraviolet spectra (see Figures) of pelirine and perakine differentiate them from 


* For a preliminary communication see Proc. UNESCO Symposium on Phytochemistry, Kuala 
Lumpur, UNESCO S.E.A. Science Co-operation Office, Djakarta, 1957, p. 181. 


1 Chatterjee and Talapatra, Naturwiss., 1955, 42, 182. 

* Chatterjee, Pakrashi, and Werner, Fortschr. Org. Naturstoffe, 1956, 13, 346. 

3 Chatterjee and Bose, Science and Culture, 1951, 17, 139. 

* Siddiqui and Siddiqui, J]. Indian Chem. Soc., 1931, 8, 667. 

5 Klohs, Draper, Keller, Malesh, and Petracek, J. Amer. Chem. Soc., 1954, 76, 1332. 

* Djerassi, Gorman, Nussbaum, and Reynoso, J. Amer. Chem. Soc., 1954, 76, 4664; Hochstein, 
Murai, and Boegemann, J]. Amer. Chem. Soc., 1955, 77, 3551. 

‘ 7 Anet, Chakravarti, Robinson, and Schlittler, J., 1954, 1242. 

® Stoll, Hofmann, and Brunner, Helv. Chim. Acta, 1955, 38, 270. 

* Mueller, Schlittler, and Bein, Experientia, 1952, 8, 338. 

1 Stoll and Hofmann, Helv. Chim. Acta, 1953, 36, 1143; Bose, Talapatra, and Chatterjee, J. Indian 
Chem. Soc., 1956, 38, 379; Poisson and Goutarel, Bull. Soc. chim. France, 1956, 1703; Ishidate, Okada, 
and Saito, Pharm. Bull. (Japan), 1955, 3, 319. 





(1960) Alkaloids in the Roots of Rauwolfia perakensis. 1395 


previously recorded indole and indoline bases, and indeed they may not possess this 
skeleton. Pelirine, C,,H,,0,N,, has one methoxyl group and four active hydrogen atoms. 
Perakine, C,,H203N¢, is a stereoisomer of an alkaloid obtained from R. vomitoria™ and 
Dr. Hofmann in a personal communication has told us that both have one C-methyl and 
do not give crystalline salts, and that they have identical ultraviolet spectra; moreover, 
except in the finger-print region they have identical infrared spectra. A characteristic 
strong doublet was found at 5-8 and 5-9 » but cannot yet be assigned. 


EXPERIMENTAL 


Microanalyses are by Dr. W. Zimmermann, Melbourne. Alumina was prepared by washing 
Merck’s alumina with dilute sulphuric acid and then water until it was free from sulphate, 
drying and heating it at 150—160° for~4hr. For chromatography Whatman No. | paper was 
used, developing systems being (i) the aqueous phase of butan-1l-ol-acetic acid—water (10: 3: 8) 
and (ii) the organic phase of pentyl alcohol-light petroleum (b. p. 80°)—acetic acid—water 
(3: 1:3: 3), the latter giving better separation. 

Extraction.—The powdered root (3 kg.) was percolated with 95% ethanol until exhausted. 
The percolate was concentrated under reduced pressure in a cyclone evaporator. 

Sucrose.—Sucrose crystallised from the cooled ethanolic concentrate (60 g., 2%). Purified 
by dissolution in the minimum quantity of water and addition of ethanol, it had m. p. 185°, 
(aJ,** +63-3° (c 11-53 in H,O). 

Preliminary Fractionation of Total Alkaloids.—The ethanolic filtrate from the sucrose was 
poured into water. The liquid was decanted from the brown precipitate which was then 
extracted with water until the extract was nearly colourless and free from alkaloids. The 
insoluble material formed fraction I (37-2 g.). 

The aqueous filtrates were combined and extracted with chloroform until no more alkaloid 
was taken up. After drying (Na,SO,), the extracts were evaporated under reduced pressure, 
yielding fraction II (19-2 g.). 

The aqueous phase was then adjusted to pH 8-0 with sodium hydrogen carbonate solution, 
and the yellowish precipitate was collected, forming fraction III (40 g.). 

The filtrate from fraction III was adjusted to pH 9-0 with sodium carbonate solution and 
extracted repeatedly with ethyl acetate until the aqueous phase was free from alkaloids. The 
extract was dried (Na,SO,) and evaporated to give fraction IV (21-8 g.). 

Fraction I.—Fraction I (5 g.) was dissolved in chloroform containing a few drops of methanol 
and adsorbed on alumina. The solvents were removed in vacuo and the alumina placed on top 
of a column of alumina (200 g.) which was eluted as stated below, fractions of 100 ml. being 
collected. 

Fractions 1—23 (benzene). The eluate yielded only a small amount of yellowish non- 
alkaloidal oil. 

Fractions 24—34 (benzene-chloroform, 1:1). A non-alkaloidal yellowish residue (72 mg., 
0-014%) was obtained on removal of the solvent. The substance crystallised from methanol 
as plates, m. p. 146—147°, and gave a strong Liebermann—Burchardt test purple —» blue —» 
green for sterols. 

Fractions 42—54 (chloroform). The eluate showed an intense yellowish-green fluorescence 
in ultraviolet light. After evaporation, the reddish-brown residue was extracted with hot 
benzene from which on cooling a yellow material was precipitated. This gave colourless 
needles of reserpine (52 mg., 0-01%) when recrystallised from methanol. When further 
recrystallised this had m. p. and mixed m. p. 263—264° (278—279° in vacuo) (Found: C, 64-8; 
H, 6-7; N, 4-9. Calc. for C,,H,O,N,: C, 65-1; H, 6-6; N, 46%). It gave with Fréhde’s 
reagent the characteristic colour change (yellow to green to blue) and had the correct infrared 
spectrum. In dilute acetic acid it gave with dilute hydrochloric acid the hydrochloride, 
forming needles, m. p. 223—224°, from ethanol (Found: C, 59-7; H, 6-4; N, 5-0. Calc. for 
C33HyO,N,,HCI,H,O: C, 59-8; H, 6-5; N, 4-2%). It similarly gave a sulphate, m. p. 263— 
264° (from methanol) (Found: C, 56-2; H, 6-2; N, 3-8. C,3H,O,N,,H,SO, requires C, 56-1; 
H, 6-0; N, 4-0%). 

Fraction II.—Fraction II (19-2 g.) was dissolved in a small volume of methanol and poured 


™ Hofmann and Frey, Helv. Chim. Acta, 1957, 40, 1866. 
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with constant stirring into nine times its volume of ether. The flocculent brown precipitate 
was extracted with further quantities of ether containing 10% of methanol. The ethereaj 
extract was washed with sodium hydrogen carbonate solution, and the washings were shaken 
again with ether. The combined ether extracts were dried (Na,SO,) and evaporated under 
reduced pressure to give a light brown fraction II-t (7-6 g.). The ether-insoluble residue was 
devoid of alkaloids. 

Fraction II-t (5-4 g.) was chromatographed in the minimum amount of chloroform on 
alumina (250 g.) and eluted (see below) in fractions of 50 ml. Each eluate was taken to dryness, 
weighed, and chromatographed on paper, and suitable fractions were combined. The residues 
from each group of fractions were dissolved in the minimum amount of methanol and allowed 
to crystallise. When the alkaloids failed to crystallise, aliquot portions of the solutions were 
treated with hydrochloric, sulphuric, nitric, and picric acid. The following materials were thus 
obtained. 

Fractions 5—8 (benzene-chloroform 3:1). Adkaloid RP-1 hydrochloride (113 mg., 0-005%) 
recrystallised from aqueous methanol, then having m. p. 192—194° (decomp.) (Found: C, 58-4; 
H, 6-9; N, 60; Cl, 8-2. C,,H,,O,N,,HCI,CH,-OH,H,O requires C, 58-8; H, 7:1; N, 6-0; 
Cl, 7-5%). 

The nitrate was similarly isolated and crystallised from aqueous methanol or aqueous 
ethanol as solvated prisms, m. p. 240—242° (decomp.), which became opaque and 
powdery when dried (Found, for crystals from aqueous methanol: C, 57:9; H, 6-25; 
N, 8-8. C,,H,,0,N,,HNO,;,CH,°OH requires C, 57-85; H, 6-55; N, 8-8. Found, for crystals 
from aqueous ethanol: C, 58-8; H, 6-7; N, 8-55. C,3;H,,0,N,,HNO,,C,H,-OH requires C, 
58-6; H, 6-8; N, 855%). The picrate, prepared from the nitrate, crystallised from ethanol in 
yellow needles, m. p. 204—205° (Found: C, 55-0; H, 4-9; N, 11-4. C,,H,,0,N,,C,H,0,N, 
requires C, 55-0; H, 4-8; N, 11-5%). The free base was amorphous (m. p. 140—144°); it gave 
with Keller’s reagent an emerald green colour which changed to pale green, and with con- 
centrated nitric or sulphuric acid or Fréhde’s reagent a yellow colour. 

Fractions 9—15 (benzene-chloroform 3:1). Although the residues from these fractions 
crystallised from methanol, it was found more convenient to isolate the alkaloid as nitrate 
which (540 mg., 0-025%) crystallised as sparingly soluble needles, m. p. 252—254° (decomp.), 
from aqueous methanol (Found: C, 58-1; H, 6-2; N, 8-7. C,,H,,0;N,,HNO, requires C, 58-1; 
H, 6-15; N, 88%). The free base, isoreserpiline, was obtained as needles from the nitrate by 
means of ammonia; recrystallised from aqueous methanol, it had m. p. 211—212°, [a], —33° 
(c 0-77 in EtOH) (Found: C, 66-95; H, 6-8; N, 6-7; OMe, 22-2. Calc. for C,,H.,O;N,: C, 
67-0; H, 6-8; N, 7-0; 30Me, 22-6%), Amax. (in EtOH) 229 (log e 4-49) and 304 my (log 3-91), 
Amin, 277 mp (log « 3-61). With Keller’s reagent it gave a rose-red colour changing to light 
purple. The identity of the alkaloid * was confirmed by its infrared spectrum. With aqueous- 
methanolic hydrochloric acid it gave a hydrochloride, needles (from water), m. p. 250—252° 
(decomp.) (Found: C, 59-6; H, 6-7; N, 5-7; Cl, 7-0. C,,;H,.0O;N,,HCI1,H,O requires C, 59-5; 
H, 6-7; N, 6-0; Cl, 7-6%). 

Fractions 17—27 (benzene-chloroform 3:1). These eluates gave alkaloid RP-2 picrate, 
(obtained from acetic acid) which from ethanol crystallised in yellow needles (178 mg., 0-008%), 
m. p. 136—138° (Found: C, 56-6; H, 4-9; N, 11-4; OMe, 3-5. C,,H,,0,N.,C,H,O,N, requires 
C, 56-5; H, 4-9; N, 11-0; 1OMe, 4.9%). The base recovered from the picrate was amorphous 
(m. p. 76—80°). 

Fractions 33—46 (benzene-chloroform 1:1). From these residues perakine partly crystal- 
lised (497 mg., 0-023%). It sublimed at 170°/0-40 mm. but was best purified by recrystallis- 
ation from acetone, forming needles, m. p. 185—186°, [a],2* —107° (c 0-98 in EtOH). On 
exposure to air, the crystals became opaque [Found: C, 71-5, 71:8, 71-6; H, 6-3, 6-3, 6-4; N, 
7-8, 7:9; O, 14-2; OMe, 0; active H, 0-16; C-Me, 5-3; N-Me, 0:2%; M (Rast), 301. Calc. 
for C,,H,,0,N,: C, 72-0; H, 6-3; N, 8-0; O, 13-7; 1 active H, 0-28; 1C-Me, 4:25%; M, 350]. 
It gave no colour with concentrated sulphuric or nitric acid, ceric sulphate, or Fréhde’s, or 
Keller’s, or Adamkiewicz’s reagent, and no crystalline salts. 

Fractions 77—91 (benzene-chloroform 1:3). These eluates, in dilute acetic acid, gave 
alkaloid RP-3 picrate. Originally yellow, this changed on a boiling-water bath, to dark-red. 
Recrystallisation from aqueous ethanol gave dark-red needles (907 mg., 0-042%), m. p. 167— 
168°, becoming orange on drying and red again on exposure to air. For analysis they were 
dried to constant weight at 80° over phosphoric oxide in a vacuum (loss of wt., 5-37%. 2H,0 
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requires 5-1%) (Found: C, 53-2; H, 5-1; N, 10-4; OMe, 14-1. C,4Hgg0,N,,C,H,O,N, requires 
C, 53:5; H, 5-2; N, 10-4; 30Me, 138%). The amorphous base (m. p. 110—114°) gave a-wine- 
red colour with Fréhde’s reagent, a brown colour changing to orange with concentrated nitric 
acid, and a yellow colour with concentrated sulphuric acid. 

Fractions 99—107 (chloroform—methanol 1%). Reserpine crystallised (108 mg., 0-005%). 
Recrystallised from methanol, it had m. p. and mixed m. p. 261—262° (278—279° in vacuo). 
It gave reserpine hydrochloride, m. p. 223—224°. 

Elution of the column with chloroform containing greater quantities of methanol yielded 
small amounts of reddish-brown residues which failed to give crystals. 

Fraction III.—This fraction was only partly soluble in ether, chloroform, ethyl acetate, or 
ethylene dichloride. Like fraction II, it contained much resin and non-alkaloidal matter. The 
fraction (100 g.) was treated in the same way as fraction II to give fraction III-t (24 g.), a 
portion of which (20-5 g.) was suspended in chloroform (incomplete solution) and developed 
on alumina (500 g.). Fractions of 50 ml. were collected. The alkaloids could not be eluted by 
chloroform, but chloroform—methanol was effective. 

Fraction 2—48 (chloroform—methanol 99:1). The residues were extremely soluble in 
methanol but gave pelirine sulphate (4-06 g., 0-06%). Suspending the sulphate in hot methanol 
and adding water gradually until complete solution took place, afforded, on cooling, 
yellow needles, m. p. 223—224° (decomp.) (Found: C, 58-8; H, 7-05; N, 6-5; O, 22-8. 
Cy,H,,0,N2,$H,SO,,$H,O requires C, 58-6; H, 7-0; N, 65; O, 22:3%). Free pelirine 
crystallised from aqueous methanol in pale yellow plates, m. p. 130—131°, [aJ,,2* —121° (c 1-0 in 
EtOH) (Found: C, 68-1; H, 7-4; N, 7-6; active H, 1-07; OMe, 8-4. C,,H,,0,N, requires 
C, 67-9; H, 7-6; N, 7-5; 4 active H, 1-08; lOMe, 8-3%). It gave with concentrated nitric acid 
a yellow colour changing to orange, with Fréhde’s or Erdmann’s reagent an orange colour, and 
with Keller’s reagent a deep orange colour. The picrate crystallised from ethanol 
in: yellow needles, m. p. 159—159-5° (Found: C, 540; H, 5-5; N, 10-8; OMe, 5-8. 
C.,H.,0,N2,C,H,O,N;,C,H,"OH requires C, 53-8; H, 5-7; N, 10-8; 1OMe, 4-8%). 

Fractions 165—246 (chloroform—methanol 95—90: 10). Ajmaline (0-92 g., 0-014%) crystal- 
lised slowly as the methanol solution was allowed to evaporate and recrystallised from methanol 
as stout prisms, m. p. 158—159°, [a],,2* +-133° (c 0-997 in CHCl,) (Found, after drying at 100° 
in vacuo: C, 71-6; H, 8-0; N, 8-3; O, 11-75. Calc. for CyogHg0,N,,4CH,°OH: C, 71-9; H, 8-2; 
N, 8:2; O, 11:7%). It gave a blood-red colour with concentrated nitric acid, slowly became 
pink with Erdmann’s reagent, and gave with Keller’s reagent a yellow colour changing to 
orange and then red. The identity of the alkaloid was confirmed by a mixed m. p. determin- 
ation and chromatography. 

Fraction 271—318 (chloroform—methanol, 75—50: 25—50). Sarpagine (515 mg., 0-008%), 
crystallised from the methanolic solution, identical with that described in the next paragraph. 

Fraction IV.—Fraction IV (21-8 g.) was taken up in methanol and left in a refrigerator over- 
night. The sarpagine which separated was washed with methanol. The alkaloid (2-67 g., 
0-089%%) was sparingly soluble in methanol. Recrystallised from a large quantity of methanol, 
it had m. p. 374° (in vacuo), [a],,2° +55° (c 0-75 in pyridine); methanol of crystallisation was 
lost at 80° im vacuo and on sublimation at 260°/0-4 mm. (Found, for solvate: C, 70-5; H, 7-6; 
N, 8-6. Calc. for C,gH,,O,N,,CH,-OH: C, 70-15; H, 7-65; N, 8-2. Found, for anhydrous 
alkaloid: C, 73-45; H, 7-2; N, 9-0; O, 10-3. Calc. for C,,H,,O,N,: C, 73-6; H, 7-1; N, 9-0; 
O, 10-°3%); the ultraviolet spectrum showed maxima at 277 (log « 4:32), 280 (log « 3-98), a 
shoulder at 291 my (loge 3-82), and a minimum at 250 my. Its ultraviolet and infrared spectra 
were identical with those of authentic sarpagine. 

The alkaloid reduced cold ammoniacal silver nitrate but Fehling’s solution only on heating. 
It was soluble in dilute sodium hydroxide, the solution becoming green in air. It gave with 
Keller's reagent an intense violet colour changing to dark brown, and with Fréhde’s reagent 
a deep blue colour. The hydrochloride was prepared from hot 0-5n-hydrochloric acid and, 
recrystallised from ethanol, decomposed at ~220° (Found, in material dried at 115° over P,O; 
in vacuo: C, 64-9; H, 6-8; N, 7-7; O, 10-7; Cl, 10-2. Calc. for C,gH,.O,N,,HCI,}H,O: C, 
65-0; H, 67; N, 80; O, 10-25; Cl, 10-05%). The hydrobromide decomposed at 
about 220° (Found, after drying: C, 57-3; H, 6-0; N, 685; O, 9-6; Br, 19-9. Calc. 
for C,,H,,O,N,,HBr,}H,O: C, 57-65; H, 6-0; N, 7-1; O, 9-1; Br, 20-2%). 

The mother-liquors from sarpagine, when evaporated, gave a very dark residue. This was 
treated in the same manner as fraction IIl. By chromatography on alumina and elution with 
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chloroform containing increasing quantities of methanol, pelirine (0-023%), ajmaline (0-008%), 
and sarpagine (0-001%) were isolated in eluates parallel to those from fraction III-t. 
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279. Perfluoroalkyl Derivatives of Nitrogen. Part VIII.* 
Trifluoronitrosoethylene and its Polymers. 


By C. E, GrirFin and R. N. HASZELDINE. 


Trifluoronitrosoethylene results from the photochemical reaction of 
trifluoroiodoethylene with nitric oxide. It yields a fused-ring dimer and a 
homopolymer. Reaction with a fluoro-olefin CF,:CX, (X = F or Cl) gives an 
oxazetidine or a 1:1 copolymer. Its dichloride, CF,Cl-CFCl-NO, prepared 
by chlorination of trifluoronitrosoethylene, by reaction of 1,2-dichloro-1,1,2- 
trifluoro-2-iodoethane with nitric oxide or, in low yield, of chlorotrifluoro- 
ethylene with nitrosyl chloride, affords related oxazetidines or copolymers on 
treatment with fluoro-olefins. ' 


A PERFLUOROALKYLNITROSO-COMPOUND Rg*NO reacts with-a fluoro-olefin such as tetra- 
fluoroethylene to give an oxazetidine (I) and a 1:1 copolymer (II) with the —N-O-C-C- 
repeating unit in the main chain.! The polymer can be an oil, a wax, or an elastomer 
depending on the conditions and the nature of the olefin. The oxazetidine predominates 
in reactions carried out at ca. 100° and the polymer predominates at ca. 0°. 


wi? ppd 
(I) CF,-CF, Re n (II) 


The effect of conjugation with the nitroso-group is now reported, specifically by syn- 
thesis and study of trifluoronitrosoethylene, CF,-CF-N‘O. The possibility exists with this 
compound of homopolymerisation in a variety of ways to give one or more of the units 
(I1I—VII): 

F-CF,- F—CF,- 
NO 
aren F- | —CF, Stress Petia 
—N-O-CF,-CF-N-O- 
NO NO | -N-O- 


CFICF, CFICF, “N-O-CF- CF ALO" 


(IV) (V) -N-O- 
Fs oO 


(IIT) 


—CF,-CF=N-O-CF,-CF=N-O- ~CF-N-CF-N-CF-N- 


(VI) —-CF, O-CF, (VII) 


These arise as follows: (III) Normal vinyl polymerisation through the C=C; the polymer 
would contain one nitroso-group per ethylene unit and have an intense blue colour. 
* Part VII, Barrand Haszeldine, J., 1960,1151. Preliminary publication, Proc. Chem. Soc., 1959, 369. 
1 Barr and Haszeldine, J., 1955, 1881; 1956, 3416. 
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(IV) Formation of the -N-O-C-C- chain by reaction of the nitroso-group of one mole- 
cule ‘with the CF,:CF group of a second; vinyl groups and nitroso-groups would alternate 
as side chains down the polymer, which would be intensely blue. 

(V) A highly cross-linked polymer formed by interaction of the side-chains of polymer 
(IV). 

(VI) Reaction of trifluoronitrosoethylene as a diene to give a linear polymer containing 
C=N groups. 

(VII) Polymerisation by oxazetidine formation: 

O---CF 12) 
lt I | 


CF-N---CF-N---CF-N —— » (VII) 


| 
CF, O--CF, 


These polymers can be distinguished (a) by colour, (b) by infrared spectroscopy to show 
the presence or absence of —CF:CF,, —N:O, —C:N- groups, and (c) by physical properties 
to be associated with the presence or absence of cross-linking. 

Comparison of trifluoronitrosoethylene with hexafluorobuta-1,3-diene is also of interest, 
since the latter is very difficult to homopolymerise and shows little conjugation between 
the double bonds.? 

Trifluoronitrosoethylene was synthesised by the following route: 


icl KOH NO, hy 
CF,;CHF ——— CF,CI*CHFl ————» CF,:CFl ————» CF,:CF*N:O 
Hg 


Reaction of iodine monochloride with trifluoroethylene gave predominantly 1-chloro- 
1,1,2-trifluoro-2-iodoethane,? as shown by its conversion by anhydrous potassium hydroxide 
in paraffin into trifluoroiodoethylene* with very little chlorotrifluoroethylene. The 
compounds CF,Cl-CHFI and CF,:CFI show characteristic ultraviolet absorption associated 
with the >CFI chromophore. 

The yield of trifluoronitrosoethylene from the photochemical reaction of nitric oxide 
with trifluoroiodoethylene was low, despite a fairly detailed examination of reaction 
variables. The extensive breakdown is caused by the susceptibility of the CC in trifluoro- 
iodo- or nitroso-ethylene to attack by NO, NO, radicals, etc., as well as by the other 
decomposition reactions associated with the reactive fluoroalkylnitroso-compounds.® 
Reaction at higher pressures gave hexafluoro-4,4-di-iodobut-l-ene as by-product by free- 
radical dimerisation of trifluoroiodoethylene.® 

Trifluoronitrosoethylene is a vivid deep blue gas (b. p. —23-7°) that shows no indication 
of association in the liquid or vapour phase. Its ultraviolet spectrum shows the broad 
band in the 665—685 my region characteristic of the >CF+NO group.® Its infrared spectrum 
shows the typical CF,:CF absorption at 5-55 p (cf. CF,:(CF,],°CF°CF, 5-56 yu), together 
with the N‘O stretching vibration at 6-25 » (cf. CF,°[CF,],"NO 6-23 u). These values 
suggest that there is little or no conjugation of the C:C and N:O unsaturation electrons. 

Trifluoronitrosoethylene reacts smoothly with chlorine in the dark to give 1,2-dichloro- 
trifluoro-1-nitrosoethane. Photochemical chlorination leads to the formation of chloro- 
trifluoroethylene and 1,1,2-trichlorotrifluoroethane by formation of the trifluorovinyl 
radical : 


hy cl 
CF,ICF*WNO ——pe CF giCF* ——pe CFyCFCI ——p> CF,CI-CFCl, 
cl, 


hy cl 
CF,CIl*CFCINO —— > CF,CI*CFCI- sinimeli CF,CI*CFCI, 


* Haszeldine, J., 1952, 4423. 

* Park, Seffi, and Lacher, J. Amer. Chem. Soc., 1956, 78, 59. 

* Haszeldine, J., 1953, 1764. 

* Jander and Haszeldine, J., 1954, 912, 919; Haszeldine and Mattinson, J., 1957, 1741. 
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The nitroso-group in 1,2-dichlorotrifluoro-l-nitrosoethane, as in other fluoroalkylnitroso- 
compounds, is readily displaced by chlorine photochemically. 

Attempts to convert trifluoronitrosoethylene into trifluoronitroethylene by heating it 
with oxygen, under the conditions found suitable for conversion of trifluoronitrosomethane 
into trifluoronitromethane,5 were unsuccessful and only breakdown resulted. 

Aqueous-alkaline hydrolysis of trifluoronitrosoethylene was very fast and gave oxalic 
acid essentially quantitatively, probably by a reaction sequence similar to that suggested 
for hydrolysis of heptafluoronitrosopropane.! 

Somewhat unexpectedly, trifluoronitrosoethylene does not homopolymerise on exposure 
to ultraviolet radiation at low pressure; the major reaction was one of breakdown although 
some hexafluorobuta-1,3-diene was formed: 


hy 
CF,:CF*NO ——p CF,°CF* ——a CF,°CF*CFICF, 


The thermal stability of the nitroso-compound at low pressures was also greater than 
expected; the formation of hexafluorobutadiene and breakdown products was only slow 
at 125°. 

Tetrafluoroethylene and chlorotrifluoroethylene do not yield cyclobutane derivatives 
on reaction with trifluoronitrosoethylene at 85—90°, but react preferentially with the 
nitroso-group to give the oxazetidines (VIII) and (IX). At lower temperatures, and 
particularly at 0°, elastomeric 1:1 copolymers (X) and (XI) are formed, as when tri- 
fluoronitrosomethane reacts with these fluoro-olefins. The assignment of the structure 
(IX) to the oxazetidine and of (XI) to the copolymer, with the oxygen atom attached to 
the CFCl group or the CF, group respectively, is based on the proved structures of the 
oxazetidine and 1 : 1 copolymer from trifluoronitrosomethane and chlorotrifluoroethylene.® 


nh 1% | ee Ploeg foun] 
CF,-CF, CF,-CFCI CFICF, " CFICF, 0 
(VII) (IX) (X) (XD 


The fact that the nitroso-group in trifluoronitrosoethylene readily led to compounds 
(1X)—-(XI) suggested further attempts to achieve homopolymerisation. Use of chloro- 
trifluoromethane as an inert gas to increase the reaction pressure to approx. 40 atm., 
a temperature of 80°, and photochemical initiation brought about smooth conversion of 
trifluoronitrosoethylene into the fused-ring compound (XII) and the homopolymer (VII). 
The formation of perfluoro-4,8-dioxa-1,5-diazabicyclo[2,2,075joctane (XII) involves 
oxazetidine ring formation by combination of the nitroso-group of one molecule with the 
trifluorovinyl group of the second; cis- and ¢rans-isomers are theoretically possible: 





° ? re) Fs 
F l F F Bie v fj 
rr e- v/ J\ - note 
FC-N CF, FC—N CF, “Se 
II |\A FC——N 
re) re) 
trans (XII) cis 


As might be expected, there was no indication of isomerisation of trifluoronitrosoethylene 
by internal formation of the four-membered ring: 


O=N N 
| — > TH 
CF=CF CF,-CF 
Absence of -N:0, -NO,, -N:N-, -N:N(O)-, -O-NO, -O-NO,, >N-O-NO, >N-NO, 
* Barr, Haszeldine, and Willis, Proc. Chem. Soc., 1959, 230; J., in the press. 
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>N‘NO,, >C:N-, >C:C<, >C:0 on ultraviolet- and infrared-spectroscopic examination 
supports the proposed structure (XII). 

Similar examination of the translucent elastomeric homopolymer supports the ring 
structure of (VII). Structures such as (III) and (IV) can be eliminated since the homo- 
polymer is not blue; (V) is eliminated since the homopolymer is an elastomer, not a highly 
cross-linked insoluble resin; (VI) is eliminated since the characteristic strong CF=N 
absorption in the 5—6 u region is absent. 

When heated at 400° the homopolymer changes from an elastomer into a pale yellow 
solid without carbonisation or appearance of organic fragments of low molecular weight 
by chain degradation. Carbonyl fluoride is evolved, and the residual solid exhibits 
absorption of the CF:N-CF group. The following reaction thus apparently takes place, 
at least in part: 


FON-CF-N-CF-N= ——pe 9 =CF-N=CF-N=CF-N= 


The homopolymer of trifluoronitrosoethylene thus contains a —C*N-C-N-C-N- chain, 
and represents a new class of polymer. 

An alternative route to trifluoronitrosoethylene was sought by the synthesis of 1,2- 
dichlorotrifluoro-1-nitrosoethane from the corresponding iodide: 


Icl : NO, hy 
CFy3CFCl ——p> CFyCl*CFCH ——pe CF,CI*CFCICNO ——p> CFyCF*NO 


The yield of the nitroso-compound from the iodide was not good, since deiodochlorination 
tended to occur in presence of mercury and was followed by oxidative breakdown of the 
chlorotrifluoroethylene or reaction of the olefin with the nitroso-compound. The com- 
pound CF,Cl-CFCI-NO was identical with that obtained earlier by reaction of trifluoro- 
nitrosoethylene with chlorine. Reaction of 1,2-dichlorotrifluoro-2-iodoethane with nitric 
oxide in the absence of mercury led to the accumulation of dinitrogen tetroxide which 
caused extensive breakdown to carbonyl fluoride, etc. Liquid-phase reactions in presence 
of mercury led to coupling,? to give (CF,CI*CFCl), and to mercurial formation, 
CF,Cl-CFCl-HglI. 

The nitroso-compound CF,CI-CFCI‘NO reacts with oxygen at 100° to form the corre- 
sponding nitro-compound, identical with the product obtained by reaction of chlorotri- 
fluoroethylene with nitrosyl chloride or with nitryl chloride. Tetrafluoroethylene converts 
the nitroso-compound into the oxazetidine (XIII; X = F) or the 1: 1 copolymer (XIV; 


CF,CIXCFCI-N—O [*N(CFCI*CF,CI)O-CFyCFX"]n 
(XIII) CF,-CFX (XIV) 


X = F), depending on the reaction temperature. Similar products (XIII; X = Cl) and 
(XIV; X = Cl) are formed by reaction with chlorotrifluoroethylene. 

The reaction of nitrosyl chloride with chlorotrifluoroethylene ® was also re-investigated, 
since the NOCI-C,F, reaction has been shown to yield the oxazetidine 


CF,Cl-CF,"N-O-CF,°CF, or the 1: 1 copolymer [*N(CF,°CF,Cl)-O-CF,CF,°], under suitable 
conditions,® as well as the nitro-compound CF,Cl*CF,*NO,. Use of an excess of chlorotri- 
fluoroethylene gave low yields of the nitroso-compound CF,Cl-CFCI‘-NO and mainly the 
dichloronitrotrifluoroethane. Reaction carried out in the vapour phase at —15° produced 
the copolymer (XIV; X = Cl). ‘Use of an excess of nitrosyl chloride gave only the 
compounds CF,Cl-CFCI-NO, and CF,Cl-CFCl,. 

* Haszeldine, J., 1955, 4291. 


§ Haszeldine, J., 1953, 2075. 
* Barr and Haszeldine, J., 1960, 1151. 
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All attempts to dechlorinate the compound CF,CI-CFCI-NO to trifluoronitrosoethylene 
by standard methods were unsuccessful. Reagents were sought that would effect de. 
chlorination without attack on the nitroso-group, but even tributyl phosphite, which 
dechlorinates 1,1,2-trichlorotrifluoroethane successfully: 


CF,CI*CFCI, + (BuO),P ——t CF,2CFCI + BuC! + (BuO),P(O)CI 


failed to yield trifluoronitrosoethylene. The only route currently available for the last 
compound is thus the photochemical generation of trifluorovinyl radicals and their com- 
bination with nitric oxide. 


EXPERIMENTAL 


Volatile reactants and products were purified and manipulated in a conventional vacuum- 
system, with repeated trap-to-trap fractional distillation and condensation. Air, moisture, 
etc., were thus excluded and handling losses were negligible. The identity of products was 
confirmed by molecular-weight determination (Regnault’s method), analysis, physical pro- 
perties, infrared spectra (Perkin-Elmer spectrophotometer model 21 with sodium chloride 
optics), ultraviolet spectra (Unicam instrument), and vapour-phase chromatography. Inter- 
mediate fractions and mixtures were analysed by a combination of these techniques, or by re- 
moval of one or more of the components by chemical reaction. Reactions were normally 
carried out in sealed Pyrex, Dreadnought, or silica tubes, filled and emptied by use of the 
vacuum-system so that transfer losses were negligible. 

Trifluoroethylene.—Chlorotrifluoroethylene (57-1 g., 0-49 mole), anhydrous hydrogen bromide 
(41-0 g., 0-50 mole), and activated charcoal (7-7 g.; heated to 100° im vacuo, then cooled in 
vacuo) were heated in a 300 ml. stainless-steel autoclave at 175° for 20 hr. Distillation gave 
2-bromo-1-chloro-1,2,2-trifluoroethane (76%), b. p. 53-7°/760 mm. MHaszeldine and Steele 
report b. p. 52-5°. .- 

2-Bromo-1-chloro-1,2,2-trifluoroethane (147-5 g., 0-75 mole), added dropwise during 4 hr. 
to zinc dust (128-5 g.) in refluxing ethanol (300 ml.), gave unchanged starting material (0-053 
mole, 7%) and trifluoroethylene (43-7 g., 0-533 mole, 77%) of spectroscopic purity. 

Trifluoroiodoethylene.—Park, Seffl, and Lacher’s procedure * was followed for the reaction 
of iodine monochloride with trifluoroethylene. 1-Chloro-1,1,2-trifluoro-2-iodoethane was 
obtained in 52% yield (Found: C, 9-5; H, 0:8%; M, 244. Calc. for C,HCIF,I: C, 9-8; H, 
0-4%; M, 244), b. p. 82-9° (isoteniscope), Amax (in light petroleum) 264 (¢ 305), Amin 221 (e 70), 
Amax. (in ethanol) 258 my (e 284), Amin, 220 my (e 130). 

Reaction of 1-chloro-1,2,2-trifluoro-2-iodoethane with powdered potassium hydroxide 
(‘‘AnalaR ”’ pellets crushed inside a dry-box and stored in vacuo before use) suspended in liquid 
paraffin gave trifluoroiodoethylene in 41% yield (Found: C, 11-8%; M, 208. Calc. for C,F,I: 
C, 11-6%; M, 208), b. p. 34-2°: (isoteniscope), Amax, (vapour) 259 my (e 96), Amin, 233 mu (e 40), 
Amax. (in light petroleum) 260 my (e 160), Amin. 236 my (ce 85). 

Trifluoronitrosoethylene—In a typical experiment, trifluoroiodoethylene (5-45 g., 21-4 
mmole), nitric oxide (1-61 g., 53-5 mmole), and mercury (100 ml.) in a 2-1. silica flask were 
irradiated for 48—76 hr. with a 250 w Hanovia ultraviolet lamp. The flask was shielded so 
that the surface of the mercury was not directly illuminated. The course of the reaction could 
be followed by the development of a faint blue colour. The excess of nitric oxide was removed 
by admission of oxygen to the flask and agitation of the mercury to remove final traces of di- 
nitrogen tetroxide, and the volatile products were slowly pumped off (1 hr.) through two traps 
in series cooled by liquid nitrogen. Distillation gave unchanged trifluoroiodoethylene (1%), 
trifluoronitrosoethylene (0-219 g., 1:99 mmole; 9%) (Found: C, 21-8; N, 12:3%; M, 111. 
C,ONF, requires C, 21-6; N, 12-6%; M, 111), and a mixture of carbon dioxide, carbonyl 
fluoride, and silicon tetrafluoride (21-0 mmole). 

The conditions used were varied widely in attempts to improve the yield of trifluoronitroso- 
ethylene. Experiments were carried out in the absence of mercury to determine whether 
polymeric material was formed, but only breakdown products and complex mixtures resulted. 
In a reaction to test the effect of higher pressure, trifluoroiodoethylene (9-2 mmole) and nitric 


1 Haszeldine and Steele, J., 1957, 2800. 
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oxide (18-4 mmole) were sealed in a 125 ml. Pyrex tube and irradiated for 92 hr. with the liquid 
phase protected from direct radiation. Distillation gave dinitrogen tetroxide (removed by 
reaction with mercury), trifluoroiodoethylene (1-7 mmole), and a mixture of carbonyl fluoride, 
carbon dioxide, and silicon tetrafluoride (9-3 mmole). An oil remaining in the reaction tube 
was removed by ether-extraction and distilled, to give hexafluoro-4,4-di-iodobut-l-ene (0-389 g., 
0-94 mmole, 21%), b. p. 161—162°/758 mm. (micro-b. p.), v. p. 624 mm./146°, n,*° 1-4796. 
Park et al.* report b. p. 146°/622 mm., ,,”° 1-4794. 

Reactions carried out in shaken sealed silica or Pyrex tubes containing trifluoroiodoethylene, 
nitric oxide, and mercury exposed to ultraviolet light of various intensities gave only 1—5% 
of trifluoronitrosoethylene. 

Properties of Trifiuoronitrosoethylene.—The compound is a blue gas which condenses to an 
intensely blue liquid. Its vapour pressure, determined over the narrow range — 23° to —26°, 
is represented by the equation log,,~ (mm.) = 8-2515 — 1340/T, whence the calc. b. p. is 
—23-7°, the latent heat of vaporisation is 5410 cal./mole, and Trouton’s constant is 21-7. Ultra- 
violet absorption spectrum of the vapour in the region 300—700 mu: max. 679-5 (e 5-15), 
666 (¢ 5-47), 663 my (e 5-38); min. 677, (¢ 5-06); 664 (c 5-34); minor maxima appear at 619 
and 611 my. 

Reactions of Trifluoronitrosoethylene.—(a) With chlorine. Chlorine (1-2 mmole) and tri- 
fluoronitrosoethylene (1-0 mmole), sealed in a 20 ml. Pyrex tube and kept in the dark for 21 
days gave, after removal of unused chlorine with mercury, trifluoronitrosoethylene (4%) and 
1,2-dichlorotrifluoro-1-nitrosoethane (93%) (Found: C, 13:3; N, 7:-5%; M, 182. C,ONCI1,F,; 
requires C, 13-2; N, 7°7%; M, 182). The product isa blue liquid with vapour pressure, measured 
over the narrow range 34—37°, represented by the equation log,, p (mm.) = 7-4865 — 1425/T, 
whence the calc. b. p. is 36-2°, the latent heat of vaporisation is 6930 cal./mole, and Trouton’s 
constant is 22-4. It has Amax (vapour) 681 my (e 9-3); (in light petroleum) 680 my (e 15-5). 

Exposure of trifluoronitrosoethylene (2-0 mmole) and chlorine (2-0 mmole) to ultraviolet 
light for 3 hr. gave unchanged nitroso-compound (51%), chlorotrifluoroethylene (21%), and 
1,1,2-trichlorotrifluoroethane (15% based on CF,:CF*-NO), but no _ 1,2-dichlorotrifluoro-1- 
nitrosoethane. 

(b) Oxidation. An attempt to prepare trifluoronitroethylene from trifluoronitrosoethylene 
(0-4 mmole) and oxygen (initial pressure 700 mm.) in a 25 ml. Pyrex tube at 74° for 10 hr. gave 
only dinitrogen tetroxide, carbon dioxide, carbonyl] fluoride, and silicon tetrafluoride by com- 
plete destruction of the nitroso-compound. 

(c) Hydrolysis. Trifluoronitrosoethylene (0-6 mmole) was shaken with 1% aqueous sodium 
hydroxide (5 ml.) in a sealed tube until all blue colour was destroyed (3 min.). The boiled 
solution was combined with the combined aqueous washings, and passed through a Dowex 50 
column (H* form; 8 ml. volume of resin); the column was then washed with 5 ml. of water. 
The combined eluant was evaporated to dryness at room temperature im vacuo and dried over 
phosphoric anhydride to give oxalic acid (71-7 mg., 95%), m. p. and mixed m. p. 101—101-5° 
(Found: C, 19-3; H, 4-7. Calc. for C,H,0,,2H,O: C, 19-1; H, 48%). Blank experiments 
with standard sodium oxalate solutions showed that 95—96% of the theoretical amount of 
oxalic acid was recovered by the above procedure. Aqueous alkaline hydrolysis of trifluoro- 
nitrosoethylene thus yields oxalic acid in 99% yield. Ammonium and fluoride ions were 
detected by qualitative tests. 

Saturated aqueous barium hydroxide solution hydrolyses trifluoronitrosoethylene at a much 
slower rate. 

(d) Irradiation under low pressure. The nitroso-compound (2-1 mmole), irradiated in a 
20 ml. Pyrex tube for 78 hr., gave unchanged trifluoronitrosoethylene (3%), carbon dioxide, 
silicon tetrafluoride, nitrous oxide, and hexafluorobutadiene (0-06 mmole), identified by means 
of its infrared spectrum. 

(e) Thermal stability. Trifluoronitrosoethylene (1-6 mmole), heated in a 10 ml. Pyrex tube 
at 100° for 150 hr., was substantially unchanged (87% recovered); carbonyl fluoride and 
silicon tetrafluoride were produced. 

In a second experiment the nitroso-compound (1-6 mmole) was heated at 100° (48 hr.), 
110° (24 hr.), and 125° (48 hr.), after which the blue colour was almost totally destroyed. Frac- 
tionation gave unchanged trifluoronitrosoethylene (0-17 mmole, 11%), silicon tetrafluoride, 
carbonyl fluoride, and carbon dioxide, together with a low yield of héxafluorobutadiene. 

(f) With tetrafluoroethylene. Trifluoronitrosoethylene (7-2 mmole). and tetrafluoroethylene 
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(7-2 mmole) heated in a 20 ml. Pyrex tube at 85° for 10 hr. gave perfluoro-(2-vinyl-1,2-oxazetidine) 
(69%) (Found: C, 22-7; N, 65%; M, 211. C,ONF, requires C, 22-8; N, 66%; M, 211), 
b. p. 41—43° (micro). 

In a second experiment, trifluoronitrosoethylene (7-4 mmole) and tetrafluoroethylene (7-4 
mmole) reacted during 48 hr. at 0° in a 50 ml. Pyrex tube with disappearance of the blue colour, 
to give the 1:1 copolymer [-N(CF‘CF,)-O-CF,CF,°], (71%) [Found: C, 22-9; N, 6-4%, 
(C,ONF,), requires C, 22-8; N, 6-6%]. The polymer was a thick colourless gel, which when 
triturated with ether gave a tough translucent elastomer, insoluble in the common organic 
solvents. 

(g) With chlorotrifluoroethylene. When trifluoronitrosoethylene (4-0 mmole) and chloro- 
trifluoroethylene (4-0 mmole) were heated at 90° for 7 hr. the product was 4-chloro-3,3,4-trifluoro- 
2-(trifluorovinyl)-1,2-oxazetidine (57%) (Found: C, 21-0; N, 62%; M, 226. C,ONCIF, 
requires C, 21-1; N, 62%; M, 227-5) b. p. 73—75°. No polymeric material was apparent, 
and all the nitroso-compound had disappeared. 

In a parallel experiment carried out at 0° for 2 days the oxazetidine was not formed and 
the 1:1 copolymer [*N(CF‘CF,)-O-CF,CFCI+], of the nitroso-compound and chlorotrifluoro- 
ethylene was isolated (53% yield) [Found: C, 21-1; N, 63%. (C,ONCIF,), requires C, 21-1; 
N, 62%] as an elastomer with good “ snap.” 

(h) Dimerisation and homopolymerisation. Trifluoronitrosoethylene (20-1 mmole) was 
sealed in thick-walled, narrow-bore silica tube of 5 ml. capacity, together with chlorotrifluoro- 
methane to give a maximum pressure at room temperature of 40 atm. Precautions were taken 
in manipulating the tube which could cause serious damage on explosion. As soon as the tube 
reached room temperature, it was exposed first to infrared radiation to raise its temperature 
to approx. 80°, then to ultraviolet radiation for 30 min. The tube was re-frozen in liquid 
nitrogen, then opened, and the colourless gaseous products were distilled to give perfluoro-4,8- 
dioxa-1,5-diazabicyclo([2,2,0**joctane (56%) (Found: C, 21-4; N, 12-4%; M, 222. C,O,N,F, 
requires C, 21-6; N, 12-6%; M, 222), b. p. 45°, as a colourless liquid, and a mixture of carbonyl 
fluoride, silicon tetrachloride and carbon dioxide. There was no evidence for the formation 
of hexafluorobutadiene or its dimers, etc. The weak general-absorption in the ultraviolet 
spectrum in the 200—250 my region in particular suggests that only the N-O single bond is 
present, as in the compound (CF;),N°O-CF;. 

Fs The residual material in the reaction tube was a colourless, translucent 

be ] (A) elastomeric gum, the homopolymer of trifluoronitrosoethylene, poly(perfluoro- 

n _—-1,2-oxazetidin-2,3-ylidene) (A) (28%) [Found: C, 21-7; N, 12-8. (C,ONF;,), 

requires C, 21-6; N, 12-6%]. It was soluble in perfluoromethylcyclohexane but not in the 

common organic solvents. Examination of the ultraviolet spectrum of a saturated solution in 

perfluoromethylcyclohexane, and of the infrared spectrum of a film on rock salt, failed to 
reveal absorption associated with multiple C-O, C-C, C-N, N-N, N-O, etc., bonds. 

A sample of the homopolymer (0-15 g.) in a sealed silica tube was heated at 400° during 
2 hr. At 310° the polymer had become pale yellow and at 400° some shrinkage could be 
detected, although there was little further change in colour. Examination of the volatile 
products revealed carbonyl fluoride (66%), and small amounts of silicon tetrafluoride and 
carbon dioxide. The residue was a pale yellow solid without elastomeric character, but was 
still soluble in perfluoromethylcyclohexane; the solution showed absorption at 5-65 wu to be 
associated with the CF:N-CF group. 

1,2-Dichlorotrifluoro-1-nitrosoethane.—1,2-Dichloro-1,1,2-trifluoro-2-iodoethane was prepared 
by reaction of purified iodine monochloride with chlorotrifluoroethylene under good temperature 
control. 

In a typical experiment, 1,2-dichloro-1,1,2-trifluoro-2-iodoethane (10-28 g., 36-9 mmole) and 
nitric oxide (3-30 g., 110 mmole) were heated to 60° in a 20-1. flask of the type described earlier, 
and irradiated for 20 hr. The iodo-compound was completely vaporised at this temperature. 
The brown gaseous products were condensed and shaken with mercury to remove dinitrogen 
tetroxide, then distilled to give unchanged halide (0-66 g., 2-4 mmole), b. p. 100—101°, 1,2- 
dichlorotrifluoro-1-nitroethane (0-59 mmole, 2%), b. p. 75—76°, and 1,2-dichlorotrifiuoro-1- 
nitrosoethane (4:57 mmole, 13% based on starting iodo-compound) (Found: C, 13-0; N, 7:9%; 
M, 182. Calc. for C,ONCI,F,: C, 13-2; N, 7-7%; M, 182). 

Complete separation of the compounds CF,CI-CFCI-NO and CF,Cl-CFCI‘NO, by distillation 
in vacuo is difficult, but not column fractionation at atmospheric pressure. The ultraviolet 
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and infrared spectra of the nitroso-compound were identical with those of the compound 
obtained by reaction of chlorine with trifluoronitrosoethylene. 

The conditions were varied in attempts to improve the yield of the nitroso-compound. In 
the absence of mercury yields of 1O—15% were obtained after irradiation for 20 hr.; extension 
of the irradiation time to 36 hr. reduced the yield to about 5%. Use of a high-intensity ultra- 
violet source reduced the yield to 5%. Silicon tetrafluoride, carbonyl fluoride, and carbonyl 
chlorofluoride were the main decomposition products, 

Reaction in presence of mercury at 95° for 40 hr. gave 10—15% yields of the nitroso-com- 
pound, together with the mercurial CF,Cl-CFCl-HgI and, by removal of iodine chloride from 
the iodo-compound, chlorotrifluoroethylene. Ifthe reaction mixture was kept, further reaction 
occurred between 1,2-dichlorotrifluoro-l-nitrosoethane and chlorotrifluoroethylene to give 
either the oxazetidine or the 1: 1 copolymer depending upon the temperature. Reactions of 
the iodo-compound and nitric oxide in presence of mercury at lower temperatures, 40—60°, 
gave 2—5% yields of 1,2-dichlorotrifluoro-1-nitrosoethane, since the starting iodo-compound 
was mainly in the liquid phase where reaction with mercury tends to yield the mercurial 
CF,Cl-CFCl-Hgl or the coupled product (CF,Cl-CFCl),. 

Reactions of 1,2-Dichlorotrifiuoro-\-nitrosoethane.—(a) Oxidation. The nitroso-compound 
(0-28 g., 1-6 mmole) and oxygen (initial pressure 650 mm.) were heated in a 50 ml. Pyrex tube 
at 100° for 18hr. Dinitrogen tetroxide was then removed by shaking the product with mercury, 
and the volatile products were distilled to give unchanged 1,2-dichlorotrifluoro-1-nitrosoethane 
(ca. 2%), a mixture of carbonyl fluoride and carbonyl chlorofluoride (0-56 mmole), and 1,2- 
dichlorotrifluoro-1-nitroethane (0-58 mmole, 36%) (Found: C, 12-4; N, 69%; M, 198. Calc. 
for C,O,NCI,F,: C, 12-1; N, 7-1%; M, 198), b. p. 75—76°. The ultraviolet spectrum of the 
vapour showed maximum absorption at 280 my (¢ 58) and a minimum at 238 my (e 3-4). Both 
ultraviolet and infrared spectra were identical with those of the nitro-compound prepared by 
reaction of nitrosyl chloride with chlorotrifluoroethylene.® 

(b) With tetrafluoroethylene. The steady reaction during 18-5 hr. of the nitroso-compound 
(0-87 g., 5-0 mmole) with tetrafluoroethylene (0-75 g., 7-5 mmole) at 80° in a 200 ml. Pyrex tube 
was followed by the disappearance of the characteristic blue nitroso-colour. Fractionation 
gave unchanged tetrafluoroethylene (2-7 mmole), 2-(1,2-dichlorotrifluoroethyl)-3,3,4,4-tetva- 
fluoro-1,2-oxazetidine (0-7 mmole, 15%) (Found: C, 16-7; N, 49%; M, 282. C,ONCI,F, 
requires C, 17-0, N, 50%; M, 282), b. p. 84-6° (isoteniscope), and the 1:1 copolymer 
[‘N(CFCI-CF,Cl)-O-CF,°CF,°], (0-83 g., 60%) [Found: C, 16-8; N, 5-1. (C,ONCI,F,), requires 
C, 17-0; N, 5-0%] as a colourless thick oil. The polymer was insoluble in the common organic 
solvents. 

When the same reactant ratio was used in an experiment at 100° for 20 hr., the yield of the 
oxazetidine rose to 48% and no polymer was formed. 

(c) With chlorotrifluoroethylene. 1,2-Dichlorotrifluoro-1-nitrosoethane (8-3 mmole) and 
chlorotrifluoroethylene (13-3 mmole), heated at 100° in a 100 ml. Pyrex tube for 5-5 hr., gave 
unchanged nitroso-compound (0-78 mmole), chlorotrifluoroethylene (8-9 mmole), 1,2-dichloro- 
trifluoro-l-nitroethane (0-4 mmole, 5%), and the colourless viscous 1:1 copolymer 
[*‘N(CFCIL-CF,Cl)-O-CF,CFCI-], (0-65 g., 26%) [Found: C, 16-3; N, 5-0. (C,ONCI,F,),, requires 
C, 16-1; N, 47%]. Ultraviolet and infrared spectroscopic examination showed the absence 
of nitrogen—oxygen double bonds. 

In a second experiment, 1,2-dichlorotrifluoro-1-nitrosoethane (7-9 mmole) and chlorotri- 
fluoroethylene (7-9 mmole) were sealed in a tube which was placed in a furnace preheated to 
120°. After 2 hr., distillation gave 4-chlovo-2-(1,2-dichlorotrifluoroethyl)-3,3,4-trifluoro-1,2- 
oxazetidine (17%) (Found: C, 15-9; N, 48%; M, 300. C,ONCI,F, requires C, 16-1; N, 4-7%; 
M, 298-5) b. p. 116—117° (micro), polymer (11%), and breakdown products. 

Reaction of Nitrosyl Chloride with Chlorotrifluoroethylene.—This reaction was investigated 
under a variety of conditions. Low yields (2—5%) of 1,2-dichlorotrifluoro-1-nitrosoethane 
resulted from reactions involving an excess of chlorotrifluoroethylene at 100° for 72 hr., or at 
20° for 6 weeks; the compounds CF,CI-CFCl, and CF,Cl-CFCI*NO, noted earlier were each 
formed in 20—40% yield. Only lotv yields of polymer were obtained. 

When chlorotrifluoroethylene (10-2 mmole) and nitrosyl chloride (4-9 mmole) were kept at 
—15° for 5 days in a 350 ml. Pyrex tube (only vapour phase present initially), the colourless 
viscous ether-soluble copolymer [*N(CFCI-CF,Cl)-O-CF,°CFCI*], (0-184 g.) [Found: C, 16-4; 
N, 5-1. Calc. for (C,ONCI,F,): C, 16-1; N, 4-7%] was formed, on the walls of the tube. Use 
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Notes. 


of equimolar amounts of nitrosyl chloride and chlorotrifluoroethylene failed to increase the 
yield of 1,2-dichlorotrifluoro-1-nitrosoethane of its copolymer. 

Use of an excess of nitrosyl chloride (2: 1) at 100° with a reaction time of 1—5 days gave 
1,2-dichlorotrifluoro-1-nitroethane (50—70%) and 1,1,2-trichlorotrifluoroethane (11—17%);: 
yields reported earlier * for similar conditions were 67% and 16% respectively. 

Reaction of 1,1,2-Trichlorotrifluoroethane with Tributyl Phosphite——Tributyl phosphite 
(5-5 g., 22 mmole) and 1,1,2-trichlorotrifluoroethane (2-0 g., 10-8 mmole) formed a pale yellow 
solution in a 125 ml. Pyrex tube at 20°: they were kept at 85° for 48 hr. The relatively volatile 
products, when fractionated, gave unchanged 1,1,2-trichlorotrifluoroethane (8-8 mmole, 82%) 
and chlorotrifluoroethylene (0-76 mmole, 38% yield based on reactant consumed) (Found: 
M, 117. Calc. for C,CIF,;: M, 116-5) identified by means of its infrared spectrum. Butyl 
chloride was identified in the products of b. p. >50°. 


One of the authors (C. E. G.) is indebted to the United States National Institutes of Health 
for the award of a Postdoctoral Research Fellowship during the tenure of which (1955—57) 
part of this work was performed. 
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NOTES. 


280. Reduction of «8-Unsaturated Ketones with Lithiwm Aluminium 
Hydride and Aluminium Chloride. 
By J. Broome, B. R. Brown, A. Roperts, and A. M. S. Wuire. 


THE literature! indicates that reduction of «$-unsaturated. ketones or alcohols with 
lithium aluminium hydride and aluminium chloride is not straightforward. We have 
confirmed that this reagent reduces the carbonyl group of an «$-unsaturated ketone to a 
methylene group, but that behaviour of the double bond is uncertain, perhaps depending 
on the structure of the ketone. Similar behaviour, usually involving a double-bond shift, 
has been reported for reduction of «8-unsaturated ketones by the Wolff—Kishner method? 

The most straightforward and useful reduction is that of ketones in which the double 
bond and the keto-group are in the same ring. Cholest-4-en-3-one gives a good yield of 
cholest-4-ene in one step, or when reduction is first with lithium aluminium hydride to 
the epimeric alcohols * and then to cholestene on addition of aluminium chloride. When 
cholest-4-ene-3,6-dione is formed into a complex with aluminium chloride in ether and then 
added to lithium aluminium hydride, the 3-keto-group is preferentially removed with the 
formation of cholest-4-en-6-one. Steroidal 4,6-dien-3-ones yield mixtures of dienes, as they 
do on Wolff—Kishner reduction.” 

If the double bond and the keto-group are not in the same ring, reduction may be more 
complex. For example, benzylideneacetone yields a mixture of but-l’-enyl- and buty]l- 
benzene, and the ultraviolet spectrum of the product from l-acetylcyclohexene indicates 
that an appreciable amount of a diene is present. 

The suggested route for the reduction of «-unsaturated ketones with this reagent is 
shown in the annexed scheme. Lutz and Gillespie * suggested that the reduction of an 
af-unsaturated ketone to a saturated alcohol with lithium aluminium hydride occurs 
through a cyclic intermediate. This is sterically impossible when the double bond and the 
keto-group are homoannular. Thus the reaction paths through the saturated alcohol (I) 


1 Brown, J., 1952, 2756; Broome and Brown, Chem. and Ind., 1956, 1307; Birch and Slaytor, ibid., 
p- 1524; Wheeler and Mateos, ibid., 1957, 395; Albrecht and Tamm, Helv. Chim. Acta, 1957, 40, 2216. 
® (a) Lardelli and Jeger, Helv. Chim. Acta, 1949, 32, 1817; Fischer, Lardelli, and Jeger, ibid., 1950, 
$3, 1335; (6) Eck, Van Peurse, and Hollingsworth, J. Amer. Chem. Soc., 1939, 61, 171. 
* McKennis and Gaffney, J. Biol. Chem., 1948, 175, 217. 
* Lutz and Gillespie, J. Amer. Chem. Soc., 1950, 72, 2002. 
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cannot occur. The behaviour of the carbonium ion (II) then controls the composition of 
the final product. 


R*CH:CH*CH(OH)*CH,R’ <&— R*CH!CH*CO*CH,R’ —— > R-[CH4]p*CH(OH)*CH,R’ (I) 


LY Y 


ey, + 
R*CH=CH==CH'CH,R’ (11) R*CHyCHCHyR’ —— we R[CH,],°R’ 
R*CH:CH*CH:CHR’ R*CH:CH[CH,]_"R’ R*CH4*CH:CH:CH,R’ R+[CH,]_*CH:CHR’ 


Experimental.—The general method of reduction was that previously described,’ lithium 
aluminium hydride (1-75 mol.), aluminium chloride (3-5 mol.), and the ketone (1-0 mol.) in ether 
being used. Alumina was Spence’s Grade 0. Light petroleum refers to the fraction of b. p. 
30—40° unless otherwise stated. 

Reduction of cholest-4-en-3-one. (a) Cholestenone (5-26 g.) gave cholest-4-ene, needles (from 
acetone) (4:19 g.), m. p. and mixed m. p. 80—81°, [aJ,,"* +67° (in CHCI,) (Found: C, 87-8; H, 
12-0. Calc. for C.,H,y,: C, 87-6; H, 12.4%). The dibromide was obtained as needles, m. p. and 
mixed m. p. 116—117°. 

This experiment has been carried out successfully on a scale of 20—30 g. 

(b) Cholestenone (2-60 g.) in ether (50 ml.) was run into a slurry of lithium aluminium 
hydride (2-50 g.) in ether (75 ml.). The mixture was boiled for 15 min. and then cooled in ice 
while a solution of aluminium chloride (2-80 g.) in ether was added. After the mixture had been 
boiled for 30 min., cholest-4-ene (2-23 g.), m. p. and mixed m. p. 80—81°, was isolated in the 
usual way. 

Reduction of cholest-4-ene-3,6-dione. A solution of cholest-4-ene-3,6-dione (1-01 g.) and 
aluminium chloride (1-50 g.) in ether (50 ml.) was added to a slurry of lithium aluminium hydride 
(1-00 g.) in ether (50 ml.), and the mixture was boiled for 1 hr. By the usual method of 
isolation, followed by chromatography on alumina and elution with benzene, cholest-4-en-6-one 
(0-43 g.) was obtained. Crystallisation from acetone gave colourless needles, m. p. 106—107° 
(Found: C, 84-2; H, 11-1. Calc. for C,,H,,O: C, 84:3; H, 11-5%), Amax, 242 my (e 6550 in 
EtOH). The infrared spectrum in Nujol had a strong band at 1686 cm.. Reich, Walker, 
and Collins * record m. p. 108—109°, Amax, 243 mp (¢ 6400 in EtOH). 

Reduction of cholesta-4,6-dien-3-one. Cholestadienone (0-60 g.) gave a crystalline product 
(0-55 g.) which was passed through alumina (25 g.) in light petroleum. Elution with this solvent 
(60 ml.) gave a solid which separated from acetone as colourless needles, m. p. 86—87-5° with 
previous softening. After two further crystallisations from alcohol, the product had m. p. 
85—86°, [a],,2® —39° (c 0-8 in CHCl,), Amax (in hexane) 229 and 236 my (e 15,200 and 16,000), 
Aina, 244 my (c 10,500). A similar mixture, m. p. 82-5—84°, [a],2* —38°, was obtained * by 
Wolff-Kishner reduction of the dienone. 

Reduction of ergosta-4,6,22-trien-3-one. This ketone (1-20 g.) gave a slightly yellow solid. 
Chromatography in light petroleum on alumina gave the fractions: (1) (0-35 g.), m. p. 89—90° 
and Amax, (in EtOH) 230, 236, and 245 my (ec 26,600, 27,400, and 17,800); (2) (0-55 g.), m. p. 82— 
87°; and (3) (0-15 g.), m. p. 96—98°. Crystallisation of fraction (1) from acetone changed the 
m. p. to 83—89°. Fraction (2) separated from acetone as colourless plates of a mixture of 
3,5,22- and 4,6,22-trienes, m. p. 83—84°, [a],,2° — 86° (c 2-5 in CHCI,) (Found: C, 88-25; H, 11-8. 
C,,Hy, requires C, 88-4; H, 11-6%). Crystallisation of fraction (3) from acetone gave ergosta- 
3,5,22-triene as elongated plates, m. p. 99—100°, [a], — 130° (c 4-6) in CHCI,) (Found: C, 88-2; 
H, 11-3%), Amax. (in EtOH) 227, 234, and 243 my (e 24,400, 25,300, and 16,800). 

Reduction of 1-acetylcyclohexene. Acetylcyclohexene (10-5 g.) gave a pale yellow oil [9-3 g.; 
Amax, (in EtOH) 230 my (e 3020)]. Vapour-phase chromatography showed the presence of two 
compounds (33 and 67%). The oil in light petroleum was passed through alumina (120 g.). 
Elution with light petroleum (400,ml.), evaporation, and distillation gave a colourless oil 
(5-50 g.), b. p. 135—136°/755 mm., n,*! 1-4620 (Found: C, 87-3; H, 12-6. Calc. for C,H,,: 
C, 87-3; H, 12-7%). The ultraviolet spectrum in ethanol had no maxima above 210 my and 
vapour-phase chromatography showed the product to be homogeneous. The compound differed 
5 Brown and White, J., 1957, 3755. 
® Reich, Walker, and Collins, J. Org. Chem., 1951, 16, 1753. 
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from l-ethylcyclohexene on the chromatogram and in its infrared spectrum. Wallach and 
Evans’ record b. p. 137—138° and ,*° 1-4626 for ethylidenecyclohexane. 

Reduction of benzylideneacetone. Benzylideneacetone (10-0 g.) yielded, after chrom- 
atography, a colourless oil. Distillation at 189—190°/757 mm. caused some polymerisation but 
the bulk of the product was obtained as a colourless oil (Found: C, 90-35; H, 9-2. Calc. for 
CyoH,2: C, 90-9; H, 9-1. Calc. for C,pH,,: C, 89-55; H, 10-45%), Amax, (in EtOH) 250, 284, and 
292-5 my (e 11,750, 810, and 590). 1’,2’-Dibromobutylbenzene, obtained by saturating the 
product with bromine in carbon tetrachloride and crystallised several times from methanol, 
formed colourless needles, m. p. and mixed m. p. 71—71-5° (Found: C, 41-4; H, 4-2. Calc. for 
C,oH,,.Br,: C, 41-1; H, 41%). 

Vapour-phase chromatography was carried out on a stationary phase of Apiezon L grease 
supported on fire brick (50—90 mesh) at 160°. A highly sensitive flame ionisation detector was 
used. With a column size of 200 x 0-45 cm., an inlet pressure 389 mm. above atmospheric, 
and a hydrogen flow rate of 13 ml./min. the following retention times (min.) were determined: 
authentic butylbenzene (n,,!"* 1-4906), 7-8; authentic but-1l’-enylbenzene [regenerated from the 
dibromide; m,, 1-5424; Amex (in EtOH) 250, 284, and 292-5 my (¢ 18,600, 1250, and 880)}, 11-0; 
reduction product, 7-8 and 11-0. 

From the refractive index (m,," 1-5293) of the mixture after distillation, the ultraviolet 
spectra, and the vapour-phase chromatograms, the average value for the percentage of buteny]- 
benzene in the mixture was 65. 


Notes. 





We thank Professor E. R. H. Jones, F.R.S., for helpful discussion, Dr. R. W. J. Williams for 
a gift of ergosta-4,6,22-trien-3-one, and Mr. A. Thompson for the determination of the vapour- 
phase chromatograms. 


Dyson PERRINS LABORATORY, OXFORD UNIVERSITY. (Received, February 5th, 1959.} 
7? Wallach and Evans, Annalen, 1908, 360, 45. 





281. p-NN-Dialkylsulphamoylbenzoic Acids. 
By A. A. GoLpBERG and A. H. Wracc. 


p-NN-DIETHYLSULPHAMOYLBENZOIC ACID (Long acid) and p-NN-di-n-propylsulphamoyl- 
benzoic acid (Probenecid) are renal blocking agents which inhibit tubular secretion of 
penicillin and 4-aminosalicylic acid,) thereby maintaining high blood concentrations of 
these drugs. Recently it has been shown that Probenecid depresses the tubular reabsorp- 
tion of uric acid from the glomerular filtrate and is a safe and effective uricosuric agent of 
value in the treatment of tophaceous gout.” 

The methods previously described for the preparation of these substituted sulphamoyl- 
benzoic acids, (i) oxidation of NN-dialkyltoluene-p-sulphonamides * and (ii) oxidation of 
toluene--sulphonyl chloride to p-carboxybenzenesulphonyl chloride and condensation 
of the latter with a dialkylamine,‘ are troublesome and give poor yields. The following 
route, however, has been found to give the compounds easily and in high yield: 
Me-C,H,’SO,"NH, (I) —» HO,C’C,H,SO,-NH, (II) —» HO,C-C,H,°SO,°NAlk, (III). 
Conversion (Il) —» (III) is a competitive alkylation, the N-alkylation being irreversible 
and the O-alkylation of the carboxyl group reversible, under the strongly alkaline 
conditions. Much of the alkylating agent is wasted by the esterification and subsequent 
hydrolysis and accordingly it is necessary to add the alkyl bromide and sodium hydroxide 
portionwise in considerable excess with long heating periods between the additions. 
Jauregui ° and Casoni ® described the dipropyl derivatives but gave few experimental details. 


1 Boger, Martin, Gallagher, and Pitts, J. Philadelphia Gen. Hosp., 1951, 1, 51; Boger and Pitts, 
Science, 1950, 112, 149; Israel, Mike, and Boger, Amer. Rev. Tuberc., 1951, 64, 453. 

2 Stillman, The Practitioner, 1957, 179, 719. 

8 Jap. P. 3773/1952 (Chem. Abs., 1954, 48, 4002). 

* Sato, J. Pharm. Soc. Japan, 1952, 72, 74. 

5 Jauregui, Span. P. 209,068. 
® Casoni, Boll. Chim. farm., 1956, 95, 287. 
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Experimental.—p-Sulphamoylbenzoic acid. A solution of potassium dichromate (500 g.) in 
sulphuric acid (400 c.c.) and water (1200 c.c.) was stirred at 100° and toluene-p-sulphonamide 
(171 g.) added portionwise during 1 hr. at such a speed that the mixture kept at 104—106°. 
The mixture was then stirred at a temperature just below the b. p. (108°) (to avoid foaming) 
for a further 40 min. and poured slowly into rapidly stirred ice and water (5 kg.). The micro- 
crystalline precipitate of p-sulphamoylbenzoic acid was collected, drained, washed with cold 
water, and dissolved in dilute sodium hydroxide. Unchanged toluene-p-sulphonamide was 
precipitated by saturating the solution with carbon dioxide, and the product (160 g., 80%; 
m. p. 290—292°) recovered by acidification of the filtered solution with hydrochloric acid 
(Found: M, 202. Calc. for C;,H,O,NS: M, 201). 

p-NN-Diethylsulphamoylbenzoic acid. The foregoing acid (20 g., 0-1 mol.) was dissolved in 
water (80 c.c.), alcohol (120 c.c.), and 10N-sodium hydroxide (20 c.c., 0-2 mol.). Ethyl bromide 
(20 c.c., 0-26 mol.) was added, and the solution refluxed under a 12” condenser for 20 hr. A 
second addition of ethyl bromide (20 c.c.) and 10N-sodium hydroxide (20 c.c.) was made, 
refluxing continued for 20 hr., and then a third addition of ethyl bromide (20 c.c.) and 10n- 
sodium hydroxide (20 c.c.) made and refluxing continued for a further 20 hr. Solvent (30 c.c.) 
was distilled off and the residual liquor, containing much ethyl p-diethylsulphamoylbenzoate, 
was diluted with alcohol (30 c.c.) and 10N-sodium hydroxide (52 c.c.) and refluxed for 2 hr. 
Solvent (120 c.c.) was distilled off at reduced pressure, the residue diluted with water (500 c.c.), 
and the solution filtered and extracted with benzene (100 c.c.) to remove any unhydrolysed ester. 
The aqueous solution was filtered (charcoal) and the product (19-8 g.; m. p. 186—190°) 


precipitated with 5n-hydrochloric acid. Recrystallisation from 50% alcohol (170 c.c.) gave | 


p-diethylsulphamoylbenzoic acid (18-0 g., 70%) as stout needles, m. p. 194° (Found: M, 256; 
N, 5:7; S, 12-6%. Calc. for C,,H,,O,NS: M, 257; N, 5-5; S, 12°5%). 

p-NN-Di-n-propylsulphamoylbenzoic acid. A solution of p-sulphamoylbenzoic acid (20-1 g.) 
in water (120 c.c.), alcohol (180 c.c.) and 10N-sodium hydroxide (18 c.c., 0-18 mol.) was refluxed 
with n-propyl bromide (25-2 c.c., 0-27 mol.) for 24hr. Four further additions of propyl bromide 
(25 c.c.) and 10N-sodium hydroxide (18 c.c.) were made, the solution being refluxed for 24 hr. 
after each addition. 10N-Sodium hydroxide (80 c.c.) was added, and the solution refluxed for 
4 hr. to hydrolyse the ester and then evaporated to near dryness at reduced pressure. Boiling 
water (500 c.c.) was added, the solution filtered (charcoal), and the p-dipropyJsulphamoy]l- 
benzoic acid (26-6 g.; m. p. 190—192°) precipitated by strongly acidifying the solution with 
hydrochloric acid. The crude dried acid was extracted for 40 hr. in a Soxhlet apparatus with 
benzene in order to dissolve out dialkylated acid from the insoluble unalkylated and mono- 
alkylated acids. The benzene extract was made up to 700 c.c. with benzene in order to obtain 
a clear solution at the b. p. and then cooled. The precipitate, on crystallisation from benzene- 
alcohol, gave dipropylsulphamoylbenzoic acid (20-8 g., 73%) as needles, m. p. 196—198° (Found: 
M, 286. Calc. for C,;H,,O,NS: M, 285). 

p-NN-Di-n-butylsulphamoylbenzoic acid was obtained in like manner in 70% yield as 
needles, m. p. 162° (Found: M, 314. Calc. for C,;H,,0,NS: M, 313). 


ANGLO EsTATE, SHEPTON MALLET, SOMERSET. (Received, September 2nd, 1959.]} 


282. Synthesis of Fulvene by Thiele’s Method. 
By H. J. F. Ancus and D. Bryce-Smitu. 


TutEc and WieEMANN! recently reported the isolation and some properties of fulvene 
prepared by Thiele’s general method, viz., the base-catalysed condensation of cyclo- 
pentadiene and aldehydes or ketones.? In repeated experiments we have been unable 
to duplicate this preparation, the yjelds of fulvene being consistently less than 0-2%. 
Detailed instructions kindly provided by Professor Wiemann proved no better in our 
hands. Variations in reaction temperature, base, and medium have been examined. In 


1 Thiec and Wiemann, Bull. Soc. chim. France, 1956, 177. 
* Thiele, Ber., 1900, $38, 672; Thiele and Balhorn, Annalen, 1906, 348, 1. 
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forty-six experiments, the highest yield was 0-5%, although in only one case (pyridine 
being used as base) was the yield zero. Our most favourable conditions are described 
below. We are unable to explain the repeated failure of Thiec and Wiemann’s method, 
but feel that unrevealed factors are in operation. In view of the theoretical importance 
of their results, some duplication might be desirable. 


Experimental.—Cyclopentadiene (10 g.), formaldehyde (12 ml.; 40% aqueous), and 
anhydrous potassium carbonate (4 g.) were added in that order to ethanol (200 ml., 99%) at 
room temperature (20—25°), and the mixture was stirred under nitrogen for 18 hr. Water 
(200 ml.) was added, and the mixture brought to pH 6 with 2% aqueous acetic acid. The 
product was extracted by cyclohexane (3 x 100 ml.). The combined extracts were washed 
twice with water (2 x 100 ml.) and dried (MgSO,). Pentane (40 ml.) was added and the 
mixture was fractionally distilled, the forerun, b. p. <80°, being rejected. Yellow material 
(286 ml.), b. p. 80—81°, was obtained. The optical density at 360 my was 0-565, indicating the 
presence of 0-06 g. of fulvene.* 


We thank Esso Research Ltd. for a maintenance grant (to H. J. F. A.). 


THE UNIVERSITY, READING. (Received, September 28th, 1959.] 


283. The Wax of the Silk-worm Ecdysis Skin. Part I. The 
Fatty Acids. 
By Et S. Amin. 


Cocoons of the silk-worm moth include the last larval ecdysis skin. The author collected 
300 g. of that skin, extracted it with chloroform, and got a green wax. This was chromato- 
graphed over aluminium oxide, and the lowest main band was saponified. The resultant 
acids were nearly neutralised and warmed with 4-p-nitroplrenylazophenacyl bromide ! in 
ethanol. Chromatography, partition chromatography, and crystallisation gave sharp- 
melting tetradecanoic, hexadecanoic, and octadecanoic esters The author used cellulose 
columns in preference of kieselguhr in chromatography, since they are relatively simple to 
prepare, give reproducible results, and are eluted faster. Ester mixtures were also 
separated on filter paper *® (see Table). 





Experimental.—Evaporations were under reduced pressure at 50°. M. p.s were taken on 
the Kofler microscope stage. Chromatography was on columns of cellulose powder treated 
with dichlorodimethylsilane,? also on Whatman No. 1 filter paper treated with dichlorodi- 
methylsilane * by the descending method at room temperature. Nonane—dimethylformamide- 
nitromethane (15: 3:1 v/v) was used as eluant for untreated cellulose, dimethylformamide- 
water—nonane (9: 1:3 v/v) and 80% acetone—nonane (5: 1 v/v) for treated cellulose. 

Almost complete separation was achieved of octadecanoic—hexadecanoic, hexadecanoic- 
tetradecanoic, tetradecanoic-dodecanoic, and dodecanoic—decanoic esters. The average 
relative R values are tabulated. 


Dimethylformamide— Nonane-—dimethyl- 





4-p-Nitrophenylazo- water—nonane formamide-—nitro- 80% Acetone- 

phenacyl Ester (9: 1:3 v/v) methane (15: 3: 1 v/v) nonane (5: 1 v/v) 
Rectanoic Roctadecanoic Raodecanoic 

CPURRREEE ndecncsciednnes 1-0 

BOCES... cxcesiecessess 0-92 0-31 

Dodecanoic_......... 0-76 0-48 1-0 

Tetradecanoic ...... 0-65 - 54 0-5 

Hexadecanoic ...... 0-48 0-7 0-3 

Octadecanoic deh cinanlebs 0-32 1-0 0-2 








Amin and Hecker, Chem. Ber., 1956, 89, 1496. 
Amin, J., 1957, 3764. 


Neher and Wettstein, Helv. Chim. Acta, 1952, 35, 2 


1 

2 

® Theodore, Kritchevsky, and Tiselius, Science, a. 114, 299. 
e 76. 

5 Consden, Gordon, and Martin, Biochem. J., 1944, 38, 224. 
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Extraction of ecdysis skin. Larval skin (300 g.) was dried for 16 hr. at 60—70°/10—15 mm. 
and minced in chloroform (31°) for 24 hr. The crude extract was decanted from the sludge, 
washed with 20% sulphuric acid, filtered, washed successively with water, sodium carbonate 
solution, and water, dried (Na,SO,), and evaporated to dryness (yield 4-8 g., 1-6%). 

Chromatography of the wax. The deep green extract was dissolved in benzene (30 ml.) and 
filtered through activated alumina. Nine bands were produced. The lowest band (orange) 
was eluted with benzene, giving a pale orange substance (4-0 g.), and four recrystallisations from 
ethanol gave colourless crystals (3-4 g., 1-1% of the larval skin), m. p. 54—58°. 

Saponification and isolation of the fatty acids. The wax (3-4 g.) and benzene (50 ml.) at 
40° were added with stirring to 5% ethanolic potassium hydroxide (170 ml.) and the mixture 
was stirred at 40° for 24 hr. Then 96% ethanol (150 ml.) containing calcium chloride (17-5 g.) 
was added and the whole was boiled for a further 2 hr. The mixture was then filtered hot. 
The residual calcium soaps were extracted with boiling alcohol (3 x 500 ml.) and then with 
500 ml. of boiling acetone, and then dried (yield 2-5 g.). 

The filtrates were evaporated to dryness, and the residue was boiled in benzene (60 ml.) for 
3-5 hr. with sodium ethoxide (1 g. in 24 ml. of ethanol). Calcium chloride (1-5 g. in 12 ml. of 
ethanol, was added and boiling continued for 2 hr. The mixture was filtered hot and the 
residue washed with boiling alcohol (50 ml.) and boiling acetone (50 ml.) and then dried (yield 
0:3 g.). 

The combined calcium salts (2-8 g.) were refluxed with glacial acetic acid (100 ml.) until 
the solution was clear and the mixture was poured into cold water and extracted with ether. 
After drying (Na,SO,), the ethereal extracts were evaporated (yield 300 mg.; m. p. 66—70°). 


Separation of the fatty acids. The material (300 mg.) was nearly neutralised with ethanolic 


sodium hydroxide and mixed with 4-p-nitrophenylazophenacyl bromide (0-5 g.) and refluxed 
for 2hr. at 50°. The mixture was then diluted with water (100 ml.) and extracted with benzene 
(100 ml.). The benzene extract was washed with 20% sulphuric acid, filtered, washed in turn 
with water, sodium carbonate, and water, and filtered through an alumina column (yield 0-5 g.). 
Examination on the paper chromatogram indicated tetradecanoic (Ro 0-65), hexadecanoic 
(Ro 0-48) and octadecanoic esters (Ro 0-32). 

Quantitative determination gave 10%, 30%, and 45% of the above mentioned esters 
respectively. 

Another portion {0-2 g.) was chromatographed and the substances of the bands were 
eluted and recrystallised giving the tetradecanoic ester (15 mg.), m. p. and mixed m. p. 132° 
(Found: N, 8-6. Calc. for C,,H,,0;N,: N, 8-52), the hexadecanoic ester (36 mg.), m. p. and 
mixed m. p. 132° (Found: N, 8-1. Calc. for Cs,H,,O;N;: N, 8-0%), and the octadecanoic ester 
(40 mg.), m. p. and mixed m. p. 132° (Found: N, 7-5. Calc. for Cs,H,,O;N,;: N, 7-6%). 


ALEXANDRIA UNIVERSITY, EGYPT. (Received, October 2nd, 1959.) 
* Chibnall, Latner, Williams, and Ayre, Biochem. J., 1934, 28, 313. 





284. Incorporation of Tritium into trans-Stilbene by the Gas 
Exposure Method. 


By G. G. CAMERON, N. GRASSIE, and S. J. THOMSON. 


In preparing an organic compound labelled with tritium, three possible methods are 
available: (a) chemical synthesis, ¢.g., hydrogenation, (6) recoil labelling by tritons 
produced from neutron irradiation of a compound in admixture with a lithium salt, and (c) 
the gas exposure method, in which the compound is simply sealed into a vessel with 
tritium gas.23 In some cases method (a) is not possible, or is laborious. The appeal of 
the last two lies in their apparent simplicity; this is especially true of method (c), which 
requires simple apparatus. Methods (b) and (c), however, have a serious limitation, viz., 
that considerable radiation damage can result, so that the product is not radiochemically 
? Rowland and Wolfgang, Nucleonics, 1956, 14, No. 8, 58. 


* Wilzbach, J. Amer. Chem. Soc., 1957, 79, 1013. 
® Nucleonics, 1958, 16, No. 3, 62. 
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pure. This is well illustrated in our preparation of tritiated stilbene by the third method, 
for use as a tracer in copolymerisation experiments. 

The procedure was similar to that previously described,”* although a lower gas pressure © 
was used. Pure, finely-powdered trans-stilbene (2 g.) was exposed in a tube (the whole 
being thoroughly degassed) for 16 days to 2 curies of tritium. The product was 
recrystallised from ethanol and had m. p. 125° (cf. stilbene 124°). 

The tritium content was estimated as follows. The sample was diluted with inactive 
stilbene and burned to carbon dioxide and water, and the water passed over magnesium * 
at 500° to produce hydrogen. Tritium in this was counted in a Geiger—Muller tube. The 
specific activity found for the original product was 5-16 x 10° uc/mole. 

The radiochemical purity of the product, diluted 10* times with inactive trans-stilbene, 
was investigated by means of chromatography on Brockmann Grade III alumina, benzene- 
light petroleum (b. p. 40—60°) (4:1, v/v) being used as solvent. The results, expressed 
as uc/mole, were: (a) tritiated product 5-13; (0) first fraction from chromatography 30-20; 
(c) second fraction, 1-07; (d) third fraction, 0-43. The second fraction was further divided 
into two fractions with activities of 0-26 and 0-11. 

The product was thus far from being radiochemically pure; and column chromato- 
graphy was clearly not suitable for achieving purity. ‘ 

Zone melting was then investigated but this also gave fractions which were not uniform ~ 
in radioactivity. ; 

A radiochemically-pure product was finally produced by passing the undiluted product © 
through a sequence of chemical reactions likely to isolate only trans-stilbene. This was © 
done by preparing the dibromide, which was recrystallised from hot xylene, and debromin- | 
ating the product with zinc in boiling ethanol. The resulting ¢vans-stilbene was recrystal- = 
lised from ethanol and its radiochemical purity checked as’ before by chromatography. ~ 
The first fraction had an activity of 3-85 x 10* uc/mole, the second of 3-94 x 10. The 7 
second fraction was divided by chromatography into two fractions both having an activity 7 
of 3-94 x 10 uc/mole. Thus it seemed that a radiochemically-pure specimen had been | 
produced. Such a multi-stage confirmatory test is generally considered to be adequate | 
proof of radiochemical purity.5 

The activity of the purified stilbene (3-94 x 104 yc/mole), compared with the original — 
(5-16 x 10°), showed that considerable active impurity was present in the latter. The ~ 
mass yield of pure, active, ¢rans-stilbene was about 45%, although this could be increased, ~ 


The very great difference in activity between the crude and purified ¢vans-stilbene could 4 


be due to the addition of tritium at the ethylenic double bond. This has been shown to 7 
take place in a number of unsaturated compounds.® It may also account for the low 
final activity, since toluene and benzoic acid under similar treatment gave activities 7 
between 10 and 25 mc/g.3 
For compounds such as stilbene, the chemical preparation of labelled material is | 
therefore probably more satisfactory than exposure labelling. This has been done by | 
Bernstein et al.,? who obtained pure, tritiated ¢rans-stilbene, of activity 6-48 x 107 uc/mole, 
with a mass yield of 67%. 
We conclude that the ease of labelling by exposure is deceptive, and that, if the method 
is used, strict precautions must be taken in order to isolate radiochemically-pure products. 
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